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PREFACE

This technical report is a revised version of the final report
prepared for Geodetic Survey of Canada (GSC) contract 0SU81-00314,
"NAVSTAR/GPS Differential Positioning Preanalysis". The Scientific
Authority at GSC for this contract was David Boal. The Principal
Investigator at the University of New Brunswick for this contract was David
Wells.

Part of the work contained herein was funded by three research grants
from the Natural Sciences and Engineering Research Council of Canada. One
of these, held by David Wells, is an operating grant entitled "Arctic
Marine Navigation Aids". The second, held jointly by David Wells and Petr
Vanicek, is a strategic grant entitled "Marine Geodesy". The third, held
by Richard Langley, is entitled "Geodetic Applications of the Canadian VLBI
System."

We thank Wayne Cannon of York University for the use of the program
GEOAIM, developed there by Richard Langley, Derek Davidson and others.
GEOAIM was the starting point for the development of the program DIGAP, as
described in Chapters 8 and 11 of this report.

We thank Gerard Lachapelle, Norman Beck, Ray Banks, and their
co-workers at Sheltech Canada (now Nortech Surveys (Canada) Inc., for the
use of the GPS ephemerides in Table 5.4, and useful discussions on GPS.

We thank Mike Dyment and Patrick Hui of Canadian Marconi Company for
comments on the mathematical models developed here, and suggestions as to
useful simulations.

We thank Richard Nyarady for producing the polar plots of satellite
azimuth and elevation in Chapter 12.

There are some significant changes between the simulation results
presented in this report and those in the contract report prepared for GSC.
The differences result from changing the satellite ephemerides to ones
which are more consistent with the proposed satellite constellation and to
a reformulation of the Doppler observable. The notation in equations (3.7)
through (3.15) and (7.4) through (7.6) has also been corrected.
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Chapter 1
INTRODUCTION

In this report we evaluate and compare various measurement schemes for
using the Navigation Satellite Timing and Ranging (NAVSTAR) system, also
known as the Global Positioning System (GPS), in the differential mode. A

comprehensive bibliography on GPS is contained in Appendix A.

The differential mode presumes that simultaneous observations are made
at two or more receivers, of the same GPS satellite signals. Differential
GPS applications for navigation have been discussed elsewhere [Beser and
Parkinson 1981; Cnossen et al. 1981; Mertikas and Wells 1982]. Here we
consider the differential GPS techniques appropriate for geodetic and
geodynamic applications. Some examples of such applications in the

Canadian context are discussed in Chapter 2 and Appendix B.

There are four basic types of differential GPS measurements which have
been suggested, and which are studied here: 1interferometric time delays,
differential pseudoranges, differential carrier phases, and differential
integrated Doppler measurements, called here integrated Doppler range
differences. This study involved two major components: development of
mathematical models to describe each of these four differential GPS
measurement types and their associated errors, and development of computer
software to implement these mathematical models and to perform simulations
of differential GPS performance. The mathematical models developed are
described in Chapters 3 to 7 and Appendix C of this report. The simulation
software and results generated from it are described in Chapters 8 to 12

and Appendix D of this report.



Chapter 2
DIFFERENTIAL GPS APPLICATIONS IN GEODESY AND GEODYNAMICS

In this Chapter we specify five examples of the potential geodynamic
and geodetic applications of differential GPS measurements in Canada.
Required accuracies are defined and appropriate measurement schemes are
suggested. First we discuss the reasons why differential GPS measurements

may provide advantages. A supplemental discussion of the material in this

chapter, from the viewpoint of potential markets for GPS equipment, is

presented in Appendix B.

2.1 Advantages of Differential GPS Methods

Differential GPS methods potentially have advantages over other
geodetic positioning techniques with respect to accuracy and with respect

to cost.

Accuracy projections for interstation baseline vector determinations
using the GPS interferometric or differential phase techniques range
between a few millimetres and a few decimetres for baseline lengths up to
500 km and for observing periods of about one hour. The differential GPS
Doppler technique should give decimetre accuracy after about eight hours of
observations. Similar accuracies are achievable only with very precise
terrestrial techniques and with some other extraterrestrial techniques,
such as Transit differential integrated Doppler, mobile laser ranging, and

mobile VLBI using quasars.

GPS provides cost advantages over terrestrial techniques since
intervisibility between sites 1is not required. Very precise control
surveys using terrestrial techniques require siting stations on hilltops,
or erecting towers, and favourable observing weather, all involving extra
time and expense. Intervisibility requirements usually limit terrestrial
station separations to 1less than 50 Kkm. Without the constraint of
intervisibility, control points can be selected to optimize the point
distribution geometry in the network. Rural surveys, while not as
demanding in terms of accuracy, often involve cutting intervisibility lines

through brush or forest, again involving extra time and expense.



Mobile 1laser ranging and mobile VLBI using quasars both use much
bulkier and costlier equipment than GPS and require road access, site
preparation, and much longer setup times. Laser ranging also requires

favourable observing weather.

Transit differential integrated Doppler baseline determinations are at
present accurate to a few decimetres and in principle should be
determinable to within a few centimetres, with improvements in hardware and
software [Kouba 1982]. Transit receivers are competative in cost and size
with GPS receivers. However, differential GPS provides a cost advantage
over Transit positioning due to the speed of positioning, requiring only
one hour, rather than one or two days, of observations per baseline

determination.
The combination of these speed, accuracy, cost, and intervisibility
advantages of differential GPS techniques gives rise to a wide variety of

potential applications in geodesy and geodynamics.

2.2 Vertical Crustal Movement Monitoring Network Near Point Sapin, New

Brunswick

Project Outline

There are indications that there may have been recent dynamic activity
in the central New Brunswick area in the form of a relative vertical
displacement of the order of 1 cm per year. Recent seismic activity in the
region suggests horizontal crustal compression. A monitoring network set

up over the area could identify and quantify any such tectonic activity.

Project Description

Possible dynamic activity in the area of Point Sapin, on the eastern
shore of New Brunswick, was first revealed by the sea level record of the
tide gauge at Point Sapin during its period of operation 1967 to 1976
[Van{dek 1976]1. The record shows a relative fall of sea level of the order
of 90 cm per century. Unfortunately, the operation of this tide gauge was
discontinued in 1976. A second sign of activity is a large (17 cm)

misclosure of a first-order levelling loop that includes a coastal



levelling 1line running through Point Sapin. This levelling line was
levelled in two sections: in 1953, and in 1978. Thus the connecting bench
mark was left sitting for 25 years during which time it might have
undergone a sizeable vertical displacement. If this displacement is
confined to a small geographical region, most of it would be directly
translated into the 1loop misclosure. Finally there has been recent

earthquake activity 100 km west of the area.
The aim of this project would be to verify whether there is any
geodynamical activity in the area, and attempt to quantify any such uplift

and/or compression.

Specifications

It is suggested that 8 points be positioned in the vicinity of Point
Sapin using an available differential GPS technique. Point Sapin could be
used as the permanent end of the baseline with a roving receiver (or
receivers) visiting the other sites in a predetermined pattern of movement
(Figure 2.1). The observations could be repeated every 6 months for a
period of 5 years. If the accuracy of relative positions achieved is of
the order of 2 cm or better, then any trend in either the vertical or
horizontal positions should be discernable at the end of this period. It
will be interesting to see if there is any horizontal crustal compression,
which would provide a key toward possible explanations of the seismicity in

the region.

Differential GPS Methods Applicable to this Problem

The accuracy requirement of 2 cm or better dictates that

interferometry or carrier phase differential methods be used for this

project.

Alternative Techniques

Bomford [1971] writes that high precision 1levelling can achieve
accuracies of 2 cm over 200 km. Such levelling methods are expensive and
time consuming, and would not be very practical for this project where
measurements are to be repeated every six months. No terrestrial technique

of sufficiently high accuracy exists.
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2.3 Three-Dimensional Crustal Movement Monitoring Network Near Whitehorse,

Yukon Territory

Project Outline

The NASA Crustal Dynamics Project includes several Canadian sites
which will be visited by mobile Very Long Baseline Interferometry (VLBI)
systems. It is the responsibility of the Canadian geophysical and geodetic
community to monitor any movements of the Canadian sites with respect to
the surrounding terrain with an accuracy comparable to those anticipated
for the VLBI observations, to distinguish between 1local and regional

movements.

Project Description

As part of the Alaska campaign of the NASA Crustal Dynamics Project,
several sites in Canada will be visited by NASA mobile VLBI systems in the
time period 1984 to 1989 [NASA 1981]. These sites include Whitehorse in
the Yukon Territory and Yellowknife in the Northwest Territories. VLBI
quasar observations will be conducted at each site using a mobile system
while observations are simultaneously made at one or more large fixed radio
telescopes. The baselines between antennae will be determined with 2 cm to
3 em accuracy. By annually repeating observations on the same baselines
over the 1life of the project any significant relative motions will be
detected.

The first observations with a mobile station in Canada are planned for
the summer of 1984 at Whitehorse and Yellowknife. These sites will be used
to determine motions occurring in the region of southeast Alaska.
Earthquake fault plane solutions and the analysis of displaced terrains
suggest that right lateral slip is occurring in the North American plate
south of Yakutat at a rate of about 5 cm per year. A smaller rate of right
lateral slip is believed to be occurring further inland on the Denali fault
system and has been detected geodetically near the northwest end of the
fault system south of Fairbanks. By making VLBI observations from a
network of sites in Alaska (Fairbanks, Kodiak, Nome, Paxson, Yakutat, and
Sand Point) in addition to Whitehorse, an accurate picture of the

geodynamics of the region will be obtained (Figure 2.2).
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The interpretation of the VLBI baseline determinations in terms of the
average strain across elements of the network requires that possible local
movements of the observing sites be adequately modelled. This gives the
need to establish the crustal movement monitoring network to detect
vertical and horizontal movements of the VLBI sites with respect to the

surrounding terrain.

Specifications

The local strains should be determined with an accuracy at least as
good as that of the VLBI baseline determinations: 1 em to 2 cm. These
local networks should consist of at least eight survey markers, four of
which would be located at least 10 km from the site and be distributed as
evenly in azimuth as possible. Such a network should be adequate for
determining displacement effects for those sites not likely to be subject
to local earthquakes in excess of magnitude 6. This implies detecting
movements of 1 cm [Lambert et al. 1981]. For sites close to active faults,
a more elaborate network extending further out from the site is needed. As
Whitehorse is situated in a high-risk seismic zone, such a network

configuration may be appropriate for this site.

Differential GPS Method Applicable to this Problem

Accuracy requirements of 1 cm to 2 cm dictate the method to be
selected for this network survey. Only the interferometric and carrier

phase methods can provide this accuracy.

Alternative Techniques

Bomford [1971] writes that a zero-order local geodetic network using
classical methods could attain the required accuracies: a relative
accuracy of 10-6 over 10 km gives 1 cm position determination. These
methods are, however, very much more expensive and time consuming. The
possibly rugged and wooded terrain presents intervisibility problems which

are of no concern in differential GPS methods.

2.4 Mining Subsidence

Project Outline

Monitoring of ground subsidence as a consequence of mining and mineral



exploitation usually has been carried out with conventional surveys. In
the 1last few years, new instrumentation has been developed and used
[Chrzanowski and Faig 1981]. However, due to terrain difficulties in many
mining areas and the necessity for continuous monitoring of the movements,

the methods used have not been entirely adequate.

Project Description

There are various socio-economic reasons for monitoring subsidence in
areas of underground exploitation: safety factors include warnings, and
even prevention of, catastrophic land slides and caving-in of the surface;
economic advantages such as developing more efficient methods of mining;
and ecological phenomena such as water table changes and associated
vegetation problems. According to estimates of the U.S. Bureau of Mines,

at least $2 billion in property damage will occur by the year 2000 due to

mining subsidence.

For mining depths greater than about 100 m the ground subsidence takes
the form of a regular belt-shaped curve as shown in Figure 2.3 [Chrzanowski
and Faig 1981] with a depression of (a) x (g) where

a = subsidence coefficient which depends on the mining method and

varies between 0.03 and 0.75.

g = thickness of exploited deposit, with the same units as the

result.

The full effect of the subsidence takes 2 to 3 years to reach the surface.

Specifications

This project requires permanently sited position monitors to Dbe
located in sensitive areas and able to provide continuous measurements at
an accuracy of 1% of the subsidence. Subsidence of 5 m to 10 m thus
requires an accuracy of 5 cm to 10 cm. On some sites the monitors are not
accessible during the winter months, so automation and control from a
remote site are added complications, together with the need for a battery
supply to last at least half a year.

Differential GPS Technique Applicable to this Problem

The accuracy requirements suggest carrier phase or interferometry
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techniques for this problem. The need for a short observation period to
save power limits the use of pseudorange and Doppler methods. There are
certain points about this application which can be used to simplify and
lower the cost of the project. The receivers will be at well-known
positions and closely spaced thus reducing the need for more than one
receiving channel. Continuous measurements negate the need for a fast
switching time between satellites. A single microprocessor for receiver

control may suffice for a group of receivers.

Alternative Techniques

Field survey and photogrammetric techniques can provide the accuracy
requirement, but are expensive in manpower, unable to provide continuous
monitoring, and unusable for some projects in the winter months. Automated
and continuous monitoring throughout the year is possible using an array of
tiltmeters [Chrzanowski and Faig 1981]. Tiltmeters are sited along lines
in the area to be monitored. Radio transmitters communicate with a single
master microprocessor which controls the slave tiltmeter stations. Any
subsidence depth is obtained by integrating the tilt times distance along
the line of tiltmeters. The slave station's power lasts throughout the
winter months whereas the master is connected to mains power. The master

station can communicate with an external computer through a telephone link.

Problems with this system include the fact that subsidence is not well
sampled using tiltmeters. Sudden cave-ins would 1likely cause large tilt
variations which would be detected, but actual measurement of the cave-in

would have to wait for a summer ground survey.

2.5. 1:50 000 Mapping Control on Ellesmere Island

Project Outline

Topographic surveys in isolated, mineral-bearing regions are of high
economic importance. Accuracies required are not high compared with those
attainable using differential GPS techniques, but a short field observing

time with GPS has cost benefits which should be investigated.
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Project Description

Ellesmere Island is an example of a possible resource area with a
rugged, difficult terrain. It is situated in the Canadian Arctic 760—830
North, 64°-88° West, approximately 780 km in north-south, and 330 km in
east-west directions (Figure 2.4). It is expensive to conduct surveys in
remote areas, with field time and transportation costs being significant
factors. In other respects, this is a typical 1:50 000 mapping project.
Control points are positioned around the perimeter of the area at a spacing
of approximately ten models [Ontario Ministry of Natural Resources 1975].
Photography is flown at 1:80 000 scale, and aerial triangulation is carried
out using the field control points, to give additional control to allow

orientation for each model.

Specifications

Ontario Ministry of Natural Resources [1975] gives a horizontal
control accuracy (1 sigma) requirement of better than 5 m. The standard
deviation of vertical control is required to be better than 2.5 m.
Additional requirements for this experiment involve as short a field time

as possible to reduce expenses.

Differential GPS Method Applicable to this Problem

The method used will be determined by the field time required to give
an accuracy below 2.5 m. Any of the four differential GPS methods could
satisfy the accuracy requirement. Pseudoranges will achieve this accuracy

after one hour of observation.

Alternative Techniques

Classical field survey techniques are time consuming and require
intervisibility. Control stations must therefore be sited on high ground
to allow long site lines. Time consumed thus involves reaching the point

over difficult terrain as well as that required for the observations.

Transit Doppler requires about one day of observation to achieve 5 m
accuracy, although control points can be placed in more accessible

positions.
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FIGURE 2.4
Mapping control on Ellesmere Island.
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2.6 Rural Cadastral Survey used for Land Information Control

Project Outline

A land information system requires all data to be referenced to a
single coordinate system. Currently there is a vast amount of boundary
survey information available, but each survey has its own unique 1local
coordinate system. None of these systems is referenced to another, or to a
single universal coordinate system. A minimum of two control points for
each local system would allow coordinate transformation to a common datum.
A land information system requires detail on a single coordinate system.
The numerous 1local systems can be tied to a single overall coordinate
system referencing two points of detail. Coordinate transformation can
then position all cadastral monuments in one unique system. The cost of
clearing sight lines through forested terrain limit the use of conventional

field survey methods for this project.

Project Description

A large proportion of survey boundaries in rural areas of New
Brunswick had been set out before geodetic control was in place. Not every
local area was, or has subsequently been, tied to the geodetic coordinate
system. Survey methods for these boundaries would have typically used
theodolite compass and tape. Scale and azimuth errors would be relatively
constant within local areas. Markers in the form of wooden posts, metal
survey markers, etc. exist in the field, and boundary details are stored as

azimuths and distances [McLaughlin 1982, personal communication].

Specifications

An accuracy of 1 m for all detail is required for a land information
system, thus semi-control points which are used to position this detail
should be accurate to 25 cm to 50 em. The cadastral monuments are to be
used as the semi-control points, so the two points used for the coordinate

transformation must be positioned with an accuracy of 25 cm.

An economically viable survey method must be capable of tying in two

or three cadastral areas each day. Allowing U4 to 6 hours travel and search
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time leaves 1 to 2 hours for the observations. The instrumentation, to be

practical, must be transportable over a few kilometres by back-pack.
Reference geodetic control points are within 50 km of each cadastral area.

A typical rural survey project is shown in Figure 2.5.

Differential GPS Methods Applicable to this Problem

The differential GPS method used for this project must give an

accuracy of 25 cm over 10 km to 50 km after 1 to 2 hours observation. The
interferometry or carrier phase methods, and possibly the pseudoranging

method, should meet these specifications.

Alternative Technique #1: Field Survey Traverse

The classical survey technique for this problem is a theodolite and
electronic distance measurement traverse from the geodetic control point to
two points on the 1local cadastral survey. This 1involves five men,
including the surveyor and the 1line cutting men. Progress rate through
forest would be about two kilometres a day. Assuming a traverse accuracy

of 1:20 000, 50 m is attainable over a 10 km distance.

Alternative Technique #2: Photogrammetry

Premarked photography at 1:25 000 can achieve 25 cm accuracy, but the
pairs of points would have to be visited. To ensure the pre-marks do not
deteriorate, this visit would have to be made immediately prior to the
sortie. Subsequently aerotriangulation would have to be carried out.
Since the visit to make the pre-mark would be as expensive as the
differential GPS observations, the added costs of flying the photography
and the aerotriangulation prohibit the use of photogrammetry as an

alternative method.
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Chapter 3
MATHEMATICAL MODELS I
DIFFERENTIAL GPS MEASUREMENTS

3.1 Terminology and Notation

We will consider a network of n ground stations, which receive signals
from m satellites. Quantities associated with the ground stations are
denoted by uppercase letters and subscripts. Quantities associated with
the satellites are denoted by lower case letters and superscripts. An
earth-fixed coordinate system is used, so that the ground station positions
are assumed to be time invariant, and the satellite positions to be time

variable.

We assume that in general clocks at each ground station and in each
satellite maintain independent 1local time scales, the 1lack of
synchronization between them being only partially known or measured. The
fundamental time scale, to which all satellite and ground station scales
will be referred, we will call "conventional GPS time", and denote by T,
The 1local time scale of the jth ground station is denoted Tj' and 1is
functionally related to conventional GPS time as TJ(T). Similarly, the

th

local time scale of the i satellite is denoted tl, and is functionally

related to conventional GPS time as t'(t).

The position vector and Cartesian coordinates of the jth ground

s - .9 Y . - -

th

The position vector and Cartesian coordinates of the i satellite, at

some epoch t (1) of its local time scale is

ety = i, yratoy, Zateit. (3.2)

The geometric range vector between the ith satellite and the jth ground

station, and its Cartesian coordinates are

ol o orel, o, 44T (3.3)

17
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FIGURE 3.1

Ground to Satellite Range Vector.
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The length of 3§ is designated p§. pnder varying circumstances we express
this range vector as a function of tl, or of Tj’ or of both. (NOTE: This
notation differs from our earlier reports and papers [Wells et al. 1981;
Wells et al. 1982], reversing the meanings of ; and 3. We feel the change
to this notation is worthwhile as it conforms with other conventions such as
p—p LORAN-C.)

Measurements of satellite clock time marks (generated in the ti time
scale) as received at a groung station (thus measured wi?h respect to'the Tj
time scale) are denoted by Dg, and are a function of t', Tj' and 03. The
term "simultaneous" refers exclusively to the satellite time scales. For
example, a time mark from one satellite received at different times at two
ground stations is taken to generate "simultaneous" measurements at those
stations. Likewise, time marks from two satellites transmitted
"simultaneously" and received at different times at one ground station are

also taken as generating "simultaneous" measurements.

The adjectives "difference" and "differential" are used in a very
specific way when they modify measurement times. Measurements which involve
one ground station and two or more satellite positions (either simultaneous
positions of different satellites, or positions of the same satellite at
different times) are described by the term "difference". For example,

measurements of
i k i i i i, i
(T.) = p.(T. . At - p.(t
OJ( J) OJ( J) or of DJ(t + ) DJ( )

are range difference measurements. Measurements which involve one satellite
position and two or more ground stations (necessarily simultaneous) are
described by the term "differential". For example, measurements of

Dg(tl) - pi(tl) are differential range measurements.

Quantities prefixed by either & or V denote finite differences, such as
> > > ij,. i jo.i i, i s s :
A = - v = -
Rij Rj Ri’ P t™) pk(t ) ok(t ). Quantities prefixed by the
letter 8 denote correction terms.
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3.2 Measurement Types

We will consider four kinds of measurements: pseudoranges,
interferometric differential ranges, integrated Doppler range differences,

and carrier phase differential ranges.

The basic pseudorange observable denoted 33 is the time of arrival (on
the receiver time scale) of a particular signal transmitted by the satellite

(Figures 3.2, 3.3):

o 2

i
_J
c

i
Tj(Tb) -t (Ta)

"
—
Il

i
- Tj(Tb))] - [Ta - (Ta -t (Ta))]

b b
_ i
= Tb - Ta + (Ta -t (Ta)) - (Tb - Tj(Tb))
i .
= pj i
Tt (ta -t (ta)) - (Tb - Tj(Tb)) (3.4)

where c¢ is the speed of 1light. The term O§ is the true range to the
satellite ignoring atmospheric effects. The second and third terms

represent satellite and receiver clock errors respectively.

The basic interferometric differential range observable is the

difference in this time of arrival at two different stations:

_Jk _ k__J . (3.5)

If the satellite s?gnal is periodic (as are the GPS carriers L1 and L2) then
we can denote by £ the frequency of this signal measured at the satellite.
If the signal is coherent with the satellite time base ti, fi will depend on
ti. The frequency of the signal from the ith satellite measured at the jth
receiver is denoted FE, and is dependent on both ti and Tj' A comparison
signal generated and used solely within the receiver has frequency denoted
Fj' The instantaneous phase of the satellite signal, measured at the

satellite, is simply ¢* = £'t'. The instantaneous phase of the signal from
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ith satellite offset = T, - tl(ra)

'f

GPS time T, = a
v Y = T
ith satellite time t! - a tl(T ) .
* i ¢t
jth receiver time T. = a T.(1.)
J e 3 T
' J

r

-

jth receiver offset = T, - Tj(Ta)

FIGURE 3.2

Satellite and Receiver Time Scales, and Their Differences From
Conventional GPS Time. Here a = a real nuTber expressing the GPS
time of the week. In general, T, £t (ra), T # Tj(Ta).
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. .

o) L"o
Y

°|

» T
tl = a i
b
+ - L
Tj = a
__-* - Tj
|
FIGURE 3.3
The Pseudorange Observation (from Ward [19811).
Here, ¢ = speed of 1light, assuming a neutral atmosphere and perfect
R instrument,
pt
—J = measured pseudorange including satellite and receiver clock
c offsets,
pi
J true (GPS) signal travel time between satellite and receiver.
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th th

the i satellite, measured at the j receiver is

i

© ?

Q% = F% 3
J J ¢
The basic integrated Doppler range difference observable is the integral

. (3.6)

(see Figure 6.1)

Tj(Td) .
= F., -F’, . . T
) J ( FJ) dTJ (3.7)

i
N (t,, 1
j b
Tj(Tb)

d
The number of cycles of a signal transmitted between tl(ra) and tl(Tc) must

equal the number of cycles of the same signal received between Tj(Tb) and

Tj(rd) if the epochs are related by (3.4). That is, if

i ~1
Tj(Tb) t (Ta) + Dj(Ta, Tb)/c

(3. 4a)

Tj(Td) tl(fc) + 53(10, T)/e

then

i

gty L T,

s frdtt = s FlaT, .
i i3

t (Ta) Tj(Tb)

Assuming f' and Fj are constant, the basic integrated Doppler observation

equation is

N (a0 T Tor Tg) = Fy(T(r) = Ty(rp)) = £1(th ) = £1(e)) L (3.8)
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Using (3.4a) we can either express t' in terms of Tj

i
Nj(Tb’ Td) Fj(Tj(Td) - Tj('rb))

i "4 I
f (Tj(‘td) _EQ(TC' Td) - Tj(‘tb) + h('ra, ‘tb))

[¢] ¢

i i,71
(Fj - f )(Tj(Td) - Tj(Tb)) - g—(pj(Ta’ Tb) -

o?(wc, T ) (3.9)

. i
or we cah express Tj in terms of t

i i "y i ~i
Nj(Ta, Tc) Fj(t (Tc) + EQ(TC’ Td) -t (ra) - ﬁ;(Ta' Tb))

c (o}

fi(ti(Tc) - ti(Ta))

)). (3.10)

n

i i i "y "y
(Fj—f Wt (rc)—t (ra)) + Eg(pj(Tc’Td) - pj(Ta,T

[¢]

b

The basic carrier phase differential observable is the difference in the
phase of the same satellite signal, as measured at two different ground
stations. This also describes the interferometric phase observable. Only
the fractional part of the differential carrier phase is observed:

i i_

25, = 9 ¢3 - 2m, (3.11)

where n is the unknown number of full cycles of differential phase.

From (3.4), (3.5), (3.10), and (3.11) we can develop more familiar
forms. The relationship between p;. ;1 and §j is given by

N (3.12)

i >i 9
.= |r - R
pJ | J
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Multiplying (3.4) and (3.5) by ¢ we obtain the pseudorange observation

equation

"1 ~i = i .
oj = |r - le + o[(Ta -t (Ta)) - (Tb - Tj(Tb))] (3.13)

and the interferometric differential range observation equation

~

i_»i--> _"i_" _ _ _ -
Apjk = |r Rkl |r le + 0[(Tb Tj(Tb)) (1, T (x N1 (3.14)

Setting tl(rc) - tl(ra) = Atl, and substituting from (3.12), we obtain from

(3.10) the Doppler observation equation

i

. . F. . . F. . .
i Coadiop L 32i i _F g gt _3
Nj(Ta,Tc) = At (Fj £7) + S Ir (t (Tc)) le S Ir(t (Ta)) le

(3.15)

For differential carrier phase and interferometric phase from (3.4) and
(3.6), (3.11) becomes:

1 i . i
- le + Fj(Tb - lj(Tb)) - Fk(tc - Tk(Tc)) - 27

(3.16)

In this chapter we have not dealt with the influence of imperfect clocks
in the satellite and receivers. That is discussed in Chapter 6. Appendix C

examines the practical problem of determining n in (3.16).



Chapter 4
MATHEMATICAL MODELS II
DIFFERENTIAL GPS GEOMETRY

4.1 Geometry of a Tetrahedron

A tetrahedron is formed by two ground stations P1, P2 and two

1 (Figure 4.1). A tetrahedron is the main

satellite positions §J, S
geometrical "building block"™ in any investigation of differential
positioning by satellites. To facilitate the setting up of observation
equations, we introduce here the vector quantities one is likely to need in

describing geometrical relations within a tetrahedron.

2, 33, G%, ﬁ%. Everything

else can then be expressed in terms of these unit vectors. The mean

We begin with the four basic unit vectors a

station or satellite vectors are defined as

+m l +J +]
uy = 2(u1 + u1)
+m _ _‘]_ +j +>]
u, = 2(u2 + u2)
(4.1)
EIRIC I}

+ G;) .

The total mean vector G is defined as

> _’I_ +j +J S +>1
u = 4(u1 + U5 + Uy o+ Uy) . (4.2)

Through elementary operations, it can be shown that

-»__1_-»3' -»1_
u = 2(um + um) = . (4.3)
This completes the definition of vectors; we note that except for the four

basic unit vectors, none of the others is a unit vector.

26
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Next,

>4

From these

>m
Au

>
Au =
m

we define the following vector differences:

28

we can construct the mean differences

-;—(AG‘] + aahy

1 >
2(8u,

+

Through elementary

+m +m

Au = -
2

Aa = 1-51 -
m m

>
Au2)

means,

I P
= 2( uy +u

I P
= (=0

we can show that
+ ﬁé)
+J »]1 >]

- ul + u; + u2)

The total mean difference can be defined as

> _ 1, am >
AU = E(Au + Aum) .

A symmetric quantity would be

> 1 > >
vu = E(Au - Aum) .

The last two can

>
Au =

also be written as

*>J
Yy

)

(4.4)

(4.5)

(4.6)

4.7)

(4.8)

(4.9)
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Second differences are

LY
(4.10)
2+ > >
A um = Au2 - Au1 .
It is easily shown that
2+m _ 2+ _+j_+j_+1 +1
AU = A um = u2 u1 + u2 . 4.11)

We shall call this quantity AZJ. It is interesting to note that the four
basic unit vectors can be expressed as linear combinations of the four main

derived quantites, ﬁ, AG, v, Aeﬁ from (4.2), (4.9), and (4.11) as follows:

>j _ = > l 2+
u1 = u - Au + HA u
+J _ > l 2+
u2 = u+ Vu - HA u
(4.12)
+1 > 1 2>
U1 = u - Vu - EA u
+>] > > 1 2+
u2 = u + Au + EA u .

Finally, the following relations involving first differences can also

be derived:

Tty LR & S N B T

T uT2 T2 11
-»-»_l-»l-»l +j *j
uau = 4(u1 u, - uy u2)
> _l-»]_ +j, 1 +j
uAu = 8(u1 + u2)(u2 - u1)

(4.13)

++_l+J +>1 -»j_-»l
uvu = 8(u1 + u2)(u2 u1)

+m_l->1+j +]1 +j
Au AU = 2(u1 uy - Uy u1)
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Second differences satisfy the following equations:

A% = - AL AT
m
Aa Aza = - MJ Aﬁ
(4.14)
Aﬁm A2a = - 43 AG
m
Aﬁﬁ 2% = - ug A0

Ve A% = ud ove .

4.2 Range Difference Observation Equation.

In this section we shall look for an equation relating the baseline
vector to observed range differences, while neglecting all timing and
refraction errors. Writing the range vector between ground station Pi and

satellite position sY as

SN S (4.15)

TEEE ST R (4.16)

The difference in the length of the two range vectors from ground
station Pi to satellite positions SJ and Sl, called here the range

difference Vpi, is

>l _ >3 _ PV S IR b S
Ir ﬁil - Ir ﬁil = p; =Py = Voy = Vo, . (4.17)

To avoid the necessity of linearizing this equation, we rewrite it in

vector notation:

»>]1,-+]1 _ +j . +] _ _
o - Ry - WG - R = vey (4.18)
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Rearranging the terms we get

> >]1 -»>1 +j 2]
- Au. R. = Vpi - ui ro+ Ui r . (4.19)

This would be an observation equation for the position ﬁi' To
determine the baseline

AR = A§12 = ﬁz - R , (4.20)

1

we shall assume that two range differences, Vp1, Vp2 were observed
simultaneously from P1 and P2. We can then write two equations (4.19) and

subtract one from another, obtaining

> > _ ->1_->]_->]_ ->j_->j +j
AU, ﬁ1 - au, §2 = Vo, = Voy = (U, - UDF + (@) - GPFY . (4.21)

Using the geometry of a so-defined tetrahedron, we get

+> 1 2+ > 1.2+ _
Aum §1 - EA u §1 - Aum ﬁz - EA u R2 =
(4.22)
= Vo, -V, - P CLag Rt A D
2 1 2 2
Rearranging this equation we get
> -»_ >m, +1 -»j l2++ +_+]_ +j
-Aum AR = Vp2 - Vp1 - A (r =-rY) + 2A u(R1 + R2 r- -rv) . (4.23)
Defining
2
Vp = V02 - Vp1 ’
A= R o
21
Rm = §(§1 + ﬁz) ’ (4.24)
A I
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the sought equation becomes:

- Aﬁm AR = Voo — A0 AR 4 A% (ﬁm - 1. (4.25)

We note that this equation is (geometrically) exact as well as linear in
the unknowns (Aﬁ) and observations (Vzp). The knowledge of A;, ﬁm’ ™ and

all the involved direction cosines is also required.

4.3 Differential Range Observation Equation.

From Figure 4.2 we can readily see that

AR + pg A = - Gaj Apf . (4.26)

J

Multiplication by Gm results in

*J >33 I - _232d N d

us AR + u Au p5 = - U~ Uy Ap1 . 4.27)
Rewriting the coefficient of pg as

2§ 423 _ V>3 >3y 2d 2y _ 123 25 23 2]

u> su = 2(u1 + u2)(u2 —IJQ = 2( 5 Uy - Uy ul) , (4.28)
it is easy to see that it is identically equal to zero. The second
coefficient can be rewritten as

23 23 _ 1ead adyad _ 1 ENEEN!

u- oy = 2(u1 + u2)u1 = 2(1 + u1) . (4.29)
and

. . J J

*j >3 _ 1 Jy _ .22__ 2(_9r_

u-ouy s 2(1 + cos w") = 1 - sin 5= = cos" . (4.30)
Thus, denoting Ap‘1]2 by ApJ, we have:

23 2 |

u- AR = - cos 5= b . (4.31)

This equation was derived, along different lines, by Bossler et al. [1981].

It represents an exact linear relation between observed differential range



FIGURE 4.2

Differential Range Geometry.
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(ApJ) and the baseline vector (AR). It is curious to see how simple this

relation is.

Let us now see, if we can take advantage of two simultaneously
observed differential ranges (Apj, Apl), i.e., to see if there is any
improvement in the geometry of such a configuration. We can write an
equation similar to (4.31) for satellite position Sl as

1
1 2 1
Gm AR = - cos %— Ap . (4.32)

Differencing equations (4.32) and (4.31) we get

1 > Ei
2

->

- Aum AR = 0052 %— Apl - cos Apj . (4.33)

(It can be shown that this equation is exactly equivalent to (4.25).) A

few manipulations and the following substitution,

1 . .
Apm = %(Ap + ) = 2(92 - pT), Azp = Aol - 807 (u4.34)

yield

m

> B l++2 > >
- AU AR = (1 - S00 VO) 4% + 20 AU ap (4.35)

This equation is almost exact, since it involves some approximations.

4.4 A Closer Look at the Observation Equations

All three observation equations for the baseline vector, using the
range difference differences (4.25), differential ranges (4.31) or
differential range differences (4.35) are practically exact and linear in
both the unknowns and observables. There 1s however a considerable

difference between the three equations.

While in (4.25) (differential Doppler), the satellite points are along

5 m (for

the same satellite trajectory, and are hence separated by, say, 10
30-second Doppler integration), in (4.35) the satellite points are from

different satellite trajectories, and will typically be separated by
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4 x 107 m. The ranges p will have typical values of 2 x 107 m. For a

baseline AR of 105 m, the angles w?
3

and wl in Figure 1 will then have

typical values of 5 x 10 - radians. For the case of (4.25), so also will

the angles w, and w but not so for (4.35). 1In all three equations, the

1 2’
coefficient of the observations is close to unity. In (4.25) and (4.35)

the unknowns are multiplied by Aﬁm; in (4.31) the multiplier is G;

Hence
in (4.25)--but not in (4.35)--the components of Aﬁm are all smaller than
5 x 10_3, while in (4.31) ﬁi is close to being a unit vector. Thus the
range difference differences (Vzp) have to be known 200 times more

accurately than differential ranges (Ap) to compete with those

(disregarding the geometry of vectors ﬁ;

and Aﬁm vis—a-vis aR). These
results indicate that Doppler observations are less attractive, from the
geometrical point of view, than the other observations, at 1least for
Doppler integration intervals of 30 seconds. Hence in the rest of this
chapter, we shall concentrate solely on the treatment of differential
ranges.

Assuming Aﬁ < 105 m, to ensure an accuracy in Aﬁ of 1 cm, J;

known to a relative accuracy of at least 10—7. This, in turn, implies a

must be

required accuracy of at least 1 m in ; ’ R ﬁ

TERUY This accuracy appears

achievable only in an iterative fashion.

i .

Finally we observe that the coefficient 0052 %— of the observable ApJ
is of the order of
. . .2 .2
J J J
. 2wt W w 2 . W -6
1 - sin 5 = 1 - CE— - Tt cee) =1 = m v 1 - 3.2 x 10 ".(4.36)

If an accuracy of 1 cm is required, this coefficient cannot be replaced by
1.

4.5 Repeated Differential Ranging

Clearly, at 1least three differential ranges are needed for the

determination of the baseline vector. In practice many more ranges (n)
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will be observed so that one will end up with redundant observations:

.2
. J .
I SR C VS
. ij=1,2,0..,n . (4.37)
= (1 -Q,) apY
J
In matrix form, one has
= - — -~ r -
> 1 1
Uy AR 1-2, Ap
0
Gi 1-0,, Ao?
. = . . , (4.38)
. 0 . .
+n n
um 1-Q Ap
b - b — e -d
or simply
A AR =B A . (4.39)
Here A may be written as
A=, o+ U (4. 40)
2E2 2 ’ .
+>1 »2 +n.T +>1 *2 +n.T
where U, = [u,, u%,...,u3l", Uy = [u,, Us,...,u,]7, and
B=1I- diag(ﬂj) =1 -346B . (4.41)
Hence
AAR =4 -8BA . (4.42)

A
It is usual to seek the least-squares solution AE to this system of
equations with the understanding that the covariance matrix Q_A of the

vector A of differential ranges is known. We get

>

-1
A

AcTa AR = 4

—_—

=]

—_ —

cla-sas (4.43)
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a linear relation between the vector of observations A and the unknown

baseline vector AR. The transformation matrix

T=alel'm™ afera - B (4. 1)
depends only on the geometry (A and 6B) and the accuracy (EA) of the
observations. It can easily be investigated for optimum geocentric design,

minimization of various effects, etec.



Chapter 5
MATHEMATICAL MODELS III
GPS SATELLITE EPHEMERIDES

In this chapter we first review the contents of the GPS message, and
the equations used to determine satellite coordinates from the message
parameters. The model used in this study to represent ephemeris errors is
then presented. Finally, message parameter values used to represent the
present (1982) GPS constellation and the proposed (1988) constellation are

given.

5.1 GPS Satellite Positions

The GPS satellite message is structured into a 1500 bit frame,

containing five subframes of 300 bits each. Each subframe consists of ten

words, each 30 bits long.

The content of these subframes was, until September 1982, formatted
according to the GPS Phase I Message Format [van Dierendonck 1978]. This
format was scheduled to be replaced by the GPS Phase III Message Format in
September 1982 [Payne 1982]. While the two formats differ substantially,
there is only one change directly affecting the computation of satellite
positions (the addition of a rate of change of inclination angle parameter
to the GPS Phase III Message Format).

Table 5.1 lists the message parameters used to represent the satellite

ephemeris in the GPS Phase I Message Format. For the Phase III message, i

(rate of change of io) should be added to this list.

Table 5.2 lists the constants and equations used to convert the
message parameters of Table 5.1 into Conventional Terrestrial Cartesian
coordinates (xk, yk, Zk). An equation correcting i0 by i ty must be

added for the Phase III message.

For the present study, the Phase I message and its associated

equations were used.

38
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5.2 Ephemeris Error Models

For this study, the influence of errors in satellite ephemerides on
computed positions was of interest. Ephemeris errors are the result of
intentional or wunintentional errors in the values of the GPS message
parameters. The message parameter values are predictions based on
observations made at the GPS control segment ground stations. A simple
model to represent ephemeris errors was developed and used in the

generation of simulated observations.

This ephemeris error model is based on three simplifying assumptions:

(a) The error in each Cartesian coordinate for each satellite is
statistically independent from the error in other Cartesian coordinates
of the same satellite, and all coordinates of other satellites.

(b) The error in each Cartesian coordinate is constant in time, at least
for the duration of a simulated observing period (up to five hours),
resulting in biases to each coordinate over an entire simulated
observing period. Note from Figure 5.1 that a bias in the Cartesian
coordinates is not equivalent to a bias in the orbit elements, or to a
parallel shift in the orbit from its nominal position.

(¢) The biases in all Cartesian coordinates for all satellites over a
simulated observing period are samples from the same normal
distribution, with zero mean and a standard deviation which is

specified by an input parameter for that simulation run.

This ephemeris error is implemented in program DIFGPS (Chapter 9). A
single input parameter, %p0os* represents the standard deviation of GPS
satellite Cartesian coordinates computed from the satellite message as in
Table 5.2. For each satellite the simulated Cartesian coordinates

incorporating these modelled ephemeris errors (§1, ?1, z1) are computed from

"+ ¢,(0, 15 £) opog

y'o+ 9.(0, 15 ) oS (5.1)

zb ¢n(0, 15 &) 9pos
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FIGURE 5.1
Perturbed Satellite Orbit.
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where (xi, yi, zi) are the Cartesian coordinates for the ith satellite
position, computed from the equations in Table 5.2, and ¢n(0, 1 &)
represents an abscissa value from the standard normal distribution, computed
once for each simulation run for each Cartesian coordinate of each
satellite,

Such ephemeris errors can be propagated into an equivalent user range
error (which is simply the projection of the satellite ephemeris error
vector onto the satellite-receiver range vector). To the extent that these
equivalent range errors are similar at both ends of a baseline, their effect
will be largely eliminated when applying differential GPS techniques to
measure the baseline. The similarity of these equivalent range errors will

decrease the longer the baseline.

Two values of Opog Were used in these simulations. To represent the
errors contained in the ephemerides for the present U4-satellite GPS
constellation and in the undegraded ephemerides for the planned 18-satellite
GPS constellation, %p0s

represent the errors in degraded ephemerides for the planned 18-satellite

was set to 1.5 m (see Sections 12.1 and 12.2). To
GPS constellation, Opog Was set to 200 m (see Section 12.3).

5.3 GPS Constellations Used

The GPS message parameters used to represent the satellite orbits are

shown in Table 5.3. The values for these parameters used to represent the
present H-satellite constellation are shown in Table 5.4. These values were
obtained from actual tracked data on 12 November 1981, and were provided by
Sheltech Canada. The values for these parameters used to represent the
planned 18-satellite constellation are shown in Table 5.5. These values
were chosen to simulate the uniform six-plane constellation with a Walker

constellation index 18/6/2 [Walker, 19771].
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Mean anomaly at reference time.

Mean motion difference from computed value.
Eccentricity.

Square root of semi-major axis.

Right ascension at reference time.
Inclination angle at reference time.
Argument of the perigee.

Rate of right ascension.

Cosine and sine harmonic correction terms to the argument
of latitude.

Cosine and sine harmonic correction terms to the orbit
radius.

Cosine and sine harmonic correction terms to the
inclination.

Ephemeris reference time.

Rate of inclination (not included in Phase I message)

TABLE 5.1

GPS Message Parameters KRepresenting the Ephemeris.
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u = 3.986008 - 101& m3/sec? Universal Gravitational Constant (WGS 72).
wg = 7.292115147 = 10_5 rad/sec Earth's mean rotation rate (WGS 72).
a = (/352 Semi-major axis.
n, = u/a3 Computed mean motion.
tk =t - toe Time from reference epoch.
no=ong o+ An Corrected mean motion.
Mk = MO + ntk Mean anomaly.
Mk = Ek - e sin Ek Kepler's equation for eccentric anomaly.
cos V, = (cos E,_ - e)/(1 - e cos E,)
k k k
//—'2?—“———‘1 True anomaly.

sin Vk = /1-e“ sin Ek/(1—e cos Ek)
¢k = Vk + W Argument of latitude.
Guk = Cuc cos 2¢k + Cus sin 2¢k J2 correction to the argument of latitude.
ark = Crc cos 2¢k + Crs sin 2¢k J2 correction to the orbit radius.
éik = Cic cos 2¢k + CiS sin 2¢k J2 correction to the inclination angle.
U = ¢ + 6u2 Corrected argument of latitude.
ry = a(l - e cos Ek) + érk Corrected orbit radius.
ik = io + Gik + (itk) Corrected inclination (i not in Phase I).
X, = r, cosu
k k k Position in orbital plane.
Y = rp sin uk
Qk = Qo + (ﬁ - we)tk - wetoe Corrected longitude of ascending node.
xk- Q i in Q

= X, cos & -y, cos i, sin @
yk = xk sin Qk + ¥, cos ik cos Qk Earth fixed coordinates.
zk = in i

=¥y st k

TABLE 5.2

GPS Satellite Position Computation From the Broadcast Ephemeris.



EPH(1)
EPH(2)

EPH(3)
EPH(4)
EPH(5)

EPH(6)
EPH(T)

EPH(8)
EPH(9)
EPH(10)

EPH(11)
EPH(12)

EPH(13)
EPH(14)

EPH(15)
EPH(16)
EPH(17)
EPH(18)
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age of ephemeris in seconds.

amplitude of the sine harmonic correction term to the orbit
radius (m).

mean motion difference from computed value (rad/sec).

mean anomaly at reference time (radians).

amplitude of the cosine harmonic correction term to the argument
of latitude (radians).

orbital eccentricity.

amplitude of the sine harmonic correction term to the argument of
latitude (radians)

semi-major axis of orbital ellipse (metres).

ephemeris reference time in seconds.

amplitude of the cosine harmonic correction term to the angle of
inclination (radians).

right ascension at reference time (radians).

amplitude of the sine harmonic correction term to the angle of
inclination.

inclination angle at reference time (radians).

amplitude of the cosine harmonic correction term to the orbit
radius (m).

argument of perigee.

rate of right ascension (radians/second).

satellitie ID ¢#.

corrected mean motion (radians/second).

TABLE 5.3
Parameter Array EPH Used to Represent a Satellite Orbit.



EPH #  SAT #5

1 1433.6000

2 -18.312500

3 .15779229D-08
4 -2.6430540

5 -.81770122D-06
6 .206666 15D-02
7 .94622374D-05
8 26560867.

9 421488.00

10 -.31478703D-06
1 2.4304594

12 .82328916D-06
13 1.1122619

14 271.71875

15 -1.9668020

16 -.60284654D-08
17 5.0000000

18 . 14585133D-03
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SAT #6
2048.0000
-54.062500
.12914824D-08
-.11616932
-.29560179D-05
. 16592914D-02
. 14064834D-04
26560516.
407088.00
.48987567D-06
.31357057
-.21792948D-06
1.1067821
179.15625
2.0639462
-.62427600D-08
6.0000000

. 14585394D-03

SAT #8

86016.000
-16.687500
.21879483D-08
. 76583056
-.81956387D-06
.20113677D-02
.94752759D-05
26560746 .
403488.00
.61094761D-06
2.4276097
-.15571713D-05
1.1032779
263.62500
-. 14931060
-.T4749542D-08
8.0000000

. 14585295D-03

TABLE 5.4
Values of EPH Array Used to Represent the
Present (1982) U4-Satellite Constellation.

SAT #9
2048.0000
-58.312500
.12889823D-08
.33562735
-.32205113D-05
.80549773D-02
. 1413 7477D-04
26560813.
410688.00
. 15273690D-06
.31877875
-.41164458D-06
1.1033115
178.68750
1.3890641
-.62827617D-08
9.0000000

. 14585149D-03
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SAT # EPH (4) EPH(11)

1 .0 .0

2 2.0940000 .0

3 4.1890000 .0

y .69800000  1.0470000
5 2.7930000 1.0470000
6 4.8870000 1. 0470000
7 1.3960000 2.0940000
8 3.4910000 2.0940000
9 5.5850000 2.0940000
10 2.0940000 3. 1420000
1 4.1890000 3.1420000
12 0.0 3. 1420000
13 2.7930000 4.1890000
14 4.8870000 4. 1890000
15 .69800000  4.1890000
16 3.4910000 5.2360000
17 5.5850000 5.2360000
18 1.3960000 5. 2360000

Those not changing

EPH(1) 1433. 6000 EPH(10) .0
EPH(2) .0 EPH(12) .0
EPH(3) .0 EPH(13) .95990000
EPH(5) .0 EPH(14) .0
EPH(6) .30000000D-02 EPH(15) 0.0
EPH(T7) .0 EPH(16) .62620000D-08
EPH(8) 26560400. EPH(17) 1.0000000 to 18.0000000
EPH(9) 585728.00 EPH(18) . 14585360D-03
TABLE 5.5

Values of EPH Array Used to Represent Proposed
(1988) 18/6/2 Constellation.



Chapter 6
MATHEMATICAL MODELS IV
GPS CLOCKS AND OBSERVATIONS

This chapter deals with the characterization of typical errors
associated with atomic clock scales. This information provides the general
background required for the discussion related to the simulation of GPS

observables in the present development.

6.1 Atomic Clocks

Consider a typical atomic clock whose frequency is subject to error
with respect to some nominal frequency f. In modelling these errors we

make three assumptions:

(1) The frequency of this imperfect clock is subject only to two
kinds of variations with time--a frequency drift which is linear in time,

and random fluctuations.
(2) The frequency drift rate f is constant.

(3) The random fluctuations f(t) can be modelled by a white noise

random process having a constant standard deviation.

At some arbitrary epoch, t, the frequency of the clock may be
expressed by a model of the form

£(t) = £ + AF + f[t - £ ]+ F(6) 6.1)

where to is some initial time of synchronization with a primary frequency
standard, and Af is the frequency offset between f(to) and the nominal

frequency f.

The phase accumulated since to is

t
(L) - ¢(to) = fto f(t) dr (6.2)

47
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or

t

£ 2 -
d(t) = ¢(to) + f[t—to] + Af[t—to] + §[t_to] + ft f(t) dt (6.3)

o

where ¢(to) is the phase error at synchronization.

Equations (6.1) to (6.3) will be used to represent both a receiver
oscillator clock and a satellite oscillator clock. In the absence of
frequency variation terms, the time argument will represent conventional
GPS time as kept by the Master Control Station. That is, a clock keeping

perfect GPS time will be represented by a phase function
¢(t) = £ 1 (6.4)
where this "perfect" clock is assumed to have zero phase at T = 0.

Similarly a time interval will be represented by the difference in

phase at two epochs T,, T,

LR S %[¢(~c2) - et = % (6.5)

where N is the number of cycles (not necessarily an integer) recorded by
the clock in the interval [T1, T2].
Because of the frequency variations and synchronization errors, the

phase of the "imperfect" clock (given by (6.3)) differs from the phase of
the "perfect" clock (given by (6.4)) by

f 2 t
Ap(t) = ¢(to) + Af[t—to] + Sle-t 1% + s

: f(t) dt (6.6)
(o]

Dividing this phase error by the nominal frequency f gives us the error in

time
ot ), .
BE(t) =2 4 ;ﬁ [t-t] + %[t—to]2+ 15t By an
[o]
. - 6.7)
= a + a, [t—tO] + a, [t—to] + x(t)
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where

a = F (6.88)

>
ﬂw

a1 = F (6.8Db)

f
82 = E? (6-80)
is the aging (fractional drift) rate of the clock, and
Re) = £ 38) =408 Fyar = o, 0 (0,138 (6.8d)
- f T f Tt - CLK 'n-7' "’ )

o

represents random fluctuations in clock time, where OCLK is the standard
deviation of x(t), and ¢n(0,1;6) represents the abscissa value from the

standardized normal distribution.

Hence by specifying values for to’ ao, a1, 32, and OCLK we can

characterize the behavior of a clock, using (6.7).

We have ignored the effect of errors other than those modelled here
(for example, % may not be constant, and F(t) may not be a white noise
process). The model could be extended to explicitly include these effects,
if we are sure of their form. Otherwise, it may well be preferable to
attach some "age" to the model itself, and to represent its reliability as
a function of its age, through some kind of weighting scheme. These

possibilities are not pursued further in this report.

6.2 Pseudoranges

. Let a signal from the ith satellite be transmitted at some epoch
.
T

tl(Ta) and received at the jth receiver at some later time

j Tj(Tb) (see Figure 6.1). The pseudorange observable is essentially
the time of arrival of the signal
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-

FIGURE 6.1

Geometry of GPS Measurements.
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OI ° 2
. e

i
Tj(rb) -t (ra)

i
[Tb - Tt Tj(Tb)] -, -1+t (Ta)]

[T, - T+ [T, -t )] - [T, - T,(7)] (6.9)
where c¢ is the speed of light.

The first term in (6.9) represents the total propagation delay of the
signal (delays in the receiver are not considered separately from receiver
clock errors here, but see Appendix C):

Tt = (ot o+ (spl). 4 (6o§> 1/c (6.10)

b a J J'ion trop

where o; is the true range to the satellite
. e .
93 = |riceh) - le ) (6.11)

The second and third terms in (6.9) represent the satellite and receiver
clock errors with respect to GPS time. These may be expressed in the form

of (6.7), henceforth replacing t-to by t, as

Gti = Gti(ra) = a_ + a ti + a, [ti]2 + xth) (6.12)

and

2 ~
6T, = §
Ty = OT5(Ty) = Ay + Ay Ty + Ay Ty + X(Tj) . (6.13)

In view of (6.10) to (6.13) the pseudorange observation equation (6.9) may

be written as

»i, iy 2 i i i
PR = Rl (8050, + (807) + e 8t - o 8T, (6. 14a)

trop

p*(‘ta, ‘tb) + C Gti('ta) -c GTj(Tb) (6.14b)
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where

* +i 2 i i
Pty ) = [r (t) - le + (Gpj)ion + (Gpj)trop

is the total apparent propagation path of the signal. The total

propagation delay is P¥/c.

6.3 Carrier Phase and Doppler

At some epoch gl = tl(Ta) let the phase of a signal transmitted by the

ith satellite be expressed in cycles as

ot (th) = ot (eh(r ) = ek) + [f + sr(eT)] th 4 (] (6.15a)
= £ [t o+ sttl st (6. 15b)
At reception time Tj = Tj(Tb) let a similar signal in the jth receiver

derived from the local clock be expressed as

Qj(Tj) = Qj(Tj(Tb)) Q(To) + [F + GF(Tj)] Tj + Q(Tj) (6.16a)

F [Tj + GTj] + @(Tj) . (6.16Db)

The phase of the signal transmitted from the ith satellite and measured in

the jth receiver is then

i i, i
<1>J.(Ta,1b)= @j(Tj(Tb)) - o7 (t (Ta)) (6. 17a)

ivq.1 0 % o 1
[F+6F(TJ.)]Tj ~[f+86f£(L7)It™ + ¢(Tj)— o (t™)+ @(TO) - ¢(to) 6.17b)

F T, + 87,0 -t el o+ stll + By - b . 6.17¢)

Using the relation of the satellite and receiver time scales with respect

to the GPS time, from (6.9) to (6.14)

*
i p(t_, 1)

T. + 6T, = t* + 8¢t & a’ b

j j S — R (6.18)

we can express in equation (6.17¢c) either Tj in terms of tl. so that
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*
. . p(t_, T)

i i i a b
Qj(ra, Tb) =F [t7 + 6t + S ]

_p el e stiy 4 E(Tj(ti)) - ¥ (6.19a)
p*(r T,)
S [F - £] [tt + sti1 4+ F ——ac—b—
+ E(Tj(ti>> - s (6.19b)
or ti in terms of Tj’ so that
p*(T )
ol(r , v ) = [F-f] [T, +6T,]1+¢f a’ b
j a b j J e
+ BT - $<ti(rj>> ) (6.20)

The basic "Doppler" observable is essentially the measurement of the phase

¢; at two different times (see Figure 6.1),

i i i
Nj(Ta’ T Tgo Td) = @j(rc' Td) - Qj(Ta’ Tb) (6.21)
which in view of (6.19b) may be written as
i i i
Nj(ta, Tpr Tor Tg) = [F = fI0t (Tc) -t ()]
+ F - 1 Coetcetcr ) - selcetcr 0l
F _ * *
+ 3 [e (tc, rd) - P (Ta, Tb)]
% i 3 i
+ Q(Tj(t (Tc))) - ¢(Tj(t (Ta)))
LI C RN ICRICIN (6.22a)
= [F - f] [At,i + Asti]
F * o -
+ 35 Ap + A% - A (6.22b)

where
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st = ti(Tc) - ti(ra) (6.23a)

astd = stteter ) - stlceir ) (6.23b)
* * *

Ap” = p (Tc, Td) -0 (Ta, Tb) (6.23c)

A% - ¢(Tj(1d)) - ¢(Tj(1b)) (6.23d)

8§ = Ftr ) - Ftn)) . (6. 23¢)

Expressing N; in the receiver time scale, (6.21) may similarly be written

as
i
Nj(Ta, Ty Tor Td) = [F - f] [ATj + AGTj]
f * x ~
+EAp + A% — A$ (6.24)
where
ATj = Tj(Td) - Tj(Tb) (6. 25a)
AST. = 8T, . - 8T, . . .
TJ TJ(TJ(Td)) TJ(TJ(Tb)) (6.25b)

The basic Doppler measurement is the received number of carrier cycles
between two epochs, Ty and Ty A Doppler data set consists of a series of
such measurements corresponding to different epoch pairs. The
relationships among these epoch pairs will determine the processing
technique required to correctly interpret the data. There are three
possibilities. If the Doppler count is recorded for a short interval of
time, the counter reset to zero and sometime later another Doppler count is
recorded and so on, we have the case of intermittently integrated Doppler.
This approach is not efficient as many potential data are lost. A second
approach is to reset the counter to zero after the integration interval and
immediately start integrating again. In this case the end of the
integration period of one datum coincides with the beginning of the
subsequent integration period. These data are known as consecutive Doppler
counts. A problem with these data is that consecutive counts are serially

correlated with a correlation coefficient of -0.5 (see, e.g., Krakiwsky et
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al. [1972]1; Brown [1976]). The third approach, however, produces
quantities that are uncorrelated. Here one simply sums the consecutive
Doppler counts throughout a satellite pass and interprets the partial sums
as range differences between some initial epoch To (satellite "lock-on")
and all subsequent epochs. These data are known as continuously integrated
Dopplers (CIDs) [Brown 19761]. This technique requires that the range to
the satellite at T be estimated as a "nuisance parameter" along with the

other unknowns. In our present work we have simulated CID data.

6.4 Interferometric Delay and Phase

The basic interferometric delay observable is the difference in the
time of arrival of the same satellite signal as measured at two different

stations.
From (6.14a) for a signal from the ith satellite to the jth receiver
~i i > i i i
pj(Ta,Tb) = |r (Ta)— le + (6pj)ion + (épj)trop + cdt™ - cSTj (6.26)

and for the same signal to the kth receiver

~i _gzi g i i i
Pt aty) = It )= R | + (801500 * (8P} ) grop + ©8ET - 8T (6.27)
so that the interferometric range observable equation is
~i _ -bj_ > _ -)i ->
Apjk - |r (Ta) - Rkl Ir‘ (Ta) - le
i i i i
+ (ka)ion - (Gpj)ion + (ka)trop - (apj)trop
-c [8T () - 6Tj(1b)] (6.28a)
+>i > +i >
= |r (Ta) - Rkl - Ir (Ta) - le
+ ety 4 et - ¢ 6T (6. 28b)
Jk7ion jk’trop jk ‘

where
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i i i
i i i
(6pjk)trop - (ka)trop B (Gpj)trop (6.29p)
are differential ionospheric and tropospheric terms and
sTjk = sTk(rc) - aTj(rb) (6.29¢)

is the differential correction of the receiver time scales with respect to
GPS time.

The basic interferometric phase observable is similarly the difference
in phase of the same satellite signal as measured at two different
stations. In practice only the fractional part of the differential phase

is observed,
A<I>: = ¢ -<I>'.—n (6.30)

where n is the unknown number of full cycles of differential phase. Using
(6.19b)

i F * * ~ ~
pey = o Lo (g0 1) =0 (1, T )1 + BT (r ) = B(T(ry,)) . (6.31)

The problem of determining n in (6.31) was not considered for the

simulations in this report, but is discussed in Appendix C.

6.5 Implementation of Clock Models for GPS Simulations

Each of the satellite and receiver clocks in the simulations reported
here was assigned values for the clock model parameters as in (6.7). For
each clock, a set of values different from those for the other clocks was
arbitrarily selected. The range of these assigned values, for each
parameter, was

11

(1) for a_ (synchronization error) * {107 ', 1078} seconds

(2) for a, (fractional frequency offset) * {10-1u, 10_11}

1
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17

(3) for a, (fractional drift rate) * {10 ', 10—14} per second

(4) for o (random fluctuation standard deviation) 2 x 10’10 seconds

CLK
(5) for ¢n(0,1;5) (sample from the standard normal distribution),
values were computed independently for each clock, for each

observation epoch.



Chapter 7
MATHEMATICAL MODELS V
GPS REFRACTION

Transmission at 1.575 42 GHz and 1.2276 GHz puts GPS carrier waves in
the UHF, or microwave, region of the electromagnetic spectrum. Propagation
delays due to wave travel through the atmosphere are conveniently split into

frequency dependent (ionospheric) and frequency independent (neutral

atmosphere) effects.

7.1 Ionosphere

The ionosphere 1is generally considered to be that region of the
atmosphere from approximately 50 to 1000 km altitude where ionization of the
gases found there occurs. Conductivity of an ionized gas is dependent
primarily on the density of free electrons liberated by ionization and is
related to a characteristic frequency of the plasma called the plasma
angular frequency [Lorrain and Corson 1970]. The plasma angular frequency

is defined as

OJP = (7.1)

where N_ = electron density (electrons * m‘3).
e = the electron charge (1.6021 x 1019 c),

m = the electron mass (9.11 x 10737 kg),
€ = permittivity of free space (8.859 x 10”12 C2kg'1m_3s—2).

o
Evaluating the expression in (7.1) gives a plasma frequency in Hz of

w
P
fP =50 = 8.984 /Ne . (7.2)
Electron densities of the ionosphere normally range from about 1 x 109 to
about 3 «x 1012 electrons per m3 [Meeks 19761]. This leads to a maximum

plasma frequency of approximately 15 MHz.
GPS transmissions are at frequencies approximately 100 times higher than

this, which allows one to use the following approximate formula for index of

refraction in the ionosphere:

57
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n=1-—7-5-— . (7.3)

where £ is the transmitted carrier frequency in Hz.

The total phase delay experienced by a wave propagating through the

ionosphere is
£

<S¢=Ef (n - 1)ds ,
(7.4a)

where ¢ is the speed of light, 299 792 458 ms—l, and §¢ is in cycles or turns
of phase. The integrated electron density along the signal path is the total
electron content, NT. Using NT, (7.4a) can be evaluated (multiplying by 2m)
to give

8.442 N

6 = - =% T

’ (7.4Db)

. . 16 -2 .. .. .
where NT is in units of 10 electrons * m ~, £ is in GHz, and 8¢ is in radians.

The phase delay is negative; i.e., the phase of a pure sine wave of
frequency f is decreased by the presence of the plasma. In other words, the

phase velocity is greater than the velocity of light.

The ionosphere is a dispersive medium. Therefore the group refractive
index does not equal the phase refractive index. The group refractive index

is given by

_ dn
ng =n + £ ar R
40.28 N_ (7.5a)
n ~1+——-%
g f2

and the group delay of a signal is therefore

ot = 29:28 w4 . (7.5b)
2 e

fec
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Equation (7.5b) may be re-written in terms of Np as

1.3436 NT
8t = ——— , (7.5¢)
f

16 2

where, as before, NT is in units of 10 electrons * m -, and f is in GHz.

With this choice of units, 8T is in nanoseconds.

The group delay increases the measured range between satellite i and

station j by an amount

i 40.28 NT
(8p3). =z ¢t = —m—— (7.6)
j'ion f2
i .
for (soj)ion in metres.

The only independent variable in the above equations is the total
electron content, NT. In the zenith direction, this quantity normally
varies from approximately 5 x 1016 el/m2 at night to 5 «x 1017 el/m2 during
the day. At a frequency of 1.6 GHz, this corresponds to a group delay of
2.6 to 26 ns. Figure 7.1 [Spilker 1980] shows results of measurements of

ionospheric delay made at three sites in North America in 1958.

Total electron content increases significantly for ray paths not in the
zenith direction. The ratio of slant content to zenith content, the
obliquity factor, increases roughly as cosec(E), where E is the elevation
angle (see Figure 7.2). From Figures 7.1 and 7.2, it is seen that NT can be
as high as 2.8 x 1018 el/m2. For the L1 and L2 frequencies of GPS, this
amounts to 151 ns (45 m) and 250 ns (75 m) maximum delays, respectively.

Corresponding maximum phase delays are -1500 radians and -1925 radians.

The ionospheric delay effects may be removed by using both frequencies

simultaneously. The range difference is calculated as

Ap = (p‘i].)l"1 - (pz)L2 , (7.7

where (03) indicates that the range includes the ionospheric effect, and L1,

L2 indicate the frequencies 1.575 42 GHz and 1.2276 GHz, respectively.
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From the formula (7.6) above

~

iL1 _ i i\L1
(P77 =Py + (B0 (7.8)
~. . . f 2

i\L2 _ i i L1 1
(oj) = pj + (<Spj)ion [—fz} , (7.9

where 03 here indicates the range from satellite i to station j corrected
for the ionospheric effect. Subtracting (7.9) from (7.8) leaves

-

2

. f . f_ - f

bp = (spH | 1oL o eeh | 2 1 :

Jj'ion f.2 jion f2

i 2 2
i L1 05

or (Gpj)ion = Ap —3 5 . (7.10)
(f2 - f1)

The true range p? is then calculated from (7.8). For a maximum electron
content of 2.8 x 1018 el/m2 and GPS frequencies, the expected maximum Ap

would be approximately -29 m.

A similar technique is used to correct the phase delay. From (7.4b)

oIyLT _ oiyL1 | geiyLT
G N O N U (7.11)
~. ) ) £
iL2 i L2 i L1 1
= § —
(¢j) (¢j) + ( ¢j)ion f2 . (7.12)
f
Multiplying (7.12) by T and subtracting it from (7.11) gives
2
“i01 T TiLe i.L1 i L1 f? i L1 f?
. = (6 (8 L R T
(¢j) 7 (¢j) ( ¢j)ion ( ¢j)ion > ( ¢j)ion 1 > (7.13)
2 £5 £5

Solving for the unknown correction (6¢3)§;n gives
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£~ £2

i L1 ~i L1 1,7i.L2 2
(865)2' = f oy - (o) S , (7.14)
J- ion [ J fo0 } (fg - ff)

and the corrected phase is computed from (7.11) as

i\L1 _ ;iyL1 i,L1
(<I>J.) = (¢J.) - (Mj)ion .

Doppler counts are simply phases accumulated between two time epochs,
and divided by 2w, Equation (7.14) can also be used for the Doppler
observations if the integration interval is known, and the assumption is
made that the spatial gradient of the total electron content NT along the

paths to the satellite during the integration interval is zero.

The above techniques can only be applied to two-frequency receivers,
Users of single-frequency receivers must rely on the ionospheric model
parameters transmitted as part of the broadcast message by the GPS
satellites [van Dierendonck et al. 1980]. Presently, this ionospheric delay
model is being evaluated by the Control Segment. Initial studies indicate
that it should account for 50% to 75% of the actual ionospheric group delay
[Martin 1980; Geckle and Feen 1980], with near real-time parametric data. A
study using actual data [Lachapelle and Wade 1982] has shown that using the
current broadcast ionospheric correction actually makes the results worse

than not applying the correction.

For differential observations, the difference in ionospheric effects at
each end of the baseline 1is important. The above formulae are also
applicable when the observables are differential. Herring et al. [1981]
show ionospheric group delay corrections calculated for two VLBI baselines
(one 832 km, and one 5591 km). Using combinations of X-band (v 8.4 GHz, A =
3.6 cm, one cycle = 0.12 ns) and S-band (v 2.3 GHz, » = 13 cm, one cycle

R

0.44 ns) group and phase delay measurements, they calculate the difference
in ionospheric delay at the baseline ends (see Figure 7.3). Figure 7.3
shows that there are significant differences in the ionospheric delays of the

signals reaching each end of the baseline. Assuming a total electron
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FIGURE 7.3

Relative Ionospheric Delay for VLBI Baselines.
Shown are the differences in ionospheric delay for two baselines; Haystack-
Effelsberg (HS-EF), and Effelsberg-Onsala (EF-ON) along signal paths in the
direction of a = 16 40m, § = 39° 53'. Both X-band and S-band observations
were used, with either group delay (G) or phase delay (P) combinations
from Herring et al. (1981)).
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content NT =1 ° 1017 electrons ° m-z, the expected ionospheric delay at
8.4 GHz is 0.19 ns. The maximum ionospheric delay differences shown in
Figure 7.3 are -0.12 ns and 0.35 ns for the 832 km and 5591 km baselines,
respectively. This points out that there is significant spatial variation

in the ionosphere.

Figure 7.4 shows the differences between the different measurement types
for calculating the ionospheric delay. The methods differ by less than the
X- or S-band phase delay ambiguities, which implies that the "phase delay
ambiguities should be able to be eliminated using the group-delay
observations, without the need for spacing the observations closely in time"
[Herring et al. 1981]. Further discussion of the phase delay ambiguity is

contained in Appendix C.

Another atmospheric disturbance to be considered is ionospheric
scintillation. Ionospheric scintillation effects are prominent near the
geomagnetic equator (% 15°), and in arctic regions beyond about 60°
geomagnetic 1latitude [Meeks 1976]. Using an STI 5010 GPS receiver at
Kwajalein, Marshall Islands (9.4°N. 167.5°E), Rino et al. [1981] observed

the phase scintillations shown in Figure 7.5. These scintillation effects

are thought to be caused by atmospheric gravity waves related to heating
effects or hydromagnetic interactions in the auroral zone [Meeks 1976]. For
relatively short baselines, this effect will be minimal since both ends are
affected similarly. The scintillation effect may not affect both ends of a
longer baseline by the same amount, and should be kept in mind as a possible

problem.

7.2 Neutral Atmosphere

Refraction in the neutral atmosphere (which includes the troposphere and

other regions up to 80 km altitude) is essentially independent of frequency

over the entire radio spectrum. It is a function of the atmospheric
pressure due to dry gases, temperature, and the partial pressure of water
vapour., Refraction in the neutral atmosphere may be conveniently separated

into "dry" and "wet" components. The dry component is approximated by

- -3
ARD = 2.27 x 10 Po , (7.16)



IONOSPHERIC DELAY DIFFERENCES (nsec)

IONOSPHERIC DELAY DIFFERENCE (nsec)

66

.05

W04

03

.02

0l

EFFELSBERG-ONSALA (932 km)

090

1

" " L I 1

.
22:00 23:00

;go 1:00 2:00 3:00 4:00
UNIVSR AL TIME (hr:min)

04

.03

.02

HAYSTACK-EFFELSBERG (5591 kM)

LA
PR
R

' Rl

¢ X9 - xp

0.00
-.01
-0
-0 1 c
-1 J
-0 g 73100 3:00 T 00

n A L
0:00 1:00 2:00
UNIVERSAL TIME (hr:min)

FIGURE 7.4

Comparison of different methods for determining ionospheric
delay. Different combinations of X-band and S-band phase
delay(p) and group delay (g), used to determine ionospheric
delay, lead to slightly different results. The maximum differ-
ence between these results is less than the phase delay
ambiguity, indicating that group delay observations can be
used to compute the phase delay ambiguity (from Herring et

al. (1981)).
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where ARD is the dry term range contribution (m) in the zenith direction,
and Po is the surface pressure (mbar) [Meeks 1976]. For an average
atmospheric pressure of 1013 mbar, this corresponds to a range contribution
of 2.3 m. The dry term constitutes approximately 90% of the total =zenith
range error, and may be estimated from surface pressure data with an

accuracy of 0.2% (= 0.5 cm) [Hopfield 19711].

The wet term depends on the conditions along the ray path, which are not
necessarily well correlated with surface conditions. Figure 7.6 [Meeks
1976] shows the relative range error due to changes in humidity in clouds.
For a zenith angle of Oo, a range difference of 9 cm due to variability of

water vapour occurs over a distance of less than 1 km.

A study of 22 days of data from 7 radiosonde balloons launched nearly
simultaneously at 3-hour intervals from 1000 to 2200 local time in west
Texas [Coco and Clynch 1982] showed that the horizontal variation in partial
water vapour pressure was less different for stations 50 to 100 km apart
than for stations 100 to 200 km apart (see Figure T7.7). Only 10% as many
occurrences of zero differences were noted for the 50 to 100 km station
separations. This shows that even for west Texas, where the climate is

semi-arid with infrequent weather disturbances, correlations due to water

vapour content are very hard to predict. (In addition, their study showed

that the Hopfield model [Hopfield 1969] for wet tropospheric range
correction agreed best with the actual data compared with models of Berman,

Chao and Saastamoinen.)

7.3 Implementation of Atmospheric Models for GPS Simulation

Four parameters are used to control the modelling of atmospheric
effects. Both random and systematic effects are modelled by these
parameters. Using simulation program DIFGPS (see Chapter 9), the effects of
the atmosphere are added to the theoretical ranges. Then the adjustment
program DIGAP (see Chapter 11) corrects for the recoverable effects using
the two-frequency approach for ionospheric refraction, and an assumed

constant atmosphere for the tropospheric refraction.
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A constant zenith electron content of 1 x 1017 el/m2 is assumed for the

model ionosphere. The delay for the L1 frequency is calculated as in Martin
[19801]; i.e.,

. 3
i,L1 _ 1.6 x 10 17 2 2,1/2
(6pj)ion = —Z;E—;E—_ (1 x 10" ") ecscl(E™ + 20.37) ] s (7.17)

1

where E = elevation angle to the satellite in degrees,
f1 = carrrier frequency = 1.57542 x 109 Hz for L1,

i\L1
(80%5) i on

station j in metres.

= ionospheric delay for frequency L1 between satellite i and

Equation (7.17) is equivalent to the delay given by (7.6), except that the
elevation angle E is now accounted for. The L2 frequency delay in metres is

then computed as

£ 2
solyL2 - (6 i\L1 1
(pj)ion (oj)ion 5, ) (7.18)
which follows from (7.6). The complete ionospheric effect (303)ion is
modelled by adding the random and systematic errors as follows:
spt = (8pt spl .
( pj)ion ( pj)ion + kion( pj)ion + ¢n(0. 15 &) %on (7.19)
where kion = input factor defining the amount of the actual modelled effect
to be added as a systematic error,
oion = 1input estimated standard deviation of the two-frequency
ionospheric correction,
¢ (0, 1; &) = abscissa value from the standard normal Gaussian

n
distribution (the same value is used for both L1 and L2).

This ionospheric term is added to the actual range as in (6.26) in program
DIFGPS. The simulations generated for this report used .002 (0.2%) and O cm

h . a.
as the values for klon and ion®

(50;)10n portion of the ionospheric effect using the following expressions

(see equations (7.7 to 7.10)):

respectively. Program DIGAP recovers the

2
~ ~ f
i\L1 i\L1 i L2 2



72

iL1 Ti\L1 iL1
- _ (& .
and (Dj) = (Dj) ( oj)ion . (7.21)
where (P%)L1 = L1 range corrected for the ionospheric effect,
(93)L1 = L1 range affected by refraction.

Although these expressions are given for ranges, they also apply for range

differences as used in DIGAP.

For the carrier phase and Doppler observable types, DIFGPS converts the
range ionospheric effect calculated according to (7.19) into the
apppropriate units. For example, the phase correction is calculated as

B solyL1
i L1 o f1( P

~ )
_ J ion
(Mj)ion = S ) (7.22)

where ¢ is the speed of light, and f1 is equal to 1.575 42 GHz. This
corresponds to (7.4b) given earlier. Recovery of the ionospheric effect in
DIGAP is done as outlined in (7.11) to (7.14) above.

The interferometric observable is differential by definition.
Calculation of the random component of ionospheric refraction is performed

in program FOROBS (see Chapter 10) as follows:

~

(8ot )

i i )
ij =(5Dk)ion(1+kion) - (8p7), (1+kion) + ¢n(0,1,5)°io , (7.22a)

ion j’ion n

i
where (gpjk)ion

(6.29a)), and the other elements are defined above. Note that only one

is the 1ionospheric effect on interferometric delay (see

abscissa value for the normal Gaussian distribution is required for the
interferometric observable, whereas for the other observable types two are

required.

Tropospheric or neutral atmospheric effects are computed using a
constant atmosphere defined as
temperature = 5.85°C,
pressure = 1020 mbar,
relative humidity = 100%.
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The simplified Hopfield model for tropospheric corrections [Hopfield 1971]
is used to calculate the tropospheric effect. It is given by [Wells 1974]

k k

i d W
(60.) = + ’ (7023)
Jtrop 5ine® 4 6.25)"2  sin(E® + 2.25)172
where k = 1.552 x 1072 & ((148.72 T - 488.3552) - h_, )

d * T * * stn’ ’
K = 7.46512 x 1072 &5 (11000 - h_, )

w -~ ' T2 stn ’
T = temperature in Kelvins,

P = pressure in mbar,
E = elevation angle to the satellite in degrees,
e = water vapour pressure in mbar,
hstn = height of the station above the geoid in metres.

The total tropospheric effect (50;)trop to be added to the true range is

calculated by adding the random and systematic components of the model as

spi = (6ot spl :
( pj)trop ( pj)trop + ktrop( pj)trop + ¢n(0, 1; &) Otrop ’ (7.24)
where ktrop = input factor defining the amount of the actual effect to be

added to the tropospheric correction as a systematic error,

Utrop = input estimated standard deviation of Hopfield's simplified
correction,
¢n(0, 1; &) = abscissa value from the standard normal Gaussian

distribution.

This tropospheric correction is added to the actual range (as depicted in

(6.26)) in program DIFGPS. Values of ktrop = 0.04 (4%) and otrop = 5 cm

were used for the simulation runs. Program DIGAP (see Chapter 9) recovers
ol . . .

the ( j)trop portion of the correction using (7.23).

The interferometric observable is treated differently as it is for the
ionospheric disturbance. Program FOROBS is used to calculate the random

component of the tropospheric refraction which is added to the other
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components as follows:

~

i i i .
(8 ) p:(ﬁp ) (1+k ) = (8p7) (1+ktrop) + ¢n(1,0,€)°trop,(7.24a)

pjk tro k' trop trop pj trop
i
Jk
(6.29b)).

)

where (8 trop

is the tropospheric effect on interferometric delay (see



Chapter 8
GPS DIFFERENTIAL SOFTWARE I
SPECIFICATIONS AND FLOWCHART

The software developed in this study was based on three perceptions:

(1) Development of GPS receivers available to civilian users and capable of
being used for precise differential GPS measurements, is advancing
rapidly (e.g., Counselman et al. [1982]; Ward [1982]; MacDoran et al.
[1982]; Hui [1982]). It is likely that observations may be available
from up to five different receiver types over the next one to three
years. It makes sense, then, to invest time in developing software
that would be capable not only of differential GPS simulation analyses
now, but of processing actual differential GPS observations of whatever
type is available, and in any combination, in the near future. Hence
we decided to develop a full simulation software package, rather than a
package limited to preanalysis, or covariance analysis, from simulated

error models.

(2) Baseline determination from differential measurements is a proven
technique, using the Very Long Baseline Interferometry (VLBI)
observations of quasar radio signals. Software relating the determined
baseline to the VLBI delay and fringe frequency observations has been
developed by several groups. One such package is GECAIM, developed by
the Canadian VLBI group centred at York University [Cannon 1978;
Langley 1979; Davidson 19801].

(3) Differential GPS measurements can be categorized as interferometric
delay and differential pseudorange (which are "analogous" to quasar
VLBI group delay measurements), differential carrier phase (which is
"analogous" to quasar VLBI phase-delay measurements), and differential
Doppler (which is "analogous" to quasar VLBI fringe frequency

measurements).

As a result of these perceptions, we decided to modify GEOAIM, which is

a proven package familiar to us, to accept all four differential GPS

75
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measurement types. The modifications were not trivial, requiring the
modelling of satellite rather than quasar sources, the addition of
ionospheric and changes to tropospheric refraction models, and revisions
throughout to handle all four differential GPS measurement types in any
combination on any baselines. The revised version of GEOAIM, renamed

"DIfferential GPS Adjustment Program" (DIGAP) is described in Chapter 11.

It should be noted that the development of this software proceeded in
parallel with the development of the mathematical models described in
Chapters 3 to 7. In particular DIGAP and the analysis of differential GPS
geometry in Chapter 4, can be considered independent investigations. DIGAP
was developed to build on proven, familiar software, and to that extent its
development was expedient. Chapter 4 represents a unified development of
differential GPS models, and an adjustment program based on this unified
approach may well differ significantly from DIGAP. We return to this point
in Chapter 13.

In addition to DIGAP, we developed software to generate the simulated
differential GPS measurements to be adjusted by DIGAP. This is done in two
stages. Program DIFGPS (described in Chapter 9) generates a sequence of
simulated GPS observations, as they would be observed at each station of a
differential GPS network. Program FOROBS (described in Chapter 10) combines
these single station observations into differential measurements for each

baseline to be determined, formatted to be read by DIGAP.

8.1 Specifications

The software developed in this study was designed to meet two goals:
(1) analysis of the performance of differential GPS under a wide variety of
conditions, using artificial observations generated to simulate these
conditions;
(2) analysis of actual differential GPS observations of any type, once such

data becomes available.

The requirements imposed on the software design by these goals can be

stated as a set of specifications. The software shall be capable of:

(1) operating in a simulation or actual data analysis mode,
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(2) accepting data from any network of n GPS receiving stations,

(3) accepting data from any set of m GPS satellites,

(4) accepting any combination of the four basic types of differential GPS
measurements observed throughout the network,

(5) testing the sensitivity of the performance of differential GPS (in the
simulation mode) to a wide variety of factors (clock errors, ephemeris

errors, refraction errors, receiver design, GPS code type).

8.2 Flowcharts
Figure 8.1 is a flowchart showing the relationships between the three

programs in the software package.

Figure 8.2 is a block diagram showing the input and output information

flow in a typical simulation run.

Table 8.1 lists the information contained in the simulated observation

data set produced by program DIFGPS.

Table 8.2 1lists the information contained in the differential

observation data set produced by program FOROBS.
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Simulation Flowchart.
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Simulation Block Diagram.
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TABLE 8.1

Simulated Single-Station Observation Data Set.

Variable #  Name Description

HEADER RECORD 1: (one record only)
80 characters describing origin and content of file

HEADER RECORD 2: (one record only)

1 IYR(1) observation starting year
2 IDAY (1) observation starting day
3 IHR(1) observation starting hour
4 IMIN(1) observation starting minute
5 IYR(2) observation ending year

6 IDAY (2) observation ending day

7 IHR(2) observation ending hour

8 IMIN (2) observation ending minute
9 ZCNT1 start zent

10 ZCNT2 end zcnt

1 NSTN # stations observing

12 MXSAT # satellites tracked
13-17 RX(1)-RX(5) receiver options

18-26 ERRSPC error specifications
27-33 DTM datum parameters

HEADER RECORD 3: (one record per station)

1 JSTN station # in network

2-4 XR,YR,ZR X,y,Z coordinates

5-10 CLKRX clock parameters

HEADER RECORD U4: (one record per satellite)

1 -18 EPH orbital parameters

19-24 CLK clock parameters

OBSERVATION RECORD: (one record per station

per visible satellite
per observation epoch)

1 TIME time of observation (GPS time)
2 ISAT satellite being observed
3 JSTN station observing
4 ELEV elevation
5 AZ azimuth
6 -8 XS,Ys,Zs satellite coordinates
9 RANGE theoretical range (m)
10-11 PRNG(1)-(2) pseudorange L1 (P- , C/A-code)
12-13 PRNG (3)-(4) pseudorange L2 (P- , C/A-code)
1U-21 range equivalent errors (m)
14 receiver clock error
15 satellite ephemeris error
16 P-code measurement noise
17 C/A-code measurement noise

18 satellite clock error



19
20
21
22
23
24
25-217
28
29
30
31-33

81

ionospheric error on L1
ionospheric error on L2
tropospheric error
theoretical Doppler count on L1
simulated Doppler count on L1
noise

same for Doppler count on L2
theoretical phase on L1(RAD)
simulated phase on L1(RAD)
noise

same for phase on L2
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TABLE 8.2
Differential GPS Observation Data Set.

HEADER RECORD 1: (one record)
Same as header type 1 on file produced by DIFGPS.

HEADER RECORD 2: (one record)
Indexes name of file, characteristics, and when created.

OBSERVATION RECORDS: (6 records per observation;
one set of observation records per baseline
per visible satellite
per observation epoch)

Record 1
M, IYR, IDY, IHR,MIN, ISEC,K,L, ISAT,FREQ1,FREQ2
Format ('#%*',I5,5I3,1X,I1,'P',I1,'P',1X,'GPS',12,2(1X,F8.3))

M ~ observation number
IYR year of observation

IDY - UTC day of observation

IHR - UTC hour of observation

MIN - UTC minute of observation

ISEC -~ UTC second of observation

K — ID number of first station of baseline pair
L — ID number of second station of baseline pair
ISAT - satellite ID number

FREQ1 - L1 frequency in MHz

FREQ2 -~ L2 frequency in MHz

Record 2

M,DPRCA1,SIGMA1,DPRP1,SIGMA2,DPRCA2, SIGMA3, DPRP2, SIGMAY
Format ('2',I5,1X,4(1X,F11.3,1X,F5.2)

M ~ observation number

DPRCA1 differential pseudorange from C/A-code reception on L1 (metres)
SIGMA1 uncertainty in DPRCA1 (metres)

DPRP1 - differential pseudorange from P-code reception on L1 (metres)

SIGMA2 - uncertainty in DPRP1 (metres)
DPRCA2 - differential pseudorange from C/A-code reception on L2 (metres)
SIGMA3 - wuncertainty in DPRCA2 (metres)

DPRP2 - differential pseudorange from P-code reception on L2 (metres)
SIGMAY uncertainty in DPRP2 (metres)

Record 3
M,DCPHS1,SIGMA9,DCPHS2, SIGMAO
Format ('3',I15,2(1X,F16.6,1X,F10.6))

M - observation number

DCPHS1 differential carrier phase on L1 (radians)
SIGMA9 uncertainty in DCPHS1 (radians)

DCPHS2 differential carrier phase on L2 (radians)
SIGMAO - wuncertainty in DCPHS2 (radians)
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Record 4
M, DDOPP1,SIGMA5,DDOPP2, SIGMAG
Format ('4',I15,2(1X,F13.6,1X,F10.6))

M — observation number

DDOPP1 - 6-second differential Doppler count on L1
SIGMAS - uncertainty in DDOPP1

DDOPP2 - 6-second differential Doppler count on L2
SIGMA6 - wuncertainty in DDOPP2

Record 5
M,DELAY1,SIGMA7,DELAY2, SIGMAS
Format ('5',I5,2(1X,F13.6,1X,F10.6))

M ~ observation number

DELAY1 - VLBI group delay from L1 observations (microseconds)
SIGMA7 - uncertainty in DELAY1 (microseconds)

DELAY2 - VLBI group delay from L2 observations (microseconds)
SIGMA8 - uncertainty in DELAY2 (microseconds)

Record 6

M,T1,P1,RH1,T2, P2, RH2
Format ('6',15,6(1X,F7.2))

M - observation number

T1 - surface air temperature at station 1 (Kelvins)

P1 - surface barometric pressure at station 1 (mbar)
RH1 © - surface relative humidity at station 1 (%)

T2 - surface air temperature at station 2 (Kelvins)

P2 - surface barometric pressure at station 2 (mbar)

RH2 - surface relative humidity at station 2 (%)



Chapter 9
GPS DIFFERENTIAL SOFTWARE II
PROGRAM DIFGPS

Program DIFGPS is a set of FORTRAN routines which generates simulated
GPS observations of various types: pseudorange, carrier phase, integrated

Doppler count, and interferometric delay.

9.1 Program Hierarchy

Program DIFGPS consists of a main program and 24 subroutines. The

calling hierarchy of these routines is illustrated in Figure 9.1.

9.2 Summary of Routines

One sentence summaries of each routine, arranged alphabetically,
follow.,

ANMLY Computes satellite eccentric and true anomalies from mean anomaly.

CLKAN Applies corrections for secular relativistic effects on the
broadcast satellite clock correction coefficients.

CLKERR Simulates clock errors due to bias, drift, aging, and random

frequency fluctuations.

DASET Performs input/output buffer operations.
DATUM Defines reference ellipsoid parameters.
DERIV Computes range to satellite, its derivatives with respect to

latitude and longitude, and satellite elevation and azimuth.

DIFGPS The main program.

DTEPOC Generates a sequence of time epochs for which observables are
simulated according to specified sampling, switching, and
re-—acquisition time rates.

ERRBDG Defines the error budget for simulation.

GAUSS Computes a normally distributed random number with a given mean
and standard deviation.

HPFLD Computes tropospheric refraction using Hopfield's model.

IONDLY Computes ionospheric delay for two frequencies in terms of the
maximum possible ionospheric delay error (i.e., maximum vertical
electron content).

NCLOK Extracts satellite clock coefficients from the ephemeris record.
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Extracts satellite orbital parameters from the ephemeris record.
Defines the observing scenario for simulation.

Defines various simulation options.

Converts ¢, *, h coordinates into Cartesian x, y, z coordinates.
Computes partial vapour pressure based on Hopfield's model from
relative humidity and temperature.

Computes a uniformly distributed random number with zero mean and
unit variance.

Reads input satellite ephemeris.

Initializes the vector of six Keplerian elements.

Simulates equivalent range errors due to satellite, receiver, and
atmospheric errors and corresponding pseudoranges.

Reads input station coordinates and their associated covariances.
Computes GPS satellite earth-fixed Cartesian coordinates from
broadcast ephemeris parameters.

Selects tropospheric refraction correction model.



Chapter 10
GPS DIFFERENTIAL SOFTWARE III
PROGRAM FOROBS

Program FOROBS forms the differential observations for one pair of
stations (one baseline) at a time. The output from program DIFGPS is used
as input for program FOROBS. The output from program FOROBS is used as
input for program DIGAP. Figure 10.1 is a block diagram of FOROBS.

10.1 Input Data

FOROBS takes as input the unformatted magnetic tape file created by the
program DIFGPS. Also input as in-stream data is information on the
observations that are not included in the tape file. This ancillary
information consists of the name of the observing network (e.g., PTSEPIN),
and the name of the reference surface to which the station coordinates
refer. Also read is a descriptor "card" which gives the name of the disc or
tape file onto which the observations will be written and any additional
information. Finally the station numbers (a "station select 1list") and the

sampling period to be used in extracting data from the data tape are read.

10.2 Output Data

Subroutine XYZ2EL is called to convert the x, y, z coordinates of the
station position to geodetic coordinates (¢, A, h). These coordinates
together with information on the reference datum are written as a separate

formatted disc file in a format readable by the program DIGAP.

The four differential observation types are created by differencing and
scaling the ranges and Doppler counts for all pairs of stations from the
"select" 1list that can "see" a given satellite. Differential observations
are created for times specified by the initial observation and the specified

sampling period.
The time-tagged "observations" are written on a disc or tape file as

six 80-column records of information. Each set of six records is for one

station pair and one satellite, and includes data for all four observation
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tape read station

file positions (x,y,z)
created sat. ephemerides,
by ranges and

DIFGPS associated info.

read station
name, ref. surface

name, heading, in-stream
station select list, data
and sampling period
for differential obs.

write satellite
ephemerides on disc

call XYZ2EL to get < | subroutine
geodetic coords. XYZ2EL

|}

write station
position information
on disc

l

form differential
observations; write
obs. file in DIGAP-
compatible form on
disc or tape

FIGURE 10.1 Block Diagram of Program FOROBS.
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types. Also included are the carrier frequencies observed and temperature,

pressure, and relative humidity at the two sites at the time of observation.



Chapter 11
GPS DIFFERENTIAL SOFTWARE IV
PROGRAM DIGAP

Program DIGAP (Differential GPS Adjustment Program) is a set of
FORTRAN routines which will allow various options for the adjustment of
differential GPS observations: pseudorange, carrier phase, Doppler, and
interferometric. The package is an extension of the existing GEOAIM
program, produced for long baseline interferometry at York University and
UNB, revised to include the GPS model routines developed as part of the
present study at UNB.

11.1 Program Hierarchy

Figure 11.1 shows the calling hierarchy of the 33 routines included in

program DIGAP.

11.2 Summary of Routines

Short summaries of each routine, arranged alphabetically, follow.

ANGLES This entry to routine DIFFER computes the elevation angles to the
satellites from each station, and then forms the tropospheric
correction for each observation type by calling TROP and HPFLD.

ANMLY Computes satellite eccentric and true anomalies from mean anomaly
(same as in program DIFGPS).

BLKCON Block data routine to define global constants for the DIGAP
program.

BLNOUT This entry to routine STNGEO is used to print out both the a
priori and adjusted components of the vectors between each
station.

CION Makes the ionospheric correction to the dual frequency carrier
phase observation.

CKCOR Converts GPS time measured from Saturday/Sunday midnight to time
from reference epoch, and applies the ephemeris satellite clock
correction parameter.

CLKAN Applies corrections for secular relativistic effects on the
broadcast satellite clock correction coefficients (same as in
program DIFGPS).
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FIGURE 11.1 DIGAP - DIFFERENTIAL GPS ADJUSTMENT PROGRAM ROUTINES
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Computes the contribution of the parameterized station clocks to
each observation type.

Performs input/output buffer operations (same as in program
DIFGPS) .

Computes the model of the differential observations (see entries
PDERIV and ANGLES).

The main program. Used to define vectors and arrays of variable
dimension. It initiates the program by calling subroutine RDWRT.
Makes the ionospheric correction to the dual frequency Doppler
observation.

Computes the range and partial derivatives between a ground
station and a satellite position when both are given 1in
three-dimensional, earth-fixed Cartesian coordinates.

Produces the histogram of residuals for each observation type.
Computes tropospheric refraction using Hopfield's model (same as
in program DIFGPS).

This entry to routine XSLINV performs the Choleski inversion of
the normal matrix.

This entry to routine XSLINV forms the Choleski inversion of the
normal matrix if XSLINV has been previously called to give the
solution.

Performs the least squares adjustment. Within a loop for each
observation point, the normal matrix and constant vector are
incremented. The solution is resolved, and the parameter
covariance matrix is calculated. Statistical checks are made on
the resulting parameters which are printed, together with
differences from the a priori estimates, and their standard
errors.

Orthogonally transforms a position vector.

This IMSL (International Mathematical and Statistical Library)
routine computes the chi-squared statistic.

This IMSL routine computes rejection criteria using the normal
distribution.

This entry to routine DIFFER computes the partial derivatives of

the observations with respect to the estimated parameters.
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Reads and echoes the titles and options for the adjustment,
including observation types, numbers of stations, and arrangements
of station clock polynomials. It derives statistical rejection
criteria, and sets up the parameter vectors for the adjustment.
After calling subroutine LSQADJ to perform the adjustment, the
derived inter-station baseline components and standard errors are
printed by calling BLNOUT.

Ionospheric correction to range and interferometric dual fregency
observations is computed in this subroutine.

This entry to routine TSPLOT plots the residual for each
observation time point.

Reads the GPS satellite ephemeris for all observed satellites,
storing the values in an ephemeris vector.

Reads the a priori station coordinates, and transforms from
geodetic coordinates to three-dimensional Cartesian geocentric
coordinates (see entry BLNOUT).

Computes GPS satellite earth-fixed Cartesian coordinates from
broadcast ephemeris parameters (same as in program DIFGPS).
Computes rejection criteria using the tau distribution function.
Computes the tropospheric refraction correction by calling
subroutine HPFLD with atmospheric and geometric parameters for the
observation.

Initializes values used for the time series plot of the residuals
(see entry RSPLOT).

Computes the polar motion transformation matrix relating
instantaneous to average terrestrial positions.

Computes the Cholesky solution for the adjustment (see entries
INVERS and INVERT).



Chapter 12
DIFFERENTIAL GPS SOFIWARE V
SIMULATION RESULTS FOR POINT SAPIN NETWORK

The differential GPS software described in Chapters 8 to 11 was tested

using the Point Sapin network of Figure 2.1 and Figure 12.1.

12.1 Simulation Conditions

The object of these tests was to evaluate the performance of
differential GPS, as modelled by our software, under various conditions.
In order to limit the computer runs to a manageable number (and cost), the
variations in the conditions were limited to the following:

(a) five kinds of differential GPS observations

interferometric delay

- differential carrier phase

differential P-code pseudorange

- differential C/A-code pseudorange

differential integrated Doppler
(b) three GPS satellite constellations (see Chapter 5.3)
- present (1982) l4-satellite constellation
- proposed (1988) 18-satellite constellation, undegraded
- proposed (1988) 18-satellite constellation, degraded
(c) two intervals between observations (observations on all visible
satellites were assumed to be taken simultaneously)
- six seconds

- thirty seconds

(d) two total time spans of the observations
- one hour

- five hours.
All eight stations in the Point Sapin network were used for some of
the runs. However, to limit the computer usage, stations 1, 3, 4 and 8
(see Figure 12.1) were used for most of the runs. Station 1 was used as

the base station, and its coordinates were held fixed in all runs.

The observations were generated from the "true" satellite and ground
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Point Sapin Network used for Simulations
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station coordinates, and then corrupted to account for clock and
atmospheric effects and for measurement noise. The clock model 1is
described in Chapter 6.5, and the atmospheric model in Chapter T7.3. The
measurement noise was applied from a sample of normally-distributed random
values with the following standard deviations:
(a) for P-code pseudoranges, 1 m,
(b) for C/A-code pseudoranges, 10 m,
(¢) for interferometric delay, 3 cm,
(d) for phase and Doppler measurements, the carrier tracking loop
noise was assumed to be negligible compared with the clock noise,
and the satellite and receiver clock noise contributions were as

given in (6.17c) and (6.24), respectively.

The "true" satellite coordinates were corrupted to account for
ephemeris errors, as described in Chapter 5.2, before being used in the

least squares adjustment in program DIGAP.

In order to test the software, before performing the simulations
reported here, test runs were made with errorless observations (all the
above error models being disabled). The discrepancies between the "true"
and adjusted station coordinates were in all cases (for all types of
observation) less than 1 mm, as were the estimated standard deviations of

the adjusted coordinates.

For the simulations reported here, the "true" station coordinates were
used as a priori coordinates in the least squares adjustment of program
DIGAP. This was done so that the discrepancies between the a priori and
adjusted coordinates could be directly interpreted as errors in the
recovery of the "true" coordinates by the differential GPS technique being
tested.

However, in order to test the effect of errors in the a priori
coordinates, test runs were made with a pridri coordinates offset from the
"true" values by over one Kilometre. With errorless observations, the
"true" coordinates were recovered to better than 1 mm. With corrupted
observations, the discrepancies between the adjusted and "true" coordinates

were similar to the results presented here.
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12.2 Simulation Computer Runs

Four runs were made of program DIFGPS (to vary the GPS satellite
constellation), as tabulated in Table 12.1(a). All runs were made for 12
November 1981, 1700-2200 UT. The 4-satellite constellation was based on
actual ephemerides. The 18-satellite constellation was simulated. Polar
plots of the satellite azimuth and elevation, as seen from station 6 of
Figure 12.1 for the U4-satellite constellation and the 18-satellite

constellation respectively, are shown in Figures 12.2 and 12.3.

Program Simulated No. No. Time Sample Tape File
Run Errors Sats Stn Span Interval Number
(hr) (sec) (slot #)

File 8 (3757)
File 1 (3722)
File 3 (3722)
File 2 (3722)

DIFGPS-1 Random + Bias U4
DIFGPS-2 Random + Bias 18
DIFGPS-3 Random 18
DIFGPS-4 Random + Bias 18(DOA)

0 o 0
(SR, RSN, ]
[e e W e Mo,

TABLE 12.1(a)
DIFGPS Runs.

Ten runs were made of program FOROBS (to vary the interval between
observations, the total time span of the observations, and the number of

ground stations used), as tabulated in Table 12.1(b).

Program Input No. No. Time Sample Tape File Total No
Run Data Sats Stn Span Interval Name Observ's
(hr)  (sec)
FOROBS-1 DIFGPS-1 4 8 1 30 OBSERV 30 12574
FOROBS-2 DIFGPS-1 4 4 1 6 OBSERV 31 13369
FOROBS-3 DIFGPS-1 4 4 5 30 OBSERV 32 10112
FOROBS-4 DIFGPS-2 18 8 1 30 OBSERV 43 18666
FOROBS-5 DIFGPS-2 18 4 1 6 OBSERV 44 20010
FOROBS-6 DIFGPS-2 18 4 5 30 OBSERV 45 19527
FOROBS~-7 DIFGPS-3 18 4 5 30 OBSERV 46 19527
FOROBS-8 DIFGPS-U4 18(D0A) 8 1 30 OBSERV 47 18666
FOROBS-9 DIFGPS-4 18(DOA) 4 1 6 OBSERV 48 20010
FOROBS-10 DIFGPS-4 18(DOA) 14 5 30 OBSERV 49 19527

TABLE 12.1(b)
FOROBS Runs.

Fifty runs were made of program DIGAP (to vary the kind of
differential GPS observation used), as tabulated in Table 12.1(c).
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Polar Plots of Satellite Azimuth and Elevation
as seen from Point Sapin Network Station 6,
for the Period 1700 to 2200 UT, 12 November 1981,
for the Present Four-Satellite Constellation.
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Polar Plots of Satellite Azimuth and Elevation
as seen from Point Sapin Network Station 6,
for the Period 1700 to 2200 UT, 12 November 1981,
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Program Input No. No. Time Sample Observation
Run Data Sats Stn Span Interval Type
(hr) (sec)
DIGAP-1 FOROBS-1 4 8 1 30 Interferometric
DIGAP-2 FOROBS-2 4 4 1 6 Delay
DIGAP-3 FOROBS-3 4 4 5 30
DIGAP-4 FOROBS-4 18 8 1 30
DIGAP-5 FOROBS-5 18 4 1 6
DIGAP-6 FOROBS-6 18 4 5 30
DIGAP-T FOROBS-7 18 4 5 30
DIGAP-8 FOROBS-8 18(DOA) 8 1 30
DIGAP-9 FOROBS-9 18(DOA) 4 1 6
DIGAP-10 FOROBS-10 18(DOA) 4 5 30
DIGAP-11 FOROBS-1 y 8 1 30 Differential
DIGAP-12 FOROBS-2 y y 1 6 Carrier
DIGAP-13 FOROBS-3 4 4 5 30 Phase
DIGAP-14 FOROBS-4 18 8 1 30
DIGAP-15 FOROBS-5 18 4 1 6
DIGAP-16 FOROBS-6 18 y 5 30
DIGAP-17 FOROBS-T7 18 y 5 30
DIGAP-18 FOROBS-8 18(DOA) 8 1 30
DIGAP-19 FOROBS-9 18(DOA) U4 1 6
DIGAP-20 FOROBS-10 18(DOA) 4 5 30
DIGAP-21 FOROBS-1 4 8 1 30 P-Code
DIGAP-22 FOROBS-2 4 4 1 6 Differential
DIGAP-23 FOROBS-3 4 4 5 30 Pseudorange
DIGAP-24 FOROBS-4 18 8 1 30
DIGAP-25 FOROBS-5 18 y 1 6
DIGAP-26 FOROBS-6 18 4 5 30
DIGAP-27 FOROBS-7 18 y 5 30
DIGAP-28 FOROBS-8 18(DOA) 8 1 30
DIGAP-29 FOROBS-9 18(DOA) 4 1 6
DIGAP-30 FOROBS-10 18(DOA) 4 5 30
DIGAP-31 FOROBS-1 4 8 1 30 C/A-Code
DIGAP-32 FOROBS-2 4 4 1 6 Differential
DIGAP-33 FOROBS-3 4 4 5 30 Pseudorange
DIGAP-34 FOROBS-14 18 8 1 30
DIGAP-35 FOROBS-5 18 4 1 6
DIGAP-36 FOROBS-6 18 4 5 30
DIGAP-37 FOROBS-T7 18 4 5 30
DIGAP-38 FOROBS-8 18(DOA) 8 1 30
DIGAP-39 FOROBS-9 18(DOA) U4 1 6
DIGAP-40 FOROBS-10 18(DOA) 4 5 30
DIGAP-41 FOROBS-1 y 8 1 30 Differential
DIGAP-42 FOROBS-2 4 4 1 6 Doppler
DIGAP-43 FOROBS-3 y 4 5 30
DIGAP-44 FOROBS-U4 18 8 1 30
DIGAP-45 FOROBS-5 18 4 1 6
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DIGAP-46 FOROBS-6 18 y 5 30
DIGAP-47 FOROBS-7 18 4 5 30
DIGAP-48 FOROBS-8 18(DOA) 8 1 30
DIGAP-49 FOROBS-9 18(DOA) 4 1 6
DIGAP-50 FOROBS-10 18(DOA) 4 5 30

TABLE 12.1(e)
DIGAP Runs.

12.3 Simulation Results

The results of each DIGAP run are contained in Appendix D. Typical
DIGAP results, for each of the five observation types, are shown in Tables
12.2 to 12.6.

The information in these tables is divided into four sections: a
header section, and three sections giving the discrepancies in station

coordinates.

The header information consists of a title line, with the date and
time of the DIGAP computer run; header records for each of the three
programs, DIFGPS, FOROBS, and DIGAP, describing the characteristics of that
run; a summary of the number and time span of the observations; and the GPS

satellites used.

All the discrepancies, and their standard deviations, are given in

millimetres in the form "discrepancy (standard deviation)".

The first two discrepancy sections resolve the three-dimensional
discrepancy vector (the vector from the a priori to the adjusted station
position) into (in the first section) geocentric Cartesian components DX,
DY, DZ, and into (in the second section) local geodetic Cartesian
components (DLAT, DLON, DHGT); that 1is, northing, easting, and height
components. The 1length of the discrepancy vector and the standard

deviation of the length are also shown.

The third discrepancy section resolves the discrepancy vector into

components in a coordinate system whose axes are aligned as follows:



SUMMARV OF DIFFERENTIAL GPS RESULTS TUEs OCT. 19, 1982 19:31:11

DIFGPS HEADER

OCTe 11,1982:DIFTAPIS0C2256:F10:DDALL RANDOM ERRORS NCONZERT (4 SAT, ABER. IN)

FOROBS HEADER = FILE: LANGLEY.GPS<OBSERV1I2.DATA:4 STATIONSI0BS CREATED:TUE, OCT. 16, 1582 023229

DIGAP HEADER INTERFEROMETRIC FOUR STATIONS

TOTAL OBSERVATIONS = 13369 ON DAY 316 , 1981 FROM 182 0: ¢
SATELLITES USED = 6 8 9 S

TO 18:159:3€6. SPAN= 0 HR(S), SO MIN.

oI SCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COCRDINATES IN MM (ADJUYSTEOD MINUS A PRIORIT)
STN ME

DX (SD-DX) DY (SD=-DY) DZ (sD-DZ) DR (SD-DR)
1 1PTSAPIN F I X E O S T A T I 3 N
2 3PTSAPIN o( 4) -13¢ 8) 12¢( 10) 18¢( 12)
3 4PTSAPIN 1( 4) -26¢( 8) 13¢ 1¢) 28( 11)
4 8PTSAPIN -17( &) 71 3) -94( 17) 120¢ 12)
OISC REPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC CCORDINATES IN MM (ADJUSTED “INUS A PRICRI)
STN OLAT (SD-DLAT) OLON (SD-DLON) DHGT (SD-DJHGT) DR (SD-DR)
1 1PTSAPIN F I X E D S T a T 1 O N
2 3PTSAPIN [ X} S) -6 S) 17¢( 12) 18¢( 12)
3 4PTSAPIN -10¢( S) -10¢( S) 24¢( 12) 28( 11)
4 8PTSAPIN -11( S) 12¢ 4) -118¢( 12) 120¢ 12)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASEL INE COMPONENTS IN MM (ADJUSTED MINUS & 2RIQRT)
S

™ NAME OLEN (SD-DLEN) DAZ (SD-DAZ )
1 1PTSAPIN F I X E DO S T A

2 3PTSAPIN 1( 5) 7¢( 4)

3 4PTSAPIN 10¢( S) 12¢( 4)

4 BPTSAPIN =-2( 3) =16( 6)

TABLE 12.2

DIGAP-2

DELEV (SD-DELEV) BASELINE (IN

T I ° N
17¢( 12) S2429
24( 12) 14200°¢C
-118¢( 12) 154584

20T



SUMMARY OF DIFFERENTIAL GPS RESULTS TUE, OCTe 19, 1982 19:10:48

DIFGPS HEADER = 0OCT. 11,198B2:DIFTAP:S002256:F10:0DALL RANDOM ERRORS NONZERC (3
FOROBS HEADER = FILE: LANGLEY.GPS.0OBSERV12.DATAI4 STATIONS;OBS CREATED:TUE, 0OCT.
DIGAP HEADER = CARRIER PHASE FCUR STATIONS

TOTAL OBSERVATIONS = 13369 ON DAY 316 » 1981 FROM 182 0: € TO 18:59:3€., SPAN=
SATELLITES USED = 6 8 9 S

OISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED
STN NAME DX (SD-DX) DY (SO-DY) DZ (S5-02)
1 LPTSAPIN F 1 X E O S T A T 1 © N
2 3PTSAPIN 11 4) -18¢( 3) -5( 11)
3 4PTSAPIN 20¢( 4) -36( S) -4 11)
4 8PTSAPIN 1( 4) 45¢( 9) -94a( 11)

SAT, ABSRe IN)
19, 1682 023229

0 HR(S)» 59 MIN,

MINUS A PRICRKI)
DR (SD-DR)

231( €)
a3( 7)
105( 12)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COOFROINATES IN MM (ADJUSTED MINUS & PRIORI)

STN NAME DLAY (SD-DLAT) OLON (SD-DLON) DHGT (SD-DHGT)
1 1PTSAPIN F 1 X E O S T A T I O N
2 3PTSAPIN -19¢( S) 21 S) 11¢ 12)
3 4PTSAPIN -33( S) 2¢( S) 2€( 12)
4 BPTSAPIN =-3a( S) 19( S) -56( 12)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTCD BASELINE CCMPONENTS IN MM (ADJUYSTED 41

STN NAME DLEN (SO-DLEN) DAZ (SD-DAZ ) DELEV (SD-DELEV)
1 1PTSAPIN F I X E D S T a7 1 O N
2 3PTSAPIN 20¢( 5) [oX S) 11( 12)
3 4PTSAPIN 35¢( 6) 1( &) 2S¢ 12)
4 8PTSAPIN S 4) -38¢ 6) -97( 12)
TABLE 12.3

DIGAP-12

DR (SD-DFR)

23¢( 6)
43¢( 7)
105¢( 12)

NUS & 9RIORI)
BASELINE (IN

G242¢
142900
154584

A

€0T



SUMMARY OF DIFFERENTIAL GPS RESULTS

DIFGPS HEADER
DIGAP HEADER

TOTAL OBSERVATIONS = 13369 ON DAY 316
SATELLITES USED = 6 8 9 S

PSEUDO RANGE

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED
STN NAME OX (SD-DX)
1. 1PTSAPIN F 1 X
2 3PTSAPIN -136( 50)
3 4PTSAPIN -80¢( 50)
4 8PTSAPIN -1961( 50)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED

STN ME DLAT (SD-DLAT)
1 1PTSAPIN F 1 X
2 3PTSAPIN 184¢( 68)
3 4PTSAPIN 63¢( 68)
4 8PTSAPIN 233( E?)
DISCREPANCY BETWEEN A PRIORI AND ADJUSTED
STN NA OLEN (SO-DLEN)
1 1PTSAPIN F 1 X
2 3PTSAPIN -187¢( 69)
3 4PTSAPIN -65¢( 79)
4 B8PTSAPIN -82( 45)

TUC, OCTe 19, 1982 18:40:56

= OCTe 11,1982:DIFTAP:S002256:F10:DD:ALL RANDOM ERRUORS NONZERG (4 SAT,
FOROBS HEADER = FILE:? LANGLEY.GPS-OBSERVIZ.D%TA:Q STATIONS;OBS CREATED:ITUE, OCT. 1S, 1982 023
= FOUR STATIONS

ABERe IN)
229

1981 FRCM 18: 0: 6 TO 18:59:36. SPAN= 0 HR(S), S9 MIN.

CARTESIAN COORDINATES IN MM (ADJUSTEC MINUS A PRICRI)

DY (sSD-0Y) DZ (SD-LZ)

E O S T A T I O N
85¢( 109) 124( 13¢4)
132¢( 109) -69( 135)
248¢( 109) 14¢( 134)

GEODETIC COORDINATES IN MM (ADJUSTED MINUS A
DLCN (SD-DLON) OHGT (SD-DHGT)

€ D S T A T 1 O N
-87( 59) -1( 156)
-16( S9) -1S6¢( 156)
-80( 57) -193( 156)

BDASEL INC COMPONENTS IN MM (ADJUSTED MINUS A
DAZ (SD-DAZ ) DELEV (SD-DELEV)
E O s T T I O N

Q
S
7

- e
3,09, X¥]

&
6
6

-~ o~
~

-15
-19

TABLE 12.4
DIGAP-22

DR (SD-DR)

204( 75)
170¢ 135)
317¢ s2)
PRIORI)

DR (SD-DR)

1

W

J4
70
17

W~

S)
5)
2)

-~

PRICRI)

BASELINE (IN M

G2426
142000
154584

v0T



SUMMARY OF DIFFERENTIAL GPS RESULTS TUEs OCTe 19, 1G82 18:27:4S5

> > o e 2 > e WP > > -

OCTe.
FILE:

DIFGPS HEADER
FOROBS HEADER
DIGAP HEADER

tuh

TOTAL OBSERVATIONS =
SATELLITES USED = 6

D ISCREPANCY BETWEEN A
STN NAME

1PTSAPIN
3PTSAPIN
APTSAPIN
8PTSAPIN

PUN -

DISCREPANCY BETWEEN A
STN NAME

LPTSAPIN
3PTSAPIN

4PTSAPIN
8PTSAPIN

SUN-

DISCREPANCY BETWEEN A
STN NAME

1PTSAPIN
3PTSAPIN
4PTSAPIN
8PTSAPIN

PUN

C/A PSEUDO RANGE

11,1982:DIFTAP:IS002256:F10:DDIALL RANDOM ERRORS NONZEFC (4
LANGLEY «GPS+OBSERV12.0ATA:4 STATIONS;CBS CREATED:TUE. OCTe.
FOUR STATIONS

13369 ON DAY 316 » 1981 FROM 182 0: 6 TO 18:59:3€. SPAN=
8 9 S

PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

DX (SD-DX) DY (SD-DY) DZ (SD-02)

F 1 X E DO S T A T I O N
-1365¢( 499) 980 ( 1088) 1129¢ 1338)
-812¢( 499) 15S9¢( 1087) -788(¢( 1340)
-1803¢ 497) 1849¢( 1081) 992¢( 1332)

SAT, ABERe. IN)
19, 1982 2323229

0 HR(S)s 59 MIN,

MINUS A PRICRI)
DR (SD-DR)

PRIORI AND ADJUSTED G .1DETIC COOROINATES IN MM (ADJUSTED MINUS A PRIQRTY)

DLAT (SD-DLAT) DLON (SD-DLON) DHGY (SD=-DHGT)

F 1 X E O S T A T I O N
1844¢( 673) -818¢( 587) -175¢( 1557)
732( 678) -68( 589) -1780¢( 155¢)
2441 ( 665) -917¢( 567) -923¢( 1558)

PRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MI
DLEN (SD-DLEN) DAZ (SD-DAZ ) DELEV (SD-DELEV)

F I X E DO S T & T 1 0 N

-1888( 685) 713¢( 569) -161( 1558)

-754¢( 701) -7 555) -1772( 1558)

-802( 448) 24861 755) -913( 1556)
TABLE 12.5

DIGAP-32

DR (SD-D0F)
2025¢( 735)
1927( 1372)
27e7( £81)

NUS A PRIORI)
BASELINE (IN

624286
142002
154584

SO0T
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SUMMARY OF DIFFERENTIAL GPS RESULTS TUE, FER. 15y 1983 10:28:32

FEB., 0951983:DIFTAP:IS003757 1F06:DDIALL RIASES NONZERO (4 SATs ABER. IN)
FILE? DEMITRIS.GPS.OBSERV31.DATAI4 STNSi6 § CREATEDISAT, FEB., 12y 1983 140351

FOUR STATIONS CONTINUOUSLY INTEGRATED' DOFPLER 4 SATS,WITH NOISE

DIFGPS HEADER
FOROBS HEADER
DIGAP HEADER

TOTAL OBSERVATIONS = 13460 ON DAY 316 5 1981 FROM 18! 0! 0 TO 19: 0% 0. SPAN= 1 HR(S)» 0 MIN.
SATELLITES USED = 6 8 9 §

DISCREPANCY BETWEEN A FRIORI AND' ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NANE DX (S0-DX) DY (S0-Dy) 0z (Sn-nz) DR (SD-DR)
1 1PTSAPIN F I X E D S T A TTIO0N
2  JPTSAPIN ~-1547¢( 32) =-972( 71) 4967¢( 87) 5234¢ R20)
3 APTSAPIN 1737¢ 32) 1087¢ 71) 1180¢ 87) 2363¢ 26)
4 8PTSAPIN 705¢ 32) 385¢( 700 -782¢( 87) 1257¢ 77)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DIR)
1 1PTSAPIN F I X E D S T ATTION
2 3JPTSAPIN 3492( 82) -1644¢( 71) 3535¢ 43) 5234( ?1)
3 4APTSAPIN ?87¢( 68) 2035¢ 69) 691¢ 63) 2365¢ 26)
4 BPTSAPIN -339( 47) 984( 32) -566( 101) 1257¢ 77)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLEN (SD-DLEN) DAZ (SD-DAZ )  DELEV (SD-DELEV) BASELINE (IN W)
1 1PTSAPIN F I X E D S T A TTION
2 JPTSAPIN =-3552¢( 28) 1444(¢  102) 3562¢ 49) 92429
3 4PTSAPIN ~738¢( 44) -2127¢ 102) §99( 37) 142000
4  BPTSAPIN -443( 29) -1032¢( 93) =360¢ 63) 154584
TABLE 12.6

DIGAP-42
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(a) one axis aligned to the true baseline from the fixed station to

the adjusted station,
(b) one axis in the direction of increasing azimuth for the baseline,

(c) one axis in the direction of increasing elevation for the
baseline (note that this is almost identical to the local
geodetic height component). The baseline length is also shown in

this section.

12.4 Analysis of Results

The simulation results in Appendix D are summarized in Figures 12.4 to
12.15.

Figure 12.4 shows the discrepancy vector components for each station
for run DIGAP-1 (interferometric delay observable; U4-satellite
constellation; 8-station network; one hour data span, sampled every 30
seconds). Figure 12.5 shows similar results for run DIGAP-4 (differing
only from DIGAP-1 in the use of the 18-satellite constellation). From
Figures 12.4(b) and 12.5(b) we see that latitude and 1longitude are
determined in each case to better than 20 mm for all stations. However,
the height errors range up to 150 mm. The structure of the height errors
differs between the two figures. In the first case (present U-satellite
constellation), heights are poorly determined for stations 3, 6, 7 and 8,
which form the east-west leg of the Point Sapin network (see Figure 12.1).
In the second case (proposed 18-satellite constellation), heights are
poorly determined for stations 4, 5 and 8 which are those furthest from the
fixed station. These differences in the structure of the height
discrepancies are attributed to differences between the geometry of the
4-satellite and 18-satellite constellations (see Figures 12.2 and 12.3).
In particular it should be noted that for the 18-satellite constellation no
satellites were in the southern half of the sky during the period used for
the one hour runs (1800 to 1900 UT).

These results indicate that

a) the height component is not as well determined as the horizontal

components;
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b) the present U-satellite constellation provides comparably useful

satellite geometry to the eventual 18-satellite constellation,

although only for part of each day.

Figures 12.6 to 12.15 show the discrepancy vector lengths and
consistencies for all 50 DIGAP runs. The discrepancy vector length is as
defined in the previous section and is a measure of how well the network
positions were recovered. The discrepancy vector consistency is defined as
the discrepancy vector length divided by its estimated standard deviation,
and is a measure of how well the estimated standard deviation models the
actual discrepancy, that is, how consistent the estimated standard
deviations and the actual discrepancies are. Perfect consistency would

result in uniform values of one for this measure.

Comparison between different FOROBS runs yields measures of different
features of differential GPS performance. As can be seen from the last
column in Table 12.1(b), the total number of observations was kept roughly
constant for all runs, in order that the following comparisons not be
clouded by variations in redundancy of the observations. The effect of
spreading the same number of observations over different numbers of
stations is measured by comparing results from FOROBS-1 and FOROBS-2. The
effect of spreading the same number of observations over different time
spans (different total satellite geometry variations) is measured by

comparing results from FOROBS-2 and FOROBS-3.

The difference between GPS performance today (the present U-satellite
constellation) and when the system is complete (the 18-satellite
constellation) is measured by comparing results from FOROBS-1 to FOROBS-3
with results from FOROBS-4 to FOROBS-6. FOROBS-7 is a special run in which
the bias terms in the simulated errors for ionospheric and tropospheric
refraction and satellite position were suppressed. Comparison between
results from FOROBS-6 and FOROBS-7 measures the effect of including (more
realistically) or excluding these bias terms. The influence that the
proposed Denial of Access degradation of GPS performance will have on
differential GPS performance is measured by comparing results from FOROBS-4
to FOROBS-6 with results from FOROBS-8 to FOROBS-10.
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(DIGAP Runs 11-17; Undegraded Ephemeris.)
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Discrepancy Vector Consistency for Differential Carrier Phase Observable.
(DIGAP Runs 18-20; Degraded Ephemeris.)
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Discrepancy Vector Lengths for P-Code Differential Pseudorange Observable.
(DIGAP Runs 21-27; Undegraded Ephemeris.)
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Discrepancy Vector Lengths for C/A-Code Differential Pseudorange Observable.

(DIGAP Runs 31-37; Undegraded Ephemeris.)
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Discrepancy Vector Lengths for C/A-Code Differential Pseudorange Observable.
(DIGAP Runs 38-40; Degraded Ephemeris.)
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Discrepancy Vector Consistency for C/A-Code Differential Pseudorange Observable.
(DIGAP Runs 31-37; Undegraded Ephemeris.)
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Discrepancy Vector Lengths for Differential Doppler Observable.
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Examination of Figures 12.6 to 12.15 reveals the following:

For all observation types (except possibly differential Doppler),
results from the 4-station network had smaller discrepancies than from
the 8-station network.

For all observation types results from the five hour time span runs
generally had smaller discrepancies and better consistencies than from
the one hour time span.

For all observation types the discrepancies resulting from the
4_satellite runs are generally larger than for the 18-satellite runms.
However, there was no marked difference between the U-satellite and
18-satellite consistencies, except for C/A-code differential
pseudoranging and differential Doppler, for which the U4-satellite
consistency was better.

The removal of simulated bias errors reduced the discrepancies and
improved the consistencies for the interferometric delay and
differential carrier phase observation types, but left the results for
the other observation types unchanged.

Discrepancies using the interferometric delay and differential carrier
phase observation types are typically below 8 cm.

Discrepancies using the P-code differential pseudorange observation
type are typically below 50 cm.

Discrepancies using the C/A-code differential pseudorange observation
type and using the differential Doppler observation type are typically
below 5 m.

Consistencies using the interferometric delay and differential carrier
phase results are typically below 10; using the P-code differential
pseudorange technique they are typically below 3; using the C/A -code
differential pseudorange technique they are typically below 8; and
using the differential Doppler technique they are typically below 60.
This indicates severely overoptimistic estimates of the Doppler
standard deviations.

With the exception of differential Doppler, the Denial of Accuracy
results revealed an approximately linear degradation with baseline
length in both discrepancy and consistency. This is expected, since
the orbit biases introduced to simulate Denial of Accuracy were left

unmodelled in the adjustment.
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The Denial of Accuracy degradation worsened the discrepancies typically

by the following factors:

- 25 times worse for interferometric delay and differential carrier
phase techniques.

- 5 times worse for the two pseudoranging techniques.

- No significant change for the differential Doppler technique.

The Denial of Accuracy degradation worsened the consistencies by

roughly a factor of 10 for all observation techniques, except for

differential Doppler, for which there was no significant change.

The Denial of Accuracy results were not significantly affected by the

observation time span (the 1-hour and 5-hour results were similar).



Chapter 13
CONCLUSIONS AND RECOMMENDATIONS

13.1 Conclusions

We have developed mathematical models and computer software to
generate and process simulated differential GPS observations, and (with
some additional development) actual differential GPS observations, when

they become available in the near future.

We have identified applications for differential GPS positioning,
including crustal movement monitoring (with an accuracy specification of
1 cm to 2 cm), mining subsidence (5 ecm to 10 em), rural cadastral surveying

(25 cm to 50 cm), and mapping control (5 m).

Our simulations indicate that

(a) interferometric delay and differential carrier phase observations are
capable of satisfying all of the above specifications (given
appropriate satellite constellations and observing time spans);

(b) P-code differential pseudorange observations can satisfy all but the
first of the above specifications;

(¢) C/A-code differential pseudorange observations and differential
Doppler observations probably are capable of satisfying the last of

the above specifications.

13.2 Denial of Accuracy Considerations

In this study a first attempt was made at determining the possible
effects of the proposed intentional degradation of the GPS signals (called
"Denial of Accuracy" or "Selective Availability") upon differential GPS

positioning performance.

These effects depend critically on the relationship between the
correlation time of the degradation and the time span of the differential
observations. For example, if the degradation correlation time is much
longer than the observing time span, the degradation can be treated as a
set of biases. By estimating these biases simultaneously with station and

clock parameters, we can essentially eliminate their effect.
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If the degradation correlation time is much shorter than the observing
time span, the degradation can be treated as noise, in which case it is not
necessary to use bias parameter estimation to reduce the effect. The

effect will be reduced through averaging.

The simulations we report here were deliberately pessimistic. We
chose to model the degradation as if it had a very long correlation time,
so that biases were introduced into the observations (through biased
ephemeris information). We also chose not to include bias parameter

estimation to reduce the effect of the degradation.

The consequence is that our results, using the most precise
observation types, worsened (in discrepancy vector length) from the 10 cm
level to the 5 m level (using a one hour observing time span) and from the
1 cm to the 10 cm level (using a five hour observing time span). The one
hour results are consistent with the simple geometrical analysis of Chapter
4,4, from which we would expect differential position errors to be reduced
as compared with the satellite position errors by a factor which is the
ratio of the baseline length to the orbit height (roughly 1 to 100 in our
case). The five hour results are better than this simple geometrical model
since the effect of the biases, which were uncorrelated between satellites,
was averaged over eleven different satellites rather than only five as for

the one hour results. These then are the worst case results.

Future investigations, aimed at further reducing the effect of DOA,
depend on the assumptions made concerning the correlation time of the DOA
degradation. Recent results of Kalafus [1982] indicate that this
correlation time may be much shorter than the typical one or two hour

observing time span envisioned for differential GPS positioning.

However, it would be prudent to be capable of accommodating both
possibilities. For that reason we plan and recommend the modification of
DIGAP to accommodate satellite bias parameter estimation, as well as

accommodating correlated noise modelling.
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13.3 Recommendations

In developing the mathematical models and software described in this
report, many questions were raised which could not be fully explored within
the time constraints imposed on this work. They are important, perhaps
critical, issues however, and should be investigated in detail. Some of

these questions are

(1) What is the best geometry for differential GPS positioning? For
example, in our simulations we have used all visible satellites. What is
the effect of choosing only, say, the "best" four? How would the best four
be determined? One suggestion is to use a criterion established for real
time navigation. But is this criterion also applicable for fixed-point
positioning? For differential GPS positioning? Are there ground station
configurations that are better, geometrically, than others? Does
optimization of the geometry for highest accuracy; least atmospheric
effects; or least influence of orbital uncertainties, result in different

criteria?

(2) How inaccurate can the a priori coordinates of the ground

stations be, before the adjustment fails to converge?

(3) Which kind of sequential or recursive processing of the

observations would be most efficient and convenient?

(4) What happens when more than one kind of differential GPS
observation 1is used? How do the various clock and atmospheric effects
interact? How should the combined models be constructed? This is of
practical concern, since the Texas Instruments' GEOSTAR GPS receiver, soon
to be available, will be capable of providing several kinds of observations

simul taneously.

(5) How well can the differential carrier phase cycle ambiguity be

resolved, and by what technique?

(6) In our simulations we have assumed our errors either to be
statistically independent or else completely dependent (biases). What

effect on the results would (more realistic) correlated error models have?
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(7) What is the effect of different DOA degradation scenarios on

differential GPS positioning?

(8) For monitoring applications, is it practical to have one receiver

and an array of antennas?

There are a number of improvements to our software that should be made
to make it more convenient, useful, and the results easier to interpret and
understand. These include addition of an interactive front-end input
program, provision of intermediate solutions during a run, addition of the
capability of combining different observation types, addition of the
capability of estimating bias parameters in addition to the present clock

parameters, and addition of output plotting routines.
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The following notes are a speculative assessment of the potential GPS
market in the engineering and land surveying fields. They are based
in part on a review of the evolving positional information
requirements in surveying, on the potential application of production
economic models developed by Robert Noyce et al., and on the history
of implementation of other surveying technologies such as EDM and
TRANSIT.

1. Introduction

Originally conceived as a tool for military navigation, the
Global Positioning System (GPS) is currently being proposed for a
number of civilian uses. One of these civilian uses is surveying. In
this paper we shall consider the potential surveying market for GPS.
We will indicate some of its uses and we will attempt to outline a
scenario for the growth of GPS utilization in surveying. In so doing,
we Wwill rely heavily on the histories of two other advanced
technologies in surveying: electromagnetic distance measurement (EDM)
and TRANSIT satellite Doppler positioning and also on the production
economic models of high technology proposed by Robert Noyce (1977).

We will look at GPS solely as a positioning tool. It should
be emphasized at the outset that GPS is not a panacea for all problems
in surveying. Indeed it likely will be of little assistance in the
setting-out problem with which surveyors must deal and for which, for
example, the total station is a very powerful tool.

GPS has the capability to provide accurate point position and
relative position information. However, it is possible, and indeed
probable, that the United States military auuthorities will restrict
civilian access to GPS. This restriction may result in a degradation
of point position accuracy to about 500 m. Due to this possibility we
will here concentrate on the techniques for obtaining relative
positions through differential methods.

¥ Corrected version of a paper presented at the American Society of
Civil -Engineers Specialty Conference on Engineering Applications of
Space Age Surveying Technology, Nashville, TN; 16-19 June 1982.
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Differential methods of using the signals of the GPS have
potential advantages over other geodetic positioning techniques with
respect to convenience, accuracy and cost. In a differential mode,
two or more GPS receivers simultaneously receive signals from the same
set of satellites. The resulting observations are subsequently
processed to obtain the interstation baseline vectors. There are four
types of measurement which could be used differentially:
pseudo-range, integrated Doppler frequency, carrier phase and
interferometric time delay.

Accuracy progjections for interstation baseline vector
determinations using the GPS interferometric or differential phase
techniques range between a few millimetres for baselines of a few
kilometres (Counselman and Steinbrecher, 1982) to a few decimetres for
baseline lengths up to 5,000 km. These projections assume observing
periods of about one hour. The GPS differential Doppler technique
should give decimetre accuracy on a 500 km baseline after the
accumulation of about eight hours of observations (Fell, 1980).
Similar accuracies are achievable only with very precise terrestrial
techniques and with other extraterrestrial techniques such as TRANSIT
differential integrated Doppler, satellite laser ranging, and very
long baseline interferometry (VLBI) using quasars.

GPS provides cost advantages over terrestrial techniques since
intervisibility between stations is not required. Very precise
control surveys done with terrestrial techniques often require the
erection of towers and favourable observing weather. Both
requirements extend the time and expense of surveys. Even with the
erection of towers, intervisibility requirements 1limit terrestrial
station separations usually to less than 50 km. Without the
constraint of intervisibility, control points can be selected to
better optimize network geometry. Similarly rural surveys, while not
as demanding in terms of accuracy, often involve cutting
intervisibility 1lines through brush or forest, again resulting in
extra time and expense.

Mobile laser ranging and mobile VLBI using quasars both use
much bulkier and costlier equipment than GPS and require road access,
site preparation, and much longer setup times. Laser ranging
additionally requires favourable observing weather.

TRANSIT integrated Doppler baseline determinations are at
present accurate to a few decimetres and in principle should be
determinable to within a few centimetres, with improvements in
hardware and software (Kouba, 1982). Although TRANSIT receivers are
competitive in cost and size with GPS receivers, differential GPS
provides a cost advantage over TRANSIT due to the speed of
positioning, requiring only one hour rather than one or two days of
observations for each baseline determination.

The estimated one sigma uncertainties in baselines that could
be achieved using a variety of positioning techniques are represented
approximately in Figure 1. In general, the uncertainties represent
the ranges of precision or repeatability that have been or could be
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obtained with the techniques. Only quasar VLBl and laser ranging can
provide precisions comparable to those of GPS over a wide range of
station separations. But this can only be achieved with far greater
expense.

The scenarios of GPS utilization in surveying to be discussed
subsequently are predicated on severzl assumptions. We assume that
GPS will be operational from 1988 (United States Department of
Defense/Department of Transportation, 1980), and that possible budget
and technical difficulties will be overcome and will not further delay
this schedule. We also assume that denial of access to full GPS
accuracy for civilian realtime navigation will have no effect on GPS
performance for differential fixed-site surveying. We further assume
that GPS surveying equipment will be developed to meet the markets
identified later in this paper, and that the cost of this equipment
will fall as these markets are penetrated, in accordance with rules
and precedents we later cite. Finally we assume that possible fees
for GPS usage (United States Department of Defense, 1982) will be
small and will not affect market development. The first steps in
these developments have resulted in proposed or actual equipment such
as the Macrometer (Counselman and Steinbrecher, 1982), the Texas
Instruments 4100 receiver (Ward, 1982) and the SERIES and TRANSIT
add-on concepts (MacDoran et al., 1982).

2. Economic Considerations in Surveying Technology

The interaction of technology and economics is perhaps best
illustrated by the evolution of microelectronics:

"The small size of microelectronic devices has been important
in many applications, but the major impact of this new
technology has been to make electronic functions more
reproducible, more reliable and much less expensive. With
each technical development costs have decreased, and the ever
lower costs have promoted a widening range of applications;
the quest for technical advances has been required by economic
competition and compensated by economic reward." (Noyce, 1977)

The economics of high technology industries are influenced in part by
technological advancement, and in part by economies of scale and
advancement along a production learning curve. Figures £ and > show
the history of an example from the computer memory field. The figures
reflect the fact that most high technology industries are able to
reduce costs (in constant dollars) by 20 to 30 per cent each time
cumulative output is doubled (Forester, 1981).

To get an indication of how the growth of GPS utilization in
surveying might progress, let us examine the recent history of two
significant surveying technologies: EDM and TRANSIT satellite
Doppler positioning.

The earliest terrestrial EDM instruments were developed as a
by-product of research initiatives by Bergstrand (1951) and Wadley
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(1957). The first commercial instruments (eg., the Model 2
Geodimeter) were awkward, heavy (approximately 40 1lbs) and complex to
operate. They served a very small, specialist market. Subsequently,
developments in the early 1960s resulted in 1lighter, easier-to-use
equipment. The EDM market grew slowly as it was still primarily
specialist oriented (precise engineering and control surveys).
Although there was no decrease in systems cost, there was a gradual
improvement in performance-to-cost ratios.

The market until the late 1960s was characterized by: a) a
virtual monopoly by two manufacturers; and b) small volume
production. The demand was influenced by the size and complexity of
the instrumentation, conservativeness of the surveying profession and
probably also by poor marketing. Indeed it is often argued that the
original manufacturers misread the market for short range equipment
and concentrated on the long range, specialized end of the market.

Magjor developments in the late 1960s included the entry of new
manufacturers, significant technological innovations (eg., the
introduction of infrared) and the development of new marketing
strategies. The first infrared instruments (eg., DI 10) introduced
circa 1968 were heavy (25-30 1bs), had a short range (4 km) and were
relatively expensive ($20,000 in 1982 dollars). Today superior
equipment is available for $5,000 (i982 dollars).

In examining the evolution of the EDM market from a national
perspective, we estimate that probably less than 10% of private survey
firms in Canada had EDM equipment in the 1960s. This increased to 50%
by 1975 and is currently in excess of 90% (see Figure 4). The
surveying market has grown from a few hundred instruments in the 1960s
to a current estimated Canadian population of about 5,000, with a
replacement market of 500-600 units per year.

The TRANSIT system, although developed for military use
starting in 1958, was first made available to civilians in 1G67. It
was designed to be a marine navigation aid, and today that remains its
primary role for an overwhelming magjority of its users. However,
beginning in the late 1960s the use of TRANSIT for positioning points
in surveying was developed. The accuracies available from TRANSIT
relative positioning have improved from several metres to a few
decimetres over the past 12 years.

While the number of receiver manufacturers has increased from
two in 1967 to over two dozen today, only three or four manufacturers
have developed products specifically designed for the surveying
market. The total number of TRANSIT receivers in use has expanded
exponentially, as shown in Figure 5(a), however most of this growth
has been due to inexpensive single channel navigation receivers
designed for small boats. Nonetheless, the geodetic user community
also has increased significantly over the years as shown in Figure
5(b).
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5. Forecasts for GPS Utilization in the Surveying Field

Technological forecasting is a dangerous business. However,
armed with the histories of the high technology developments in the
surveying field outlined above, we will attempt to suggest in broad
terms & possible scenario concerning the potential growth of GPS use
in the surveying community.

The growth of GPS use in surveying will be related to the
overall use of GPS. Figure 6 illustrates the projected growth of
non-terrestrial GPS receivers as envisioned by the Department of
Defense in & recent report to the Senate and House Committees on Armed
Services (United States Department of Defense, 1982). Note once again
the slow initial growth followed by & period of rapid growth and the
turn over as market saturation is reached. The potential market for
engineering and land surveying applications of GPS is a small fraction
of the total GPS market but one that is probably not that much
different from say the commercial aviation or merchant marine markets.
To help envision how it will evolve we have broken the market down
into three broad divisions: entry, transition and mature.

5.1. The Entry Market

The entry market will be the first to be penetrated. It is
essentially the TRANSIT replacement market and is made up of national
survey organizations and large surveying firms involved in major
network progjects and perhaps very large engineering projects. Because
of the initial high cost of the technology only organizations
conducting geodynamics surveys and precise control surveys will be
able to afford to purchase units.

The approximate cost of & basic GPS receiving and processing
system consisting of two receivers and a processor will be initially
about $250,000 and this will probably drop to the $125,000 range at
the entry commercial (transition) stage (Bossler, 1981). At this
price level, several hundred units could likely be sold through i965.
Although we indicate the cost of a two receiver system, we do not mean
to imply that this is the mode in which a1l surveys will be done. For
improved network accuracy and shorter overall field time, surveys will
likely involve a number of receivers operating simultaneously.

3.2. Geodynamics and Control Survey Applications

Let us look at two possible early uses of GPS in surveying.
In surveys conducted to yield information on geodynamical processes
the highest s&sccuracy possible is required. The cost and time to
survey are generally of lesser importance. An example of such surveys
is illustrated in Figure 7. The map shows & network of sites in
Alaska and northwestern Canada which will be visited in 1964 and in
following years by mobile quasar-observing VLBl systems as part of the
National Aeronautics and Space Administration's Crustal Dynamics
Project (NASA, 1979).
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The baselines interconnecting the sites will be determined
with average uncertainties of about 2-3 cm. The interpretation of the
VLBI baseline determinations in terms of the average strain across
elements of the network requires that possible local movements of the
observing sites be adequately modelled. This will necessitate the
establishment of 1local stzbility networks to detect vertical and
horizontal movements of the VLBI sites with respect to the surrounding
terrain. The local strains should be determined with an &ccuracy &t
least as great as that of the VLBl baseline determinations, something
which differential GPS techniques could adequately supply.

The second type of survey for which early use of GPS could be
justified is that conducted for precise geodetic control. In such
surveys there is an accuracy floor at about the decimeter level.
Below this level the benefits of increased accuracy decrease sharply.
The accuracy floor is balanced by & cost ceiling in the neighbourhood
of several hundreds of dollars per point. A specific example of a
precise control survey is one proposed for the 1:50,000 mapping of
Ellesmere Island. Ellesmere Island is situated in the Canadian
Arctic. Possibly of high economic importance, it is isolated and has
rugged, difficult terrain. It has been proposed to establish eighteen
control points around the perimeter of the island to support the
photogrammetry survey of the interior. Figure 8 is an outline map of
the island showing the proposed control points. In order to reduce
expenses, as short a field time as possible is desired for the
establishment of control. Because of the potentisl of its short
observing periods, GPS readily fulfills this requirement.

3.3. The Transition and Mature Markets

We believe that the successful application of GPS technology
to the entry market will lead to the adoption of the technology by the
engineering and land surveying market in general. This will 1likely
proceed in two steps resulting in the second and third marketing units
alluded to earlier.

The first step will involve private surveyors working in
collaboration with a high technology service company, cooperative or
state or national government agency. Perhaps a private surveyor would
purchase one receiver at a cost of &about $50,000. He would then
operate the receiver at various sites &as a remote station while the
service company simultaneously operates a base station. The service
company might process the collected data and provide the resulting
baseline determinations to the surveyor. This is what we call the
transition market. As the costs of the technology fall still lower,
it should become feasible for private surveying firms to purchase
complete systems and to operate them independently. A purchase price
of $50,000 for a basic seystem is probably the threshold where the
technology would be attractive to these smaller firms. The gradual
purchase of complete systems by private firms is what we have termed
the mature market.

It is important to recognize in this discussion that
significant penetration of the engineering and land surveying market
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will only be achieved if, in addition to low cost, the systems can
provide rezlizable accuracies in the three to five centimetre range
from an observing time of the order of fifteen minutes. Only then
will GPS be competitive with existing technology.

3.4, Engineering and Land Surveying Applications

What then are some of the applications of GPS in the
engineering and land surveying fields? Engineering surveys embrace a
wide variety of accuracies and scales. Some engineering surveys, such
as those involved in road, rail and power line construction, demand
accuracies which can be met by the TRANSIT system, for example. e
will not consider this type of survey. In other engineering surveys
the accuracy requirements are often as high as those for geodynamics
surveys, but the spatial separations are generally shorter and of
course the costs must be competitive with alternative techniques. An
example would be the monitoring of ground subsidence as a consequence
of mining and mineral exploitation (see Figure 9). Although this
monitoring can be carried out by conventional surveys and also by some
newly developed instrumentation (Chrzanowski and Faig, 1981), these
methods have not been entirely adequate due to difficulties
experienced with the terrain in many mining areas and the necessity
for continuous monitoring of the movements.

In land surveying there are two broad areas of concern. On
the one hand there is a microlevel concern with delimiting individual
parcels (the traditional land surveying function). On the other there
is the macrolevel concern with construction of parcel-based land
information systems (the multipurpose cadastre concept).

The delimitation of individual parcels is concerned with area,
linear measurements and especially with the location and relocation of
boundaries. Typical accuracy requirements are given in the following
table:

Class Area Tolerance
A urban core 5 cm
B urban-suburban 10 cm
C rural 50 cm

There is no doubt that differential GPS could meet these tolerances.
From an economic perspective, there zre two extreme situations: a)
large urban subdivision surveys (characterized by low travel costs,
easy access to control, distribution of fixed costs over a large
number of parcels, client with money, high land values); and b)
individual rural lot surveys (burdened with high travel costs,
difficult access to control, all costs being absorbed by a single lot,
client without money, low land values). Given these accuracy and
economic considerations, we believe that the applications of GPS to
traditional land surveying can be ranked in the following order of
diminishing potential:
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a) control densification for land surveys;

b) 1large rural surveys;

c) perimeter control for large land development projects;

d) land surveys in urban core areas (where there are
significant intervisibility problems);

e€) other land surveys.

It is initially envisaged that GPS will be used by public
agencies administering large tracts of land (eg. Bureau of Land
Management), and that this will be followed by the gradual acquisition
by large regional/national companies and service bureaus and
ultimately by private surveyors.

Turning to the macrolevel perspective, it is increasingly
being accepted that a geodetic framework forms the spatial foundation
for the creation of any integrated land records and information
system. It not only provides accurate and efficient means for
referencing data, it also provides a uniform, effective language for
interpreting and disseminating land information. 1n this regard, GPS
potentially represents a major breakthrough in providing efficient
control densification - & major concern to the land information
management community (National Research Council, 1980). At the same
time, of course, it &@lso raises the question of whether densification
is even necessary. As Duane Brown has noted:

"Such a system would require profound reconsideration of
the very need for a geographic data base based on
closely spaced monumentation. This is especially so if the
system could successfully operate amid the obstacles of an
urban environment, for then it would suffice to have a
single base station at a convenient point in each county
operating in conjunction with any number of mobile units
operated by private surveyors performing routine surveys.
Alternatively, in difficult areas one could envision a
MITES-like system used in congjunction with a compact
(second or third generation) inertial system, the former
providing nearby temporary control for the latter. Such a
hybrid system could establish a geographic cadastre without
recourse to a dense geographic data base. ... The foregoing
considerations make it clear that emerging technology will
be of increasing, and ultimately dominant, importance in
the establishment of the geographic cadastre. We must
accord due weight to such developments." (Brown, 1979).

4. Conclusion

The Global Positioning System has the potential to provide
distinct benefits in engineering and land surveying applications with
which no other technology at the present time can economically
compete. The surveying community hes the need of its convenience,
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accuracy and cost effectiveness. We estimate that the eventual
surveying market is about 5,000 to 10,000 units in North America and
perhaps triple this number worldwide (for the correlation between
North American and globzal markets see, for example, Norman (1980)).
If this market is to be realized, surveyors must appreciate the
concepts, advantages and constraints of GPS and the mznufacturers must
develop an understanding of the special nature of the surveying
market. This meeting of the American Society of Civil Engineers is an
important step in this educational process.
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Figute 1 - Precision of distance determinations achieved or
achievable using different techniques. Ellipses have been
used to delineate the ranges of feasible station separations
and ranges of precision. The delineations of separation and
precision are at best fuzzy and should be interpretted accord-
ingly. Sources: ISS (Inertial Surveying Systems) (Babbage,
1981), Terrestrial (Vanicek and Krakiwsky, 1982), Satellite
Doppler (Hothem and Edlexn, 1987), GPS (Counsedfman and Stein-
brechen, 1982). The precisions of satellite laser ranging
have not been indicated; they lie approximately between those
of GPS and quasar VLBI.
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Appendix C
NOTES ON THE RESOLUTION OF
CARRIER PHASE MEASUREMENT AMBIGUITY

In the ideal (no refraction, no clock error, perfect synchronization,

etc.) case of a fixed station (immobile), we get

p = (n+ ¢) = (N + ¢) % (c. 1

o

where subscripts and superscripts (referring to points to be positioned and
satellite positions) are left out for the time being. The same point and
the same satellite are assumed unless stated otherwise. The situation
refers to satellite time instant t; n, ¢, f refer to the first carrier L1
(of 10.23 x 154 1575.42 MHz), N, ¢, F refer to the second carrier L
(of F 10.23 x 120 1227.60 MHz).

2

We shall denote the pseudorange as

p¥ = oD , (c.2)
where D is the observable time of arrival. The real range is then

P = p¥ 4+ c(t - T) - cE + Déc , (C.3)
where t - T is the time synchronization error, E is the time delay in the
receiver, and Sc is the departure of the actual average speed of light due
to passage through the ionosphere and the troposphere. §¢ is thus

generally frequency dependent.

In reality, frequencies f and F, in (C.1), are affected by Doppler
shifts 8f and 6F due to the satellite motion component along the range.
Thus (C.1) should be rewritten as

P = (n+ ¢) c/(f + 8f) = (N + ®) c¢/(F + 8F) ,
or better still
n(1 - + St

. SF c
: N .
p N(1 F ) + F (c.4)

S,tc
f F

=0

On the other hand, (C.3) can be rewritten as

p:c(D+a+D%c-) , (c.5)



where

a=(t-T) -E (C.6)
is the total timing error. Equation (C.4), describing an ideal case, would
not be of much use to us. A similar equation for the actually observable

range, the pseudorange, must be used instead. We have

* ¢ Sf c e SF c
- = o — = - = - — = 0%
eD = 7 n*(1 s ) + F o% - F N%*(1 F )+ 7 , (Cc.7)

where ¢*, ¢* can be observed and n*, N¥ make up the pseudorange but cannot

be observed. Putting (C.5) and (C.7) together, we obtain

L

o = % n¥(1 -'%2) + % ¢* — ca + D Sc
(C.8)
(L,)
* §
p = % N*¥(1 - FE) + % ¢* _ ca + D ¢c 2

for the two carriers L1 and L2.
Clearly, two such equations can be written for any tl, at which ¢*1,
oxt were observed. We thus have

ot = %[n*l(1 -7 )+ #*#'] — ca’ + D' ¢ '

i=0,1,2,...,8 (C.9)
i . (L,

ot it o2y s et meat w0t e P
Denoting .
ai = a+ dai
sct = sc + det (C.10)
pi = 0% + Aoi + dot ,

where a is the average total timing error during the measurement period,
Gc(L1), Gc(LZ)

are the average departures of the speed of light from c

along the signal path, 0° is the initial range (at time t°%) and Ao is the

(0]

change in range during the time interval oot (as evaluated from the




ephemeris). The remaining quantities, dai, dci, del are departures at
times tlz their combined effect on the actual range can be written as

i

V(L)i = de

+ cdal - pl g™ 5i0,1,2,....8 . (Cc.11)

This effect, in the absence of a better model for it, will be considered

small and random. We can finally write, for all values of i:

. (L,). . i . . (L)
. 8
0% + 20" 4y i = %[n*1(1 - ?i ) + ¢*l] - ca+ D S !
(C.12)
. (L), . i . . (L)
. 8
o w ety TR It o2y ety leaudh s °

where, naturally, 20° = 0.

Let us now assume that we can get some initial estimate p?o) of po
such that

[¢] (o] [¢]

o o .
) "y T Ny F ¢ (€.13)

from which we can determine (integer) values n?o), N?o)' initial estimates

of unknown n°, N°. Denoting
§0° .
Pioy * 80 ) (C.14)

o . . c s
where 8p~ is the unknown error in the assumed initial range, we get

00 4 800 4 apl 4 yIL Ze @iy e (Wi (L)1
(o) f(L)
(C.15)
- ca + Dt 6c(L) ,
sfl/p LeL,
(L)i
where Af =
i
SF°/F L—L2

Using (C.13), (C.15) can be rewritten as

(L2 e (i, (L)1) o(l)

= f(L) )= Doy +¢*(L)i]— ca + Diﬁc(L).(C.16)

69°+ Aots v



In (C.15) the unknowns are: 600, n*(L)l, a, Gc(L).
»i -
(L) bk i (L)
o* e is the observable, Ap~ and Af are determinable
i
* -
[ L = I..2

from the satellite ephemeris for time tl. Clearly, there is no way of
differentiating between 60° and ca; they must be lumped together as the

bias in the (initial) pseudorange. Hence we have

*
60° = 60° +ca . (C.17)
It will be convenient to express the refraction effect as

. i
pi Gc(L) - %_ Gc(L)

. (C.18)

Similarly, let us express the change in range (due to satellite motion) as

pol o & e @igq _ apLy L apa(L)iy

= . (C.19)
f(L)

Substituting (C.17), (C.18), and (C.19) back into (C.16) we get

M .
o¥ | v(L)1

60 te pm ™I ae My L ap®Yy
f(L)
(C.20)
IO RUANCHT SEVHCHT SR (O R
(o) c
Realizing now that
n§(L)j - An*(L)j = n*(L)O , (C.21)

(where n*(L)o is an integer), is nothing but the ambiguity in the initial

pseudorange on the L frequency, denoting the corrected observed phase by

S | e W1 (C.22)



(where $(L)i is a real number), and the correction to the initial estimate
o(L) o x0(L)

n(o) (an integer) as
(L) _  4o(L) o(L)
Sn¥ = n¥ - n(oy . (C.23)
we obtain
A . ~ . i
500* + v(L)l = C(L)[ﬁn*(L) - n*(L)o Af(L)l + ¢(L)1] + %“ 5C(L). (C.24)
f

Let us now have a closer look at (C.24). If the initial estimate of

0° was as close as 1 km, then 6n*(L) would be of the order of 5 x 105.

Af(L)l for the velocity of GPS satellites should be smaller than 3 x 10—6.

ax(LJo (LYo

Thus, in (C.24), with an effect on the

result being less than 3 mm. We can finally rewrite (C.24) as follows, for

can be replaced by n

all values of i:

i (L) . ~s (L))

* . i
sn* - £ 6p0% L IR 5o 1T I 0 apl e, VH
[ 2
C
(C.25)
e i (L) . S~ L,
SN¥ - g §p° &+ E%_ Sc 2 = N® aFt - ot 4y 2’ .
(]

In this equation:
(a) ©&n*, O&N* (integers) are the main unknowns, the corrections to the
initial estimates n?o), N?o) (obtained using (C.13) from the estimate

of initial range D?O) assumed good to 1 km). The resulting

n*° - n?o) + Sn*
(C.26)
N#C - N?o) + ON¥

are the sought ambiguities in the initial pseudoranges observed on the

two frequencies.

*
(b) 590 is the unknown bias in (or correction to) the estimate o?o) of

*
the initial pseudorange 0°". The resulting

o*¥ o o¥
P =Ry * 8p (c.a2m



(e)

(d)

(e)

(f)

is the initial pseudorange (at time t°) burdened by the total timing
error (composed of time offset and receiver delay) but rid of the

total refraction effect. Obviously, the first effect cannot be

resolved within the context of one satellite pass and the solution

must be sought using several satellites. This question is not treated

here.

(L) (L)
Se ! , Se are the unknown departures of the actual speed of light
for the two carriers L1 and L2 from that in a vacuum, i.e., from c.

It should be possible to use estimates obtained from one satellite
pass for correcting pseudoranges but one suspects that from one pass
they would be rather weakly determined. Again the question of
determining these "refraction departures" will not be further treated

here.

Afl, AF' are the relative Doppler frequency shifts due to the

satellite motion. They are smaller than 3 x 10'6 and should be

modellable from satellite ephemerides for the appropriate time instant
t'. Since n® af? (and similarly N° AFl) ma& reach as much as 375,
then to ensure the desired accuracy (taken here as 5 mm) of the

overall result, n° Afi should be accurate to 2.5 x 10"2

necessary relative accuracy in Af' vetter than 10'”.

, Which implies

i

Ap °

is the range change in the period <t°. t> (needed to evaluate n-,
No, $1, 31). It should be obtainable from satellite ephemerides to an
accuracy better than a few centimetres.

i

3, 3

the fraction of wavelength due to Apl. Thus

L., corrected for

are the observed phases of carrier waves L1, >

i

-
n

0¥t g sot + an*t(1 - afd)

(C.28)
ol - ol _ g sol 4 anst(1 - apdy

where An*l, AN*' are the integer number of wavelength in apt for



frequencies f and F. $i, 31 are unitless (in fraction of

wavelengths), real numbers from <0, 1>.
*
Equations (C.25) do not have a unique solution én¥, &N¥, §p° .
(L1) (L2)
dc , 6c because the first three unknowns are linearly dependent.
The best cure for this linear dependency is to take the differences of

equations for L, and L, and get (for all values of i):

. . 1 @) L) . . e -
n - F 6N + (e Vol se 2y I art w0 art - et 4 ol

% < + vl.(C.29)

A system of m such equations (relating to m satellite positions on the same

pass) can be solved to obtain estimates for

S osn* — S snx = - '
F én T SN¥ = cq = x (C.30)

and

) (L)

Gc - 50 =Yy . (C.31)

There is, clearly, nothing further we can do with the difference of the two
refraction effects. There is however something we can do with the two main

unknowns 8n¥*¥, SN¥, Let us have a closer look at this possibility.

Each solution x from (C.30) (and we can get m-1 such solutions from m
measurements along one pass) gives us one setup of the kind described
below: Equation (C.30) can be regarded as a straight 1line 1in
two-dimensional real space, coordinated by 6n* and ON¥ (see Figure C.1).
Here, the slope F/f = A/A is known exactly (F/f = 120/154 = 60/77), while
the intercept x/A is affected by errors. Because of these errors, the
problem has generally no exact solution (8n*, 8N¥), where 8n* and SN¥ are

both integers.

The best approximate solution can nevertheless be found. Let wus

consider one way of doing this.

The possible solutions to (C.30) form an integer grid as shown in
Figure C.2. We can define as the best solution the point on this grid that

lies closest to the real straight line defined by (C.30). Specifically,
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F/f = A/A
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FIGURE C.1

Geometrical Interpretation of Equation (C.30).
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the procedure is:

*
(1) For each integer value of sni e { -39, -38, ..., 0, 1, ..., 37, 387"

* .
find the corresponding integer value for 6Ni from (C.30):
oN. Sn; C.32)

where [ ] denotes "the integer part of".

(2) The integer grid points defined by the pairs (Sn:. GN:) resulting from
this process will all lie below the real line defined by (C.30), due to the
truncation in (C.32) (see Figure C.2). However the closest point in the
integer grid to the real line may lie above or below the line. Hence we
must consider both the set of points (an, GN:) resulting from step (1)

* *
above, and the set of points (Gni. 6Ni + 1.

(3) The best solution to (C.30) is then the point on the integer grid,

selected from these two sets of points, which lies closest ‘to the real
* *

line; that is, the best solution (an, GNj) is the one which satisfies the

following condition:

. in(1 GN* F
min min(1 + i T F

* *
CEent X s (C.33)
Sn¥ f i f i
1

*
Sn, +
i

%

’ *
(for the example in Figure C.2 this best solution is the point (Gni+2,

5 *
LIPS +1)).

. It must bi noted that if (Gn;, GN;) is a solution to our problem then
(Snj + k77, GNj + k60) for all integer values of k are also solutions; the
solution is periodic with periods 77 along én¥*-axis and 60 along SN¥-axis.
These translate into the period 14.67 m (77 » = 60 A = 14,67 m) along the
line SN¥* = ¢4 Sn* &+ Cye Thus to resolve the ambiguity completely (from 1
pass) an accuracy in the initial range of * 7.33 m is needed. If that is
not available, then an iterative approach that uses several passes must be

used. But that should be a matter for further investigation.



APPENDIX D
Detailed Simulation Output Data

This Appendix contains a one page summary for each of the 50 DIGAP
runs listed in Table 12.1(e).

Program Input No. No. Time Sample Observation
Run Data Sats Stn Span Interval Type

(hr)  (sec)
DIGAP-1 FOROBS-1 4 8 1 30 Interferometric
DIGAP-2 FOROBS-2 y 4 1 6 Delay
DIGAP-3  FOROBS-3 y Yy 5 30
DIGAP-4 FOROBS-4 18 8 1 30
DIGAP-5 FOROBS-5 18 4 1 6
DIGAP-6  FOROBS-6 18 4 5 30
DIGAP-7  FOROBS-T7 18 4 5 30
DIGAP-8 FOROBS-8 18 (DOA) 8 1 30
DIGAP-9 FOROBS-9 18(DOA) 4 1 6
DIGAP-10 FOROBS-10 18(DOA) 4 5 30
DIGAP-11 FOROBS-1 4 8 1 30 Differential
DIGAP-12 FOROBS-2 4 4 1 6 Carrier
DIGAP-13 FOROBS-3 y y 5 30 Phase
DIGAP-14 FOROBS-4 18 8 1 30
DIGAP-15 FOROBS-5 18 4 1 6
DIGAP-16 FOROBS-6 18 4 5 30
DIGAP-17 FOROBS-7 18 4 5 30
DIGAP-18 FOROBS-8 18(DOA) 8 1 30
DIGAP-19 FOROBS-9 18(DOA) 4 1 6
DIGAP-20 FOROBS-10 18 (DOA) 4 5 30
DIGAP-21 FOROBS-1 4 8 1 30 P-Code
DIGAP-22 FOROBS-2 4 4 1 6 Differential
DIGAP-23 FOROBS-3 y 4 5 30 Pseudorange
DIGAP-24 FOROBS-U4 18 8 1 30
DIGAP-25 FOROBS-5 18 4 1 6
DIGAP-26 FOROBS-6 18 4 5 30
DIGAP-27 FOROBS-7 18 4 5 30
DIGAP-28 FOROBS-8 18 (DOA) 8 1 30
DIGAP-29 FOROBS-9 18(DOA) U4 1 6
DIGAP-30 FOROBS-10 18(DOA) 4 5 30
DIGAP-31 FOROBS-1 y 8 1 30 CA-Code
DIGAP-32 FOROBS-2 y 4 1 6 Differential
DIGAP-33 FOROBS-3 y 4 5 30 Pseodrange
DIGAP-34 FOROBS-4 18 8 1 30
DIGAP-35 FOROBS-5 18 4 1 6
DIGAP-36 FOROBS-6 18 4 5 30
DIGAP-37 FOROBS-7 18 4 5 30



DIGAP-38
DIGAP-39
DIGAP-40

DIGAP-41
DIGAP-42
DIGAP-U3
DIGAP-44
DIGAP-U5
DIGAP-46
DIGAP-47
DIGAP-48
DIGAP-49
DIGAP-50

FOROBS-8
FOROBS-9
FOROBS-10

FOROBS-1
FOROBS-2
FOROBS-3
FOROBS -4
FOROBS-5
FOROBS-6
FOROBS-7
FOROBS -8
FOROBS-9
FOROBS-10

18 (DOA)
18(DOA)
18 (DOA)

I

I

y

18

18

18

18

18 (DOA)
18(DOA)
18 (DOA)

8

4 1
) 5
8 1
) 1
y 5
8 1
y 1
b 5
4 5
8 1
] 1
4 5

30
30
30

30
30

30
30
30

30

Differential
Doppler

TABLE 12.1(c)

DIGAP Runs.



SUMMARY OF DIFFCRENTIAL GPS RESULTS WEDs OCT. 20, 1982 14209:46

DIFGPS HEADER = OCTe 1141982:DIFTAPIS0022S6:F10:DDALL RANDOM ERRORS NONZERG (4 SAT, ABER. IN)
FOROBS HEADER = FILE: LANGLEY.GPS.OBSERV11.DATA:8 STATIONS;0BS CREATED:IWED. OCTe 20, 1982 004257
DIGAP HEADER = INTERFEROMETRIC EIGHT STATIONS

TOTAL O8SSERVATIONS = 12573 ON DAY 316 , 1981 FROM 182 0: 6 TO 18:59:36. SPAN= 0 HR(S), 59 MIN.
SATELLITES USED = 6 8 9 S

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DX (SD-DX) OY (SD-DY) DZ (SD-02Z) DR (SD-DR)
1 1PTSAPIN F I X E D S T A T 1 0O N
2 2PTSAPIN 2¢( 6) -1 13) -27( 16) 28¢( 16)
3 3PT3APIN 0( €) =251 13) 30¢( 16) 40( 20)
4 APTSAPIN -6 6) -7( 13) 7( 16) 13¢( 17)
< SPTSAPIN -12¢ €) =24 13) 2( 16) 13¢ 8)
€ 6P TSAPIN =-8( S) 34 ( 13) =-52¢( 16) 64 ( 19)
7 7PTSAPIN =74 6) 39¢ 13) -70¢( 16) 82¢( 19)
8 8PTSAPIN ~-14a( €) 28t 13) -63¢( 16) 76¢( 19)

DISCREPANCY DBETWEEN A PRIORI AND ADJUSTED GEO0DETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLAT (SOU-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DR)
1 1PTSAPIN F I X E D S T A 7 I O N
2 2PTSAPIN =-20¢( 8) 1( 7) -18¢( 19) 28( 16)
3 3PTSAPIN 3¢ 8) -11¢ 7) 38¢( 19) 40¢( 20)
4 4PTSAPIN 2¢( 3) -9t ?) a( 19) 13¢ 17)
S SPTSAPIN 3¢ 8) -12¢ 7) o( 19) 13( 8)
6 6PTSAPIN =-10¢( 8) 6( 7) =61 ( 19) 641 19)
7 7PTSAPIN =19 8) 8( 7) -78¢( 19) 821 19)
8 8PTSAPIN -131( 8) 1( 7) -74( 19) 76( 19)

DISCREPANCY BETWECN a PRIORI ANO ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI)

STN NAME OLEN (SD-DLEN) DAZ (SD-DAZ ) DELEV (SD-DELEV) BASELINE (IN M)
1 1PTSAPIN F 1 X E O S T A T I O N
2 2PTSAPIN 21¢( 8) -1 7) -18( 19) 46848
3 3PTSAPIN =3¢ a8) 11¢ 7) 38( 19) 92429
4 4PTSAPIN -2 9) 9 ( 7) 8( 16) 142000
S SPTSAPIN -3¢ 8) 13¢ 7) of 19) 185998
6 O6PTSAPIN 7( 7) -9 8) -61( 19) 100581
7 7PTSAPIN 9 6) -18( 9) -78¢( 16) 123360
8 8PTSAPIN 7( S) -11¢ ) -74¢( 19) 154584

DIGAP-1



SUMMARY GF DIFFERENTIAL GPS RESULTS

OCT.
FILES
INTERFEROMETRIC

DIFGPS HEADER
FOROBS HEADER
DIGAP HEADER

TOTAL OBSERVATIONS
SATELLITES USED =

DISCREPANCY BETWEEN A PRICRI AND ADJUSTED
STN NAME DX (SD0-DX)
1 1PTSAPIN F 1 X
2 3PTSAPIN ot &)
3 4PTSAPIN 1( 4)
4 8PTSAPIN -174( 4)

OISCREPANCY BETWEEN A PRIORI AND ADJUSTED
NaME

STN OLAT (SD-DLAT)
1 1PTSAPIN F 1 X
2 3PTSAPIN [ X S)
3 4PTSAPIN -10¢( S)
4 8PTSAPIN -11( S)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED

STN NAME DLEN (SDO-DLEN)
1 1PTSAPIN F 1 X
2 3PTSAPIN 1{ S)
3 4PTSAPIN 10¢( S)
4 S8PTSAPIN -2¢( 3)

TUEe. OCT. 19, 1982

11,1982:DIFTAPIS002256:F10:DDALL RANDOM ERRORS NCONZERC (4 SAT,
LANGLEYGPS.0OBSERV12.,DATAI&4 STATIONSI;0BS CREATED:TUE,
FOUR STATIONS

13369 ON DAY 316 , 1981 FRCOM 132 02 6 TU 18:59:36e SPAN=
8 S S

CARTESIAN COCRDINATES
DY (SD-DY)
T T

E O

S
(
(
(

wo®»

-13 )
-26 )
71 )

GEODETIC CCORDINATES

OLON (SD-DLON)
E O S T a 7T
-6( S)
-10¢( S)
12¢ 4)

BASEL INE COMPONENTS 1
DAZ (SD-DAZ )

E O T T

~m~n

A

7 4
12 4
-15 6

-~ -~

DIGAP-2

19:31:11

ABER. IN)

OCT. 19, 1682 023229

0 HR(S)e 59 MIN.

IN MM (ADJUSTED MINUS & PRIORI)
DZ (SD-DZ) DR (SD-DR)

1 O N
12¢ 10) 18¢ 12)
19¢ 1<) 28( 11)
-S4 12) 120¢( 12)

IN MM (ADJUSTED MINUS A PRIORI!)
DHGT (SD-DHGT) DR (SD-DR)

I O N
17¢ 12) 18¢ 12)
24 ( 12) 23( 11)
-118¢( 12) 120¢( 12)

N MM (ADJUSTED MINUS 4 D2RIORI)
DELEV (SD-DELEV) BASELINE (IN M)

I O N
17¢ 12) S2429
24¢( 12) 14200¢C
-118¢( 12) 154584



SUMMARY OF DIFFERENTIAL GPS RESULTS WEDs NOV.e 24, 1582 13223:37

DIFGPS HEADER = 0OCT. 11+1682:DIFTAPIS002256:F10:DC:ALL RANDCM ERRCRS NCNZERG (4

FOROBS HEACER = FILE: LANGLEY.GPS.OESERV13.DATAZ4 STATIONSIOBS CREATED:TUE, CCT.
DIGAP HEADER = INTERFERCMETRIC FCUR STATIONS, FOUR SATELLITESs FIVE HCURS

TCTAL CBSERVATIONS = 1681 FROM 17: 02 6 TG 21:59:36. SPAN=
6

10112 ON DAY 316
SATELLITES USEC = 8 S €

ABER., IN)
1682 184347

SAT,
1S,

4 HR(S)s S9 MIN.

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN CCCRCINATES IN MM (ACJUSTEC MINUS A PRIORI)
STN ME DX (SC-0X) DY (SD-0Y) DZ (SC-CZ) CF (SC-0F)
1 1PTSAPIN F I X E DO S T A Y 1 0O N
z IPTSAPIN 6( €) -28( 7) 4 ( 7) 30¢( £)
2 4APTSAPIN al( £) -20¢ 7) o( ) 21¢( €)
4 8PTSAPIN -22¢ s) -1( 7) -1c( M z6l <)
DISCREPANCY BETWEEN A PRICRI ANC ACJUSTED GEODETIC COCRDINATES IN MM (ADJUSTED MINUS A PRIGRI)
STA ME DLAT (SC—-CLAT) CLCN (SD-CLCN) CHGT (SC-DFCT) DR (SO-DF)
1 1PTSAPIN F I X E D S T A T 1 G N
2 3PTSAFIN -17¢ €) -6 3) 23¢( $) 30¢ €)
3 4PTSAFIN -14( 6) -4 2) 14¢ S) 21¢( E)
4 8PTSAPIN -1t €) -21¢ N -12¢ S) 26 €)
DISCREPANCY BETWEEN A PRIOGRI AND ADJUSTED BASELINE CCMPONENTS IN MM (ACJUSTEC MINUS A PRIGRI)
STN NAME CLEN (SC-CLEN) DAZ (SC-DAZ ) CELEV (SC-DELEV) EASELINE C(IN M)
1 1PTSAPIN F 1 X E D S T A T 1 0O N
2 3PTSAPIN 18¢( €) e 3) 23¢( S) $242S
3 4PTSAPIN 15¢ €) 7( 3) 14¢ S) 142C0C
4 8PTSAPIN 16¢ 4) 12¢ S) —-12¢( S) 154584

DIGAP-3



SUMMARY OF DIFFERENTIAL GFS RESULTE

FRI» APR. 08y 1983 19113132

DIFGFS HEADER = MARCH 29,1983IDIFGRSISLI722IF01IDDTALL BIASES NONZERO (18 S5AT» ABER. INJ
FILE: DEMITRIG.GFS.0ESERVAZ.IATALS STHE33G 5 CREATEDIWED, MAR. 30 1983 171752
EIGHT STATIONS  INTERFEROMETRY 18 BATS » WITH NOISE

FOROEE HEADER =
LIGAR  HEADER =

TOTAL DRSERVATI
SATELLITES USED

ONS = 18646 ON DAY

208 7 14

314 4+ 1981 FROM 181 O3 & TO 193 0% 4. SPAN= 1 HR(S)» O HIN.

15 12

DISCREFANCY RETWEEM & FRIORT &NMDD ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTEDN MINUS A FRIORI)

ST NAKE

1 IFTSAFIN
2 2FTSAPIN
& 3PTSAPIN
4 APTHARIN
3 GFTHAFRIN
& APTSAPIN
7 7PTSAFIN
8  BFTSAFIN

bz

¢
-4
a¢
0
74
41
3
-3

(G-I

I X
4
43
4)
43
4
43
4)

oy {SD-Iv) Dz (S0-02Z) DR (SD-DRD
E I S T A T 1T 0 N
-13¢ &) =323 23 28¢ &1
¢ 4) -9 9 10¢ 73
14¢ &) ~530( 23 93¢ ?)
~&1 6 -47¢ @i 49¢ 8
-13¢ Ly -40¢ kS 444 7}
-29¢ 6 ~51¢ ?) 401 &1
-22¢ Ly -61¢ 23 b6¢ 7

DISCREFAMCY BETWEEN & PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORI)
OLAT (SD-DILAT)

ST HAME

1 1FTSAFIN
2 2FTSAFIN
3 APTSAPIN
4 APTGAPIN
3 GFTSAPIN
& APTSAFIN
7 7FTSAFIN
2  ERTSAFIN

F
~23(
-4
~25(
-39
~37{
-5 (¢

-a6(

I

-

[ B BB o B B 7 B AT B2

q
R e

DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-TR)
E I s T 4 T7T 1 0N

-10¢ 33 -10¢ 10) 28¢ &1

a1 3 =61 107 10¢ )

a¢ 33 ~-45( 107 33 2y

3¢ kY =274 9) 49¢( B

-14 2} -19¢ 10} 44¢( 7}

-3¢ 3 -17¢ 103 &0 &3

~12¢ 2) -31¢ 2} b446¢ 73

DISCREFANCY RBETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED' MINUS & FRIORI)

STH HAME

1FTSAFIN
2FTSAFIN
JFTSAFIN
APTSAFIN
SFTEGAFIN
SFTSARTH
FFTGAFIN
BHTHAFIN

[ax RN B s SO A I S

DLEN (S

F

23¢

at
26¢
40¢
36
4%
441

[-DLEN)

I X
@)
3)
=y
a3l
a)
4}
4}

UAZ (SD-DAZ 3 DELEV (SD-DELEV) BASELINE (IN )
E I 5 T &4 T 10N
9¢ E$) ~10¢( 10) 46848
1¢ 4) -4 10) 92429
-2 4) ~45( 107 142000
04 43 -28¢( 10) 185998
~121¢ 4) -20¢( 10) 100581
~28( 4) -18¢( 10) 123340
~341 4) -3¢ 10) 154584

DIGAP-4



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFS HEADER
FOROBS HEADER
DIGAF  MEADER

i

#ou

TOTAL OBSERVATIONS =
SATELLITES USED = 2 3

DISCREFANDY BETHEEN A

ATH NARE
1 1FTEAPIN
2 IPTGAFIN
I ARPTSAPIN

4 BRFTSAFIN

DISCREFANCY BETUWEEN A

TN NAKE
1 1FTSAFIN
2 3FTSAFIN
I APTSAFPIN
4 BFTSARIN

DISCREFANCY BETWEEN A
STH NAME

1 IFTSAFIN
T IFTSARIN
I AFTSAFIN
4 BFTSAFIN

HARCH 29519831 DIFGPSISLEY
FILE? DEMITRIS.GFS.0BSERV44.DATAL4 STNS318 SAT CREATEDINTHU, MAR. 31, 1983 (14818
FOUR STATIONS INTERFEROMETRY

7010 1%

12

FRIORT AND ADJUSTED

Ly (8010

F I
EX
74
(114

[ZN N I 25 4

FRIORI AND ADJUSTED

OLAT (5D-DLAT)

F I X
-5 3
~141 kY]
-38¢( 33

DLEN (Sh-DLEN?

F I X
4¢ Ky
17¢ Ky
3 3

i Bl

EAF S ]

SUN»

AFR. 10y

1982 153148137

FOL1IiDDIALL BIASES NONZEROD (18 SAT,

0BS 6 SEC

ARER,

IN}

18 SATS,WITH NDISE

20010 OW DAY 314 » 1931 FROM 18 03 0 TO 190 00 0. BF&N=

1 HR{E)»

0 MIN.

CARTESIAN COORDIINATES IN MM (ADJUSTED MINUS A FRIORI:

oy (8D-DY)

07 (8D-DZ)

8 T AT 1 0 N

~17¢ 4}
-7 4)
~-25¢( 4)

16 43
~11¢ &)
-31¢ &)

DR (SD-DRY
21 3]
174 33
414 3)

GEDDETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI
DLON (SD-DLON}

E

E

It

n

nAZ

5 T &4 T
~4( 23

21 2
-2 23

(SD~-DAZ )

E T A

5¢ 2)
0
~24¢

DIGAP-5

2)

33

OHGT (SD-DHGT)

0 N
20( Ly
0¢ &3
-6 &2

0 N
20¢ LY.
O Y]
-7 .y,

DR (SD-DR)
211 37
17¢ 33
41¢ 33

FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS & FRIORI)
DELEV (5D-DELEV)

BASELINE {IN M)

2429
142000
1534584



SUMMARY OF DIFFERENTIAL GFS RESULTS SUNs APR. 10y 1982 13111115

DIFGFS HEADER = HARCH 29,19831DIFGFSISLI722IF01ID0IALL RIASES MONZEROD (18 SAT»
FOROBS HEALER
DIGAR  MEADER

i

TOTAL OBSERVATIONS = 19527 ON DAY 216 » 1981 FROM 170 0! & TO 21159136, SPAN=
SATELLITEG UsSEDn = 3 5 7 &8 10 15 2 12 4 17 14

DISCREFANCY BETWEEM A& FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

ETH NAME 0¥ (SD-I0) oY {Sn-DY) 0Z {Sh-DZ)
1 1FTSAFIN F I X E I 8 T A T I 0 N
2 IPTSARIN 7 5 -10¢ 4) -12¢ 43
3 APTGAFIN 144 3 ~20( 4) ~-11¢ 43
4 GPTSAFRIN -21 3} ~28( 4} -13¢ 4}

FILE: DEMITRIS.GFS.ORSERVAG.DATAS4 STNSs6 § CREATEDN THUs AFR. 07, 1983 010216
FOUR STATIONS INTERFEROHETRY OkS 30 SEC 1B SATSsWITH NOISE

4 HR(8)s 39 MIN.

MINUS A FRIORI)

(S0-TRY

k9]
kY]

3)

DISCREFANCY BETWEEN A FRIORI ANDY ADJUSTED GEODETIC COORDINATES IN MM C(ADJUSTED MINUS A FRIORI)

STH NAME ODLAT (STI-ULAT? DLON {(SD-TILON) IHGT (STI-TIHBT)
1 IFTEAFIN FI X E I 8 7T A T 1 0 N
& JFTSAPIH -17¢ 3 24 23 414 3
3 APTHAFIN ~26( 33 S 2) 94 )
4 BFTSAPIN -271 3 -134 2) 7( )]

OR (SD-DR)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTEDN RASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORIY

aTN NAME DLEN (SH-DLEN) nAZ  (SD-DAZ ¥ DELEV (SD-DELEV)
i 1FTSAFINM F I X E D § T A T 1 0 N
2 IFTSARIN 18¢ ) 04 2} 0¢ 3}
3 4FTSAFIN 27¢ 3 -1 2) 2 37
4 BFTGAFIN 26¢ 3 -12¢ 1) 7¢ a)

DIGAP-6

BASELINE (IN M}

92429
142000
154584



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFS HEADER
FORDRS HEADER

nIGAF

TOTAL OESERVATIONS =

i

I H

HEADER

SATELLITES USED

Wills APR. 13, 1983

21120104

MARCH 10»198ZIDIFGFGIGLI722IF03ININONLY RANDOM NOISE (18 SAT
FILE: DEMITRIS.GFS,ORSERVAS.DATAYY STNEZ0 §
FOUR STATIONS INTERFEROHMETRY

[~
i
= 3 3 7 8 10 15

3

e

OBS 20 SEC

12

19527 ON DAY 216 - 1781 FROM 171 01 A

4 17

CREATEDIWED

TO 2115%:134. GFAN=

14

DISCREFANCY BETWEEN A FRIORI AND AQJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

5TN

B O S R

NARE

1IFTSAFIN
AFTSAPIN
APTSAFIN
8FTSAFIN

DX (SDh-1)

F I ¥ E D
Gl 3

4 33
-4 Ky

oy (Sh-TiY)

5 7 4
4( 4)
1€ 4
4¢ 4}

T

Uz (S0-DZ}

I 0 N
-1 45
4 4
-4 4)

AFR. 13y 1983 18432
18 S4TSHWITH NOISE

4 HR(5), 9% HIN.

MINUS A FRIGRI:
R (8D-DRY

AL

5

=y
4)
91 5

UTSCREFANCY BETWEEN A FRIORI AND ALUJUSTED GEODETIC COORDIWATES IN MM (ADJUSTED MINUS A PRIORID
DLON (ST-TLON)

STN

PRI N

HAME.

1IFTSAFIN
AFTSARIN
AFTSAFIN
SFTSAFIN

DLAT (SD-DLATY

F I X E @
1 3

24 kY]
[V kS

E T A
1 2)
3¢ 2

-2 2}

DHGT (SD-DHGT?

I 0 N
-1 o)
41 37
-8¢( S

DR (SD-DRY

o ol
= 4)
2 a9

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED RBASELINE COMFONENTS IN HM (ADJUSTED MINUS A PRIORID

DLEN (SD-DLENY

5TN NAME
1 1IFTSAFIN
2 3JPTSAFIN
3 AFTSAFRIN
4  BFTSAFIN

F I E @
0«

2

P

DAZ

(SD-DAZ )

S T A

0¢
-3
id

DIGAP-7

2)

33

T

DELEV (SD-DELEV)

I 0 N
-3¢ )
4¢ 57
-8( )]

BASELINE (IN ®

92429
142000
154584



D-]0

SUMMARY OF DIFFERENTIAL GPS RESULTS

SUN»

DIFGPS HEADER
FORORS HEADER
DIGAF  HEADER

FILEY DEMITRIS,GFS.ORSERVA7 .DATALE STNGI30 §
EIGHT STATIONG  INTERFEROMETRY

H n

18446 ON DAY 314 5 19781 FROm 181 0! 4
10 1% 12

TOTAL DBSERVATIONS =
SATELLITES USED = 2 5 7

IISCREFANDY BETWEEN A PRIORT AND ADJUSTED CARTESIAN COORDINATES IN

GTH HANE DA (8D-ID oy (SD-0Y)
1 1FTSARIH F I X E D 51T & T
2 2PTSAPIN 284( 143 62¢ 26)
3 JPTSAFIN 407¢ 143 339¢ 26)
4 APTSAHPIN 532 143 633 ¢ 263
3 SPTSAPIN 815¢ 163 666¢ 26)
&  SFTSAFIN 999( 14} -367¢( 26)
7 JPTSARIN 1518¢ 16} ~-982( 26)
8  BFTSAFIN 2067¢ 14} -1642¢ 26

DISCREFANCY BETWEEN A PRIORT AND ADMJUSTED GEODETIC COORDINATES

STH NAME DLAT (SD-DLAT) DLON (SD-DLON?
1 1FTSAFIN F I X E D 5 T A4 T
2 2FTSARIN -1741 210 284¢ 15
3 JFTSAFIN ~146¢ 217 313¢ 13}
4 APTSAFIN -141¢ 21) 751 ¢ 159
5 GPTSAPIN ~-3351 213 10214 153
& GFTSAFIN -74%¢ 21 753¢ 13
7 7PTSAFIN ~1265¢ 21} 785¢( 15
8  8BFTSAPIN -1803¢ 21 1242¢ 15}

DISCREFANCY RETWEEN A FRIORT AND ADJUSTED RABELINE COMFOMENTS IN MM (ADJUSTED MINUS A

STH HAME DLEN {(ST-DLEN) Az (SD-DAZ )
1 1FTSAFIN F I X E D S T AT
2 2PTSAFIN 151 21 ~296¢ 15}
3 IFTSAFIN 1744 217 ~303¢ 137
4 APTSAPIN 232 21 ~729¢ 153
3 GFTSAFIN 1844 213 ~998¢( 13
& APTSAFIN 394( 200 -789¢( 16)
7  7FPTEAFIN 355¢ 19 ~1565¢ 173
8 BFTSAPIN 161¢ 183 ~2184¢( 193

DIGAP-8

AFRIL 4»1982IDIFGFSISLI7Z2IF02IODIALL RIASES NONZERD (18 SAT,

TO 198 08

AFR. 10, 1983 14110145

IGR®Dn EFH)
CREATEDIGAT, APR. 09, 1983 221510

18 BATS » WITH NOISE

&. SPAN= 1 HR(S), 0O MIN.

MM (ADJUSTED WINUS & FRIORI)

0z (Sp-IZ) DR (SD-DR)
I 0N

-187¢ 38) J44( 237
~358¢ 8) 4640( 293
~-598¢( 38 1021¢ 323
~748( 38) 12924 27}
~295¢ 38) 1105¢ 173
-230¢ 383 1823¢ 20)
~147¢ 18 2645¢( 233

IN WM (ADJUSTED WINUS A FRIORIY
DHGT (SD-DHGT? DR (SD-TRG

I 0 N
-94( 42) 346¢ 230
-352¢ 413 640¢ 29)
~671( 41) 1021¢ 32)
~7161¢ 41) 1292¢ 297
294¢ 41) 1105¢ 7
867 41) 1823¢ 200
1483¢ 41) 2645( 23
FRIORD)

DELEV (SD-DELEV) RASELINE (IN M)

I 0 N
-24( 42) 446848
~333¢ 42) 72429
674 41) 142000
~721¢ 413 1859948
293¢ 41) 100581
863¢( 41) 123360
1481¢( 41 1543584



D-11

SUtMARY OF DIFFERENTIAL GRS RESULTS SUNs AFR. 10, 1983 20134301

DIFGFS HEADER

FORORS HEADER
DIGAF  HEADER

AFRIL 421983 IDIFGRSISLI722IF02I0DIALL BIASES NONZERD (18 SAT. DGR®D EFH)
FILE? DEMITRIS.GFS.ORBSERVAR.DIATAL4 STNGI6 § CREATEDISUNy AFR. 10y 1983 163548
FOUR STATIONG INTERFEROMETRY  OBS 24 SEC 18 SATSSWITH NOISE

i

[TR

TOTAL OBSERVATIONS = 20010 ON DAY 31é » 1981 FROM 180 01 0 TO 191 01 O. SFAN= 1 HR(S)s G MIN,
SATELLITES USED = 2 % 7 10 15 1%

DIGUREFARCY BETWEEM A PRIGRI AND ADJUSTED CARTESIAN COCRDINATES IM MM (ADJUSTED MINUS A PRIORID

TN HaME [¥ (S0-DX) Iy (SO-IY) IZ (SO-DI2) IR (30-DR
1 1FTSAFIN FI ¥ E I 5 T & T I 0 H

2 IFTSAFIN 8100 1) 20 20 ~342( 29 625(  22)
T APTSARIN S37¢ 13 s12¢ 20 -545(  29) 9910 247
4 BRFISAFIN 20700 13 -1440¢ 207 -128(  29) DRASC A7

UYSCREFANCY BEVWEEH A FRIORI AND ADJUSTED GEODETIC COORDIMATES IN MM (ADJUSTED MINUS A FRIDRI)

TN NANRE DLAT (SD-DLATY DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DRD
1 LFTSAFIN F 1 X E 0 5 T A T 1 0 N
2 IFTSAFIN =-147¢ 16} 30%( 123 ~-330¢ 3 6251 22)
3 AFTSAFIN ~153¢( 163 747( 12 ~4633¢( 32) 791 24)
4 GPTGARIN ~1790¢ 141 12454 11} 1496¢ 32) 2645¢ 17)

DUSCREFANCY BEVWEEN A PRIORI AND ALJUSTED BASELINE COWMFONENTS IN MM (ADJUSTED MINUS A FRIORI)

81N NANE DLEN (SDI-DLEN) DAZ  (SD-DAZ ) DELEY (SD-DELEW) EASELINE (IN M)
1 1FTSARIN F I X E I S T A T 1 0N
& IPTSARTH 175¢ 16) ~498¢( 12) -321¢( 32 92429
I AFTSARIN 235¢ 163 ~735¢ 12) ~635¢( 327 142000
4 BFTSAPIN 1314 14 -2176¢ 14) 1494( 32) 154584

DIGAP-9



D-]2

SUMMARY OF DIFFERENTIAL GPE RESULTS TUEs APR. 125 1983 05153104

RIFGPS HEADER = AFRIL 4,1983IDIFGFSISLI722IF02ID0IALL RIASES NONZERD (18 SAT» DGR'D EPH)
FORCGES HEADER = FILE: DEMITRIS.GFG.OBSERVAY.DATAL4 STNSI30 §  CREATEDISUN, AFR. 10, 1983 222945
UIGAF  HEADER = FOUR STATIONS INTERFEROMETRY OBS 20 SEC 18 SATS,WITH NODISE

H

I

TOTAL OBRSERVATIONS = 19527 OR DAY 314 » 1981 FROM 171 Ot & TO 2115991346, BPAN= 4 HR(S), 5% MIN.
SATRLLITES USED = 32 % 7 8 10 15 2 12 4 17 14

DISCREFANCY BETWEEN A PRIORI AND ADJUSTEL CARTESIAM CODRDINATES IN MM (ADJUSTED MINUS A FRIORD)

S5TH NaME o (501 oy {8D-DY) IZ (SD-DZ} DR (SD-DR)
1 1FTSAFIN F I X £ D 8§ T A T 1 0 N
2 ZPTSAPIN 2521 173 ~594( 25 294¢( 27 710¢ 323
I AFTSAFIN 3041 173 ~B42( 25 428¢ 271 993( 323
4 BFTHAPIN 1728¢( 17} -2041¢ 250 B39 287 2804( 303

DISCREFANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IH MM (ADJUSTED MINUS A PRIORID

TN NARE DLAT (SD-DLAT DLON (SD-DLON3 DHGT (SD-DHGT) DR (SD-DR)
1 IFTHAFIN F I X E D S T A T I 0 N
2 3PTSARIN -2714 18 ~24( 14 455¢( 34) 7104 323
3 APTGAFIN ~3a2( 18 ~83( 14} 225¢ 34 793¢ 32
4 BPTGAPIN -1298( 18 772¢ 14) 234621 14) 2804¢ 307

DISCREPANCY BETWEEH & PRIORI a4ND ADJUSTED RASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORI:

GIN NAKE DLEN (SD-DLEN) DAZ  (S5D-DAZ 3 DELEV (SD-DELEWV) BASELINE (IN M)
1 IPTE&APIN F I X E 1 87T A T 1 0 N
2 IPTSAPRIH 274¢ 1) 40¢ 153 6534 34) 22429
3 APTSAFIN kKL 18 120¢ 153 921¢ 34) 142000
4 BPTSARIN 228¢ 143 ~1497¢ 163 2339¢ 34} 154584

DIGAP-]0



SUMMARY OF DIFFERENTIAL GPS RESULTS

DIFGPS HEADER
FOROBS HE ADER

DIGAP

HEADER

TOTAL OBSERVATIONS =
6

SATELLITES USED

D
S

o]
S

1
T

I
T

S
N

ONONPUN-

ONOUNPUV= Z0

CREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COCORODINATES IN
NAME

1IPTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
7PTSAPIN
8PTSAPIN

CREPANCY BETWEEN A PRICRI
NAME D

1PTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
7PTSAPIN
8PTSAPIN

OCTe.
FILE:

MON, CCT. 18,

1982

13:51:249

11,1982:D0IFTAP:IS002256:F10:DD:ALL RANDOM ERRORS NONZERC (4 SAT,

LANGLEY «.GPS.OBSERV11.DATA8 STATIONS;0BS CREATED:SAT,

CARRIER PHASE

DISCREPANCY BETWEEN A PRIORI
STN

QNP LN

NAME

1PTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
7PTSAPIN
8PTSAPIN

oL

EIGHT STATIONS

12574 ON DAY 316 ,
8 9 S

OX (SD-DX)
1

) e -
NP BOmNO
~mmammaAT)

1981 FROM 18: 0: 6

X E DO S T A
&) 18¢ 13)
6) 12¢ 13)
6) =11 13)
6) o 13)
€) 28¢( 13)
6) 17¢ 13)
€) 38( 13)

DY (SD-DY)

TC

AMND ADJUSTED GEODETIC COORDINATES

AND ADJUSTED BASEL INE COMPONENTS IN MM

LAT (SD-DLAT) DLON (SD-DLON)
F I x € D S T A

=34 8) 21 ¢ 7)
-37¢( 8) 11( 7)
-23¢( 8) =-3( 7)
-39¢( 8) 8¢ 7)
-30¢( 8) 8( 7)
-49( 8) 20( 7)
-49¢( 8) 291 7)

EN (SD-DLEN) DAZ (sSD-DAZ )
F I X E D S T A

33¢( 8) -23( 7)
38¢ 8) -8( 7)
23¢( 9) 7( 7)
40( 8) -5t 7)
25¢( 7) -18¢( 9)
251 6) -46¢( 9)
7¢ S) -56¢( 9

DIGAP-11

T

T

18:59:36.

DZ (sSD-DZ)

I 0O N
-61( 1€)
-63¢( 16)
-22( 16)
-S1( 16)
-74( 1€)
-82( 1€)
-104¢( 16)

IN MM (ADJUSTED
DHGY (SD-DHGT)

1 O N
-S1d 19)
=St 19)
-8( 19)
=-33( 16)
-73¢( 19)
-661( 19)
-96( 19)

DELEV (SDO-DELEV)

1 0O N
-51¢( 19)
-51( 19)
-9( 19)
=-33¢( 19)
-73( 19)
-67¢( 19)
-96( 19)

OCTe.

SPAN=

le'

0 HR(S),

ABER. IN)
1982 103727

S9 MIN.

MM (ADJUSTED MINUS A PRIORI)

DR (SD-DR)

66( 18)
6S{( 18)
261 11)
S3( 16)
80 ( 19)
86 ( 18)
113¢ 19)

MINUS A PRIORI)

DR (SD-DR)

=DOUONOO
woowoumo
-~~~
s 1t 1t s P s s
VOO0~ O®
-~ e~

(ADJUSTED MINUS A PRICRI)

BASELINE (IN M)

46848

92429
142000
185998
100581
123360
154584

€T-a



SUMMARY OF DIFFERENTIAL GPS RESULTS TUE, OCT. 19, 1982 19:10:a8

- — > > > e s = - ——— - -

DIFGPS HEADER = OCT. 11,1982:DIFTAP:IS002256:F10:0DIALL RANDOM ERRORS NONZERO (4
FOROBS HEADER = FILE: LANGLEY.GPS.0OBSERV12.DATAZ4 STATIONS;0BS CREATED:TUE, OCT.
DIGAP HEADER = CARRIER PHASE FOUR STATIONS

TOTAL OBSERVATIONS = 13369 ON DAY 216 , 1981 FROM 182 0: 6 TO 18:59:3¢€. SPAN=
SATELLITES USED = € 8 9 S

SAT, ABER o

IN)

19, 1682 023229

0 HR(S), 5G MIN,

MINUS A PRICRI)
DR

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

ST ME DX (SD-DX) DY (SD-DY) DZ (S0-D2) (SD-DR)
1 1PTSAPIN F 1 X E D S T A T 1 O N
2 3PTSAPIN 114 6) -18( 9) -5¢( 11) 231t £)
3 4PTSAPIN 20¢( a) -36¢( S) -ay 1) 43¢ 7)
4 8PTSAPIN 1( 4) 45¢( 9) -94( 11) 105¢ 12)

DISCREPANCY BETWEEN A PRICRI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN ME DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SO-DHGT) DR (SD-DR)
1 1PTSAPIN F 1 X E DO S T A T I 929 N
2 3PTSAPIN =-19( S) 2¢( S) 11¢( 12) 23¢( 6)
3 4PTSAPIN -33¢( S) 2¢ S) 2€( 12) 43¢ 7)
4 8PTSAPIN =-34a( S) 19¢ S) -96( 12) 105( 12)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASELINE CCMPONENTS IN MM (ADJUSTED MINUS & PRIORI)

STN NAME DLEN (SD-DLEN) DAZ (SD-DAZ ) DELEV (SD-DELEV) BASELINE (IN M)
1 1PTSAPIN F 1 X E D S T aAa 7T 1 O N
2 3PTSAPIN 20¢( S) (X S) 11¢( 12) G242G
3 4PTSAPIN 35( 6) 1( &) 2S¢ 12) 142000
4 8PTSAPIN S( 4) -38( 6) -9 12) 154584

DIGAP-12

v1-a



SUMMARY OfF DIFFERENTIAL GPS RESULYS WED, NOVe 24, 1982 17:45:27

DIFGPS HEADER = OCTe 11+1982:DIFTAP:S002256:F103DDIALL RANDOM ERFRORS NONZERO (4 SAT, ABER. IN)
FOROBS HEADER = FILE: LANGLEY,GPS.CBSERV13.DATAZ4 STATIGNS;0BS CREATED:TUEs CCTe 1Ss 1G82 184347
DIGAP HEADER = CARRIER PhASE FCUR STATIONS. FOUR SATELLITESs FIVE HCURS

TOTAL OBSERVATIONS = 10112 CN DAY 316 , 1981 FROM 172 03 6 TO 21:59:36. SPAN= 4 HRIS)» 59 MIN,
SATELLITES USEC = 6 & S S

DISCREPANCY BETWEEN A PRICRI AND ADJUSTED CARTESIAN CCORDINATES IN MM (ADJUSTED MINUS A PRIORI)
STN NAME 0x (sC-0x) 0y (sC-CY) DZ (sD-DZ) DR (SD-DF)
1 1PTSAPIN F 1 X € DO s T A T 1 0O N
2 IPTSAPIN <X <) -11( 7) -21( 7) 25¢( €)
3 4PTSAPIN 2¢( S) -19¢ 7) -8( 7) z22( €)
4 8PTSAPIN -25¢( <) 3( 7) -20¢ 7) 33¢ 7)

DISCREPANCY BETWEEN A PRIORI AND ACJUSTED GECOETIC CCOQRDINATES IN MM {ADJUSTED MINUS A PRIORI)
STN ME OLAT (SO-DLAT) CLON (SC—-0DLON) DHGT (SC—-DHEGT) CR (SD—-DFR)

1 1PTSAPIN F I x E D € 1T A T 1 O N

z 2PTSAPIN -22¢ €) —-a( 3) -8( S) 25t €)

3 4GPTSAPIN =-16( €) -6 3) I4 S) 22¢( €)

4 8PTSAPIN -4 €) -z1d 4) -23( S) 33¢ 7)
DISCREPANCY BETWEEN A PRIORI AND ACJUSTED BASEL INE COMPONENTS IN MM (ADJUSTEC MINUS A FRIGCFI)
STN NAME DLEN (SD-DLEN) DAZ (SD—-DAZ ) DELEV (SD-DELEV) EASELINE (IN M)

1 LPTSAPIN F 1 x E D S T A T I 0 N

2 3PTSAPIN 221 €) 6l 3) -8¢( S) 92426

2 4PTSAPIN 16( €) X 2 [ S) 14200¢C

4 EPTSAPIN 20( 4q) 10( S) -24¢( S) 154584

DIGAP-13

ST-a



D-16

SUMMARY OF DIFFERENTIAL GFS RESULTS FRI» AFR. 08, 1983 02121101

HARCH 29,1983IDIFGFSISLI722:F01IDDIALL RIASES NONZERD (18 SATs ARER., IN)
FILE? DEMITRIS.GFS.ORSERVAZ.DATALS STNS330 S  CREATEDIWED, MAR. 30, 1983 171732
EIGHT STATIONS  CARRIER FHASE 18 SATE » WITH NOISE

DIFGFS HEADER
FORORS HEADER
DIGAF HEADER

11

i on

TOTAL ORSERVATIONS = 18646 ON DAY 3146 » 1981 FROM 18: 03 6 7TO 19t Q% &, SPAN= 1 HR(S). O MIN.
SATELLITES USER = 2 5 7 10 15 12

DNISCREFANCY RETWEEN A FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORI)

STN NAME oX (S0-DX) oy (Sp-ov) LZ (SD-DZ) DR (SD-DR
1 1FTSAFIN FI X E D S T A T I 0O N
2  2PTSAPIN =2 4) -3¢ 6) - @) 11 4}
3 3JFTSAFIN 3¢ 4} -3 -y =& 93 9t 3
4 APTSAFIN 3 4) -5( &) ~25¢ ) 27¢ 7
5  SPTSAFIN -1 4) -3( 6) ~-40¢ k2] 42 33
6  6PTSAFIN 4( 4) -2( 6) =314 2 230 8)
7 7FTSAFIN 4( 4) ~-43¢ 6) -2 k2! S b
8 BFTSAFPIN 7¢ 4) -2%9¢ 6) =-52¢ ) 61¢( Y

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FPRIORI)

STN NANE DLAT (SD-DLAT) OLON (SD-DILON) IHGT (SI-THGT? IR (SD-DR)
1 1FTSAFIN F I X E I § T AT T 0N
2 2PTSAPIN =7¢ 3 -6 3} I ?) 11¢ 4)
3 3PTSAFIN ~8¢ 9) 3¢ 3) 0¢ N 2¢ 5)
4  APTSAFIN =-22¢( 3) 0¢ 3} -13¢ ?) 27¢ 7
5  SPTSAFIN -29¢ 9) ~2¢ 3) ~27¢ ?) 42¢ 33
6  6FTSAFIN -25¢ 9) 2( 3) -19¢ 2 33( 8)
7  7FTSAFIN -32¢ 3) -13¢ 3) 26¢ %) 45¢( &)
8  BFTSAFIN -57¢ 5) -4 3 -17¢ ?) 61¢ 6)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORI)

STN NANE DLEN (SD-DLEN) DAZ (SD-DAZ )  DELEV (SD-DELEV) RASELINE (IN M)

1 IFTSAFIN FI X E I 5§ T A T 1 0 N

2 2FTSAFIN kA ) 7( 3) 3 93 46848
3 3JFTSAFIN 9 ) =2 33 0¢ ) 92429
4  4PTSAPIN 23 9) 2¢ 3) -13¢ %) 142000
9  SPTSAFIN 304 ) 3¢ 3) -28¢ ?) 185994
6  APTSARIN 22¢( 5) -11¢ 4) -20( * 100581
7 7FTSAFIN 35¢ 4) -9 4) 26( ) 123340
8  BFTSAFIN 401 4) =-42( 4) ~-17¢ ) 154584

DIGAP]4



D-17

SUMMARY OF DIFFERENTIAL GFS RESULTS SUNs AFR. 10y 1982 151113157

H

HARCH 29, 198310IFGPSISLI722IF01 D0 ALL BIASES NONZERO (18 SAT, ABER. IND
FILEY DEMITRIS.GFS.DBSERV44.DATAI4 STNS31E SAT CREATED:ITHU, HAR. 31, 1983 014813

DIFGFS HEADER
FORGRS HEADER

DIGAP  HEADER

TOTAL DESERVATIONS =

SATELLYTES USED

FOUR STATIONS CARRIER FHA

= 2 5% 7 10 13 12

DTGCREFANDY BETWEEN A FRIORI AND ADUJUSTED

STH HAME
1 1FTSAFIN
2 JFTSAPIN
I AFTEAFIN
4 BRFTHARIN

Dx (SD-Ds

Forow
B( ey
13¢ 2
0¢ )

SE

O0RS & SEC

20010 ON DAY 314 » 1981 FROM 18% 0t ©

T0 17% O3

+ SFAN=

CARTESTAN COORDINATES IN MM (ADJUSTED

0y (50-DY)

)] 8 T A 7
-146¢ 4)
-15¢ 4)
-26¢ 43

0z (Sh-DZ3)

I 0 N
10¢ Y
-2 &)
-28( 8)

18 SATSsWITH NOISE

1 HR(S3» O MIN.

MINUS A FRIORI

IR (SD-DR)
22¢ 59
201 kP
401 E$

DISCREFPANCY BETWEEH A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTEDN MINUS A FRIORID

BTN NANE
1 1FTSAFIN
2 AFTSAFIN
3 AFTSARIN
4 BFTSAFIN

BLAT (SD-DLAT?

F I X
=74 5
~13¢ 3)
=374 33

E

DLON (SD-DLONY

b s T A& T
01 2)
a{ 2)
-10¢ 2)

DHGT (SD-DHGT?

I 0 N
20¢ 6)
114 &)
-3( 6}

DR (SD-DR)

22 5)
200 B
40¢ S

[TECREFANCY EBETWEEN A FRIORI AND ADJUSTEDR BASELINE COMFPONENTS IN MM (ADJUSTED MINUS A PRIORID

ETM NAME

1 1FTSAFIN
2 IFTSaFIN
3 APTSARIN
BFTSARIN

S

DLEN (SD-DLEN)

FI X
& n
17¢ Ry
324 kY

E

DAZ  (5D-DAZ )

U g
0¢

-2(

214

2)

DIGAP-15

T AT

2)
23

DELEV (8D-DELEV)

I 0N
20¢ &)
11¢ &3
-4( Ly

RASELINE (IN M)

92429
142000
154584



SUMMARY OF DIFFERENTIAL GFS RESULTS

LIFGFS HEADER
FOROES HEADER
LIGAR

HEADER

i

Hon

D-18

FRI» AFR. 08: 1983 21155144

HMARCH 29, 19831DIFGPSISLI722 F01IDDIALL BIASES NONZERO (18 SAT»

FILE! DEMITRIS.GFS.OBSERVAS,DATAL4 STNSiZ0S

FOUR STATIONS CARRIER FHASE

TUTAL DESERVATIONS =
SATELLITES USER = 3

DISCREFANCY
ETH NAME
1 IPTSAFIN
2 GPTEARIN
3 APTHAFIN
4 BFTEAFIN

a7 8§ 10 1%

BETUEEN A FRIORI ARDN ADJUSTED

oy, (8T-T

F I X
114 3
204 3

8¢ Ky

DISCREFPANCY BETWEEN A4 FRIORI AHDY ADJUSTED

61N

1

o Lef

NARE

LFTEARIN
IFTEAFIN
APTSAFIN
BFTSAPIN

BLAT (SD-DLAT)Y

FI1X
~19¢ kY
=264 37
-3¢ 31

2 12 4

ABER. INJ

CREATEDITHU» AFR. 07, 1983 010216

ORS 20 SEC 18 SATS,WITH NOISE

12527 ON DAY 316 » 1981 FROM 171 O & TO 21159:36. SPAN=

i7 14

CARTESIAN COORDINATES IN MM (ADJUSTED

Iy (8D-TY) 0z (Sh-DZ)

I 7T A T 1 0N
11¢ 4) -11¢ 4}
~22¢ 4 -7 4)
~-28( 4) =71 4)

4 HR(S)y 59 MIN.

MINUS A PRIGRI
OR (SD-DRY

20 33
31 33
40¢ 4}

GEODETIC COORDINATES IN MM (ADJUSTEDN MINUS A FRIORID

£

DLON (SDI-DILON) DHGT (SD-DHGT)
14 5 T A T T 0 N

a¢ 2) 20 i

8¢ 2) 14¢ 3l

-7 23 21¢ a)

DR (SD-DR3

204 3}
31 33
40( 43

DISCREFANCY BETWEEM A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORI
MAZ  (SDI-DAZ 3 DELEV (SD-DELEV)

TN

—

EC I 5

HANME

LFTSAFIN
IPTSAFIN
4PTSAFIN
BETEAFIN

DLEN SD-DLENY

F I X
204 .
28¢( 3)
271 k3]

E

I 5
-3

-4

-20¢

DIGAP-16

T A T 1 0 N

2) 2¢ 3)
2) 14¢ 3]
3} 204 a)

BASELINE (IN )

92429
142000
154584



D-19

SUMMARY OF DIFFERENTIAL GFS RESULTS WEDs AFR. 13, 1983 20154166

DIFGPS HEADER = MARCH 10y19831DIFGRSISLITIZIFO3ID0OIONLY RANDOM NOISE (18 SAT
FORDRS HEADER = FILE: DEMITRIS.GFS,0OBSERVA&G.DATAL4 BTNS:30 & CREATEDIWED AFR. 13, 1983 184329
DIGAF  HEADER = FOUR STATIONS CARRIER PHASE  ORS 30 SEC 18 BATE-WITH NUISE

i)

TOTAL OBSERVATIONE = 195327 ON LAY 314 » 1981 FROM 170 00 & TO 21:89:346, SPAN= 4 HR(E» 99 MIN.

SATELLITES USEm = 2 3 7 & 16 15 2 12 4 17 14

DISCREFANCY EETWEEM A FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MH (ADJUSTED MINUS A FRIORIG

5TH NANME [ (80-Nx oy (SD-Tv} Nz C80-02) bR (BD-LRY
1 1FTSAFIN F I X E @ S T a 7T I 0 W
2 IPTSARIN 4¢ 3) 20 43 0 43 4¢ A
3 AFTBAFIN g1 kY] G 43 g1 4 11 43
4  BFTSAFRIN b4 33 -3 4} Of 4} Wl 4}

DISCREFANCY BETWEEN A& PRIORT AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS & FRIORL

5TN NAME DLAT (SD-DLATY OLON {SD-TLON) DHBT {SD-DHGT? IR (5D-DR
1 IPTSAFIN F I X E D 5 7T A T 1 0 N
2 JFTSAPIN 0¢ 33 4( ey i S 44 kY]
3 AFTSAFIN 24 3) &1 ) 9 533 11 4;
4 BFTSAFIN =5 Ky af 2] 3¢ 33 EAS 43

DISCREFANCY BETWEEN A FPRIORI AND ADJUSTED RASELINE COMPONENTS IN MM (ADJUSTED MINUS & PRIORD)

5TN MANE DLEN (ST-DLENDY DAZ  (SD-DAZ »  DELEV (SD-DELEW) BAGELINE (IN
1 1IFTSAFIN F I ¥ E D 5§ T A T 1 0 H
2 JIFTSAPIN 1¢ 13 -3¢ 2) O @) G429
3 AFTSAFIN 0f 3y =61 23 bA ) 142006
4  BPFTSAFIN 1 3 ~& 1) S 5 154534

DIGAP-17



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFE HEADER = AFRIL

FOROBS HEADER = FILEY
LIfiP HEADER = EIGHT
TOTAL ORSERVATIONS =

SHTELLITES USED = 2

DISCREFANCY BETWEEN A

STHN HARE
L IPTBARIN
2 2FTSAFIN
3 IPTEARIN
4 ARTSAPRIN
& OFTGAFIH
& GPTBAPIM
7 7PTSARIM

& BPTGARIN

D-20

SUNs AFR. 10, 1983 14144111

691983 DIFGFEISLI722IF021 000 ALL BIASES MONZERO (18 SAT, DGR'D EFH)
DEMITRIS.GFS,ORSERVA7 . DATAIB STNEI30 8 CREATEDISAT, AFR. 09 1983 221510
STATIONS CARRIER PHASE 18 SATS » WITH NOISE

18646 ON DAY 316 » 1981 FROM 18% 01 & TO 197 0! &, SPAN= 1 HR(S), O HIN.
9 7 106 15 12

HINUS A FRIORI)
DR (SD-DRY

FRIDET AND ADJUSTED CARTESIAN COORDINATES IN
DX (80D oy (8D0-I)

M (ADJUSTED
nZ (8Dh-DZ)

Fl X E D S T A T I 0N
287¢ 16} 66 28} 1664 38} 338(¢ 21}
414¢ 143 335¢ 26) -335( 38) 440( 290
9354 14) 612¢ 26 -5721 18 295¢ 31
8041 14) 569 28} ~741¢ 38) 1284¢ 29)
299 18) -3%74 267 -286( i8) 109%¢ 17}
1519¢ 16} =997 261 -181¢ 38) 1827¢ 21
2079¢ 16} -14649( 26) -137¢ 38 2657¢ 235

NISCREFANCY BETWEEN A FRIORI AND ADJUSTEDR GEODETIC COORDINATES IN MM (ADJUSTED WINUS A PRIORDY

STN NAHE DLAT (SD-TILAT) DLON (SD-DILON) IHGT (SD-DHGT} IR (SD-DR3
1 1FTSAFRIN F I X E I 5 T A T 1 0N
2 ZPTSAPIN -158¢ 21 287¢ 15) -80( 41) 338¢( 213
3 IPTSAPIN ~14%¢ 213 317( 13 ~3446¢( 41) 440 293
4 APTSAPIN -158¢ 210 745¢ 1% ~-639¢ 413 295( 31
3 GFTSAFIN ~325¢( 2 1014¢ 157 ~716( 41) 1284¢ 290
& aPTSARIN - 7341 21 760¢ 157 266¢ 41) 1099¢ 173
7 7PTSARPIN -1243¢ 20 9801 13 ?12( 41) 1827¢ 21)
g8 8FICAPIN ~1804¢( 21) 1249¢ 193 1497¢ A1) 2637¢ 23}

L1SCREFANCY BETWEEN A& PRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTEDN MINUS A PRIORI:

HTH NAME
L 1FTSARIN
@ 2PTSARIN
3 3PTSBAFIN
4 APTHBAFIN
3 SFTRAFIN
& SFTSAPIN
7 FFTGAFRIN
& BFTSAFIN

DLEN (8D-TLEN) DAZ  (SD-DAZ 3 DELEV (SD-DELEW) BASELINE (IN i}
F I X E @ S T A T 1 0 N
A 21) ~298( 15) -81¢( 41) 46848
1764 20 ~304( 15} -347¢( 41) 2429
229 213 ~723¢ 15} ~642( 413 142000
3741 21 ~992¢( 13 =721 41) 185578
B0 20 -788¢ 183 293¢ 41) 100581
3414 193 ~1547¢ 173 08¢ 41) 123360
106( 183 =2190¢ 193 1495¢ 413 154584

DIGAP-18



D-21

SuMMARY OF DIFFERENTIAL GFS RESULTS SUMs AFR, 10, 1982 20102130

DIFGRS HEADER = APRIL &»192831DIFGRSISLIT22IF02INDIALL RIASES NONZERD (18 SAT, DGR'D EFH)
FORORE HEADER = FILE! DEMITRIS.GFS.ORSERVAB.DATAI4 STNEI6 § CREATEDISUN, AFR. 10¢ 1983 163548
DIGAF  HEADER = FOUR STATIONS CARRIER FHASE  0BS &6 SEC 18 SATS,WITH NOISE

i

TOTAL OBSERVATIONE = 200

010 ON DAY 3146 » 1981 FROM 18% 0! 0 TO 19! 0} 0. SPAN= 1 HR(S)sy O HIN.
SATELLITES Sk = 2 % 72 10 1% id

DISCREPANCY BETWEEN & FRIORT AMD ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED WINUS A FRIORI)

ETH NEHE 03 (50D oy (S0-IY) 0z (s0n-DZ) DR (SD-DR
1 IRTHARIH F I X E D S T A T I 0 N
2 ZPTSAPIN 4164 i3) 323 200 =343 29 629¢( 223
5 AFTEARIN 242¢ 133 044 200 ~3594¢( 29) 78464 243
4 BPTHARIN 2069¢ 13 ~1641¢ 2073 ~-125¢( 29) 2645¢ 17

UISCREFANCY BETWEEH A FRIORI AND' ARJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORID

STN NAME DLAT (SD-DLAT) DLON (ST-DLON) DHGT (SD-DHGT) IR (SO-DR)
1 IFTSARTH F 1 % E D S T AT 10N
2 IFTSAPIN ~1490  16) S14C 1D -390 3D 629C 22
1 GFTSARIN “53C 16 7490 1D -621C 3D 986¢ 24
4 SPTSARIN ~17880  1&) 1244¢ 11 1499C 32 26450 17)

DISCREFANCY BETUEEN A FRIORI AND ADNJUSTED RBASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORID

8T NAME DLER (SD-DLEN) DAZ  (SI-DAZ 3 DELEV (SDI-DELEV) RASELINE (IN
1 1PTGAFIN F I X E D S T A T I 0N
2 APTSARTH i77¢ 16 -504¢( 123 ~-331¢ 32 92429
3 AFTSAFRIN 225¢ 143 ~728¢( 12} =623 32) 142000
4 BFTGAFIN 1301 14) ~-2174¢ 14) 14974 323 154584

DIGAP-19



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFS
FORODRS HEADER

LIGAP

TOTAL ORSERVATIONS =

i

HEADER

i

AFRIL 4,19821DIFGPSIGLI722IF02IDDIALL RIABES NONZERO (18 SAT,

D-22

TUEy AFR. 12

FILEY DEMITRIS.GPS.OBSERVAY.DATAL4 STNSIZ0 S
ORS 30 SEC

HEADER = FOUR STATIONS CARRIER FHASE

SATELLITES USED = % 0% 7 8 10

i3

19527 ON DAY 316 » 1981 FROM 171 O

2 12 4

17 14

1983 05153104

DGR*T EFH)

CREATEDISUNy AFR. 10y 1933 222945
18 SATSsWITH NOISE

& TO 21159134, SFAN=

4 HR(8)s 59 MIN.

DISCREFANCY BRETWEEN A PRIORI AND ARJUSTELD CARTESTAN COORDINATES IN MM (ADJUSTED MINUS A FRIORI)
oy (sn-ny)

aTN

B T B %

MARE

1FTSAFIN
IFTGAFIN
AFTOARTH
BFTHAFIN

I (SO-UX)

F
2574
310«

1729¢

1

X E
173
17)
17}

I 5
-5396¢(
-844(

~2051¢

T T

[ I o B L B >

R I s

I

0Z (SI-DZ)

0 N
295¢
432(
B46¢(

27

27}
28)

DR (SD-DR)

713 323
P98¢( 323
2820¢( 30)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORID
DLAT (SD-DLAT)

STN

B P N A

NAKE

1FTSARIN
IFTSAFIN
AFTGAFIN
EFTSAFIN

F
~2724
~352¢

-1303(

I

L
18)
18)
187

DLON (SD-DILOM)

I 5
=20
~B0(
778¢(

T &6 T
14)
14)
14)

1

DHGT (SD-DHGT)

0 N
538(
F30(

23746

34)
34)
24)

IR (SD-DIRY

713¢ 123
298¢ 32)
2820¢ 30)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A PRIORID)
RDELEV (SD-DELEV)

ETN

I P B O R

MNANE

1FTGAR TN
IFTSAPTN
AFTEAFIN
BRFTRAPIN

DLEN (SD-DLEN)

F
27461
3534
226

L

X E
18)
183
14

i (BD-DAZ )

o

i1 5
374
117¢

~1305¢(

DIGAP-20

T AT
14)
15
16

I

0 N
6964
926(

23734

34)
34)
34}

BASELINE (IN M

92429
142000
154584



SUMMARY OF DIFFERENTIAL GPS RESULTS

DIFGPS HEADER =
FDROBS HEADER =

DIGAP

TOTAL OBSERVATIONS

HEADER =

SATELLITES USED

DISCREPANCY BETWEEN A PRIORI
ST NAME

ENOUN L LN

2]
)

zV

I
T

ONONP W=

1PTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
7PTSAPIN
8PTSAPIN

1PTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
TPTSAPIN
8PTSAPIN

PSEUDO RANGE

12574 ON DAY 316 ,
8 S

9

DX (SD-DX)
1 X

' (I}
ol ad e
DN ey
CrLra~NPNN
~emmmmem T
~
0
-~

CR;PANCY BETWEEN A PRIORI AND ADJUSTED
ME

DLAT (SD-DLAT)

F 1 X
125¢ 106)
453( 106)
146¢( 107)
202¢( 108)

18( 106)
68( 105)
292¢( 105)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED
STN NAME

DNONPLP LN~

1PTSAPIN
2PTSAPIN
3PTSAPIN
4PTSAPIN
SPTSAPIN
6PTSAPIN
7PTSAPIN
8PTSAPIN

DLEN (SD-DLEN)

F 1 X
-124al 102)
-454( 108)
-141( 111)
-206¢( 109)

[ X 86)
129¢( 75)
-112¢ 7L)

WED,

E O

OCTe 20, 1982

1981 FRCM 18: 0: 6

(SD-DY)

S T A
245( 172)
18¢( 172)
115¢ 172)
13a¢( 171)
1¢4¢ 171)
397¢( 171)
1991( 170)

TC 18:59:36.

08:35:2

0CT.

SP AN=

AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED
oY

DZ (sD-DZ)

T I O N
-114

592
6
367
133
4
S

14(
92(
96(
67¢(
33¢
434(
155¢(

[NV EVENE VYV
[
VOONN -~
-~~~

11,1982:DIFTAP:S002256:F102DDZALL RANDCM ERRORS NONZERC (4 SAT,
LANGLEY.GPS.OBSERV11.DATA:8 STATIONS;0BS CREATED:WED,
EIGHT STATIONS

20,

ABER. IN)
1982 004257

0 HR(S)e 59 MIN.

MINUS A PRIORI)
DR

(SD-DR)
3004 214)
604( 207)
151( S4)
408¢ 240)
170¢( 255)
6021( 250)

GENDETIC COORDINATES IN MM (ADJUSTED MINUS A PRICRI)

DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DR)
E D S T A T 1 0O N
=11 s2) =271 246) 300¢( 214)
-99¢( 93) 3884 246) 604 207)
36¢( 93) -6 246) 151¢( 94)
-1641 93) 314¢ 24€%) 408( 240)
-35¢ 91) 165¢( 245) 170¢ 255)
-276( 90) 530¢( 245) 602( 250)
-8¢&l 89) -60¢( 245) 310( 104)

BASEL INE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI)

DAZ (sSD0-DAZ ) DELEV (SD-DELEV) BASELINE (IN M)
E O S T A T 1 0O N
22¢ 96) =271 246) 46848
741 90) 391 ¢ 246) 92429
-S0¢( 88) -4 246) 142000
152¢( S9) 317¢ 246) 185698
41 ( 110) 165¢( 245) 100581
257 117) 529¢( 245) 123360
283¢( 119) -58( 245S) 154584

DIGAP-21

€c-a



SUMMARY OF DIFFERENTIAL GPS RESULTS TUE, OCT. 19, 1982 18:40:56

DIFGPS HEADER =
FOROBS HEADER = FILE: LANGLEYGPS.OBSERV12.DATAI4 STATIONS;3BS CREATED:TUE, OCT.

DIGAP HEADER PSEUDO RANGE FOUR STATIONS
TOTAL OBSERVATIONS = 13369 ON DAY 316 , 1981 FRCM 18: 0 6 TC 18:59:36. SPAN=
SATELLITES USED = 8 S S

DISCREPANCY BET'EEN A PRIORI AND ADJUSTEOD CARTESIAN COORDINATES IN MM (ADJUSTED

STN OX (SD-DX) DY (SD-DY) DZ (SD-D2Z) DR (SD-DR)
1. 1PTSAPIN F 1 X E O S T A 7T I 0O N
2 3PTSAPIN -136( 50) 85¢( 109) 124¢( 134) 204 ¢( 75)
3 3PTSAPIN -80( S50) 122¢( 109) -69¢( 135) 170¢ 135)
4 8PTSAPIN -196( S0) 248( 109) 14¢( 134) 317¢ S2)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME OLAT (SD-DLAT) DLCN (SD-DLON) DHGT (SD-DHGT) DR (SD-DR)
1 1PTSAPIN F 1 X E D S T A& T 1 0O N
2 3PTSAPIN 184 ¢( €8) -87¢( 59) -1 156) 2741 75)
3 4PTSAPIN 63¢( 68) -16( S9) -1S6¢( 156) 170¢( 135)
4 8PTSAPIN 233¢( €7) -80( 57) -198¢( 156) 317¢ 92)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED DBASEL INE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLEN (SDO-DLEN) DAZ (SD—-DAZ ) DELEV (SO-DELEV) BASELINE (IN M)
1 1PTSAPIN F 1 X E O S T A 7 1 O N
2 3PTSAPIN -187( 69) 77¢( 57) o 156) g242S
3 4PTSAPIN -65¢( 79) 10¢( 56) -155¢( 156) 142000
L B8PTSAPIN -82( 35) 234¢( 76) -197( 156) 154584

DIGAP-22

OCTe 11,1982:DIFTAP:S0C2256:F10:0DIALL RANOOM ERRUORS NONZERS (4 SAT,

ABERe. IN)

1682 02 229

0 HR(S), 59 MIN.

MINUS A PRICRI)

yc-a



SUMMARY OF DIFFERENTIAL GPS RESULTS WED»s NOV. 24, 1682 14212207

DIFGPS HEADER = OCT. 11,1982:DIFTAP:S0022562F10:DD:ALL RANDCM ERFRORS NCONZERO (4 SAT, ABERe. IN)
FOROBS HEADER = FILE: LANGLEY.GPSL.OBSERV13,DATAZ4 STATIONS;0BS CREATED:TUE, CCTe 1S, 1582 184347
DIGAP HEACER = PSEUDC RANGE FOUR STATIONSs FOUR SATELLITESs FIVE HGURS

TCOTAL OBSERVATIONS = 10112 GN DAY 316 » 1981 FROM 172 03 6 TG 21:59:36. SPAN= & hR(S)s S9 MIN.
SATELLITES USEC = [ € S €

DISCREPANCY BETWEEN A PRIGRI AND ADJUSTED CARTESIAN COORCINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME X (SC-0Xx) DY (SDO-DY) 0Z (sD0-cC2) DR (SO-DF)
1 IPTSAPIN F I X E D s T A T I O N
2 3PTSAPIN 61( - 60) =33 9S) 15s¢ S1) 174¢ 101)
2 4PTSAPIN 56 ¢( 60) -27¢ 95) 105¢( S1) 1z22¢ 102)
4 8PTSAPIN -S( 60) 15¢( 94) 2C( s1) 25t 71) o
|
N
CISCREPANCY BETWEEN A PRICRI AND ACJUSTED GEODETIC CCORDINATES IN MM (ADJUSTEL MINUS A PRIORI) ul
STN NAME DLAT (SC-CLAT) DLON (SD—-DLON) DHGT (SC—DHET) OR (SD-DF)
1 IPTSAPIN F I x E O s T A T 1 0 N
2 3PTSAPIN 67¢ 73) 40( 45) 158¢( 11¢€) 174 ¢ 101)
3 4PTSAPIN 374 73) 39¢( 45) 105¢ 11€) 122¢ 10z2)
4 8PTSAPIN 251 73) 1( 45) kX 11€) 251 71)
DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASELINE CCMPONENTS IN MM (ADJUSTED MINUS A FRICRI)
STN NAME OLEN (SD-DLEN) CDAZ (SC—DAZ ) CELEV (SD-DELEV) BASELINE (IN M)
1 1PTSAPIN F 1 X E D S T A T I O N
2 3PTSAPIN -63¢( 74) -43( 44) 155( 116) $242$
3 4PTSAPIN =-30¢( 74) =41 44) 110¢( 116) 142006
4 8PTSAPIN -15¢( 51) 15¢ 69%) a4 11¢€) 154584

DIGAP-23



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFS HEADER
FOROES HEADER
DIGAF  HEADER

TOTAL ORSERVATIONS =

on

SATELLITES USED

MARCH 29,1983IDIFGFSISL37
FILEY DEMITRIS.GPS.0BSERVAZ.DATAIB STNSi30 8
EIGHT STATIONS PSEUDORANGE (P-CODE)

= 2 3 7 10

D-26

FRI,» AFR. 01, 1983

17152019

221F01IDDIALL RIASES NONZERD (18 SAT,

ARER, IN)

CREATEDWED, MAR. 30, 1983 171732
18 SATSYWITH NOISE

18666 ON DAY 316 » 1981 FROM 18: 0! 6 TO 19% 0! 4, SFAN=

1% 12

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

8TN

(== LN B SR PR NS .

NAME

1FTSAFIN
2FTSAFIN
3FTSAFIN
APTSAFIN
SFTSAFIN
SFTSAFIN
7FTSAFIN
BFTSAFIN

X (S0-0X)

F I X
7¢ 49)
65( 49)
88¢( 49)
-2( 49)
76¢ 49)
35¢( 49)
62¢ 49)

ny (Sp-py)
E D S T AT
163( 78)
113¢ 78)
167¢ 77
269¢ 77)
320¢ 77)
744 77)
124¢ 77)

0Z (Sp-0Z)
I 0 N

2540 114)
-110¢ 113)
-48( 113)
-218¢C 113
-183¢ 113

324 113)
-109¢( 113

1 HR{5)s O MIN.

MINUS A FRIORID

DR (SD-DR}
303¢ 124}
171¢  104)
195¢ 81}
3470 117
3770 104

B88( 33
177¢ 105

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORID
DHGT (SD-DHGT)

STN

[=oBE W= SO A I L

NAME

1FTSAFIN
2FTSAFIN
3FTSAFIN
AFTSAFIN
SFTSAFIN
6FTSAFIN
7FTSAFIN
BFTSAFIN

DLAT (SD-DLAT)

I X
109)
92)
68)
43)
79)
73)
73}

DLON (SD-DILON)

E I § T AT 1 0N
75¢ 79) -285(
107¢ 80) -131¢
1514 80) -113¢
112¢ 80) ~326¢
202¢( 68) ~311(
62¢ 50) -12¢(
106¢ 47) - 1404

57)

80)
101)
113
102)
115)
116)

DR (SD-DR)
3030 124)
171 104)
193¢ 81}
347¢ 117
377¢ 104}

88¢( 33}
177¢ 105

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORI)
DELEV (SD-DELEV?

STN

QN O T DT

NAME

1FTSAFIN
2PTSAPIN
3FTSAFIN
AFTSAFIN
SFTSAFIN
SFTSAFIN
7FTSAFIN
BFTSAFIN

DLEN (SDI-DLEN)

F

a9¢(
26(
~33¢(
~-22¢
-141¢
~-B6(
-78¢

I X
123
a9
a9b)
58)
119
70)
&7}

DAZ  (SD-DAZ

E I 8 T AT I 0 N
~-79¢ 62) ~285(

-104C  122) ~-131¢(

-154C  128) -113¢(

-112¢ 11D -326(

-159¢ 57) ~-309(

-8C  110) =11¢

=730 107 -140¢(

DIGAP-24

A7)
54)
47)
74)
s1)
65)
72)

BASELINE (IN b

46848

92429
142000
185998
100561
123340
154584



D-27

SUMMARY OF DIFFERENTIAL GFS RESULTS S8ATs AFR. 02y 1983 003128119

DIFGRS HEADER = MARCH 29, 19B3IDIFGFSISLI7Z22IF01I0DIALL RBIASES NONZERO (18 SATs ABER. IN)
FOROES HEADER = FILE? DEMITRIS.GFS.DRSERV44.DATAL4 STNSs18 SAT CREATEDITHU, MAR. 31, 1983 0148138
LIGAF  HEADER = FOUR STATIONS PSEUDORANGE (F-CODE} 18 SATSsWITH NOISE

TOTAL OBSERVATIONS = 20010 OH DAY J1&6 » 1981 FROM 18t G2 O TO 193 O 0. SFAN= 1 HR(S)y O MIN.
SRTELLITES USED = 2 & 7 10 1% 12

[HESCREFANCY BETWEEN & PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORID

8y HAME DX (80-DX3 LY (S0-DY3 DZ (SD-D2) DR (S0-DR)
1 IFTRARIN F I X E I 8 T AT I 0N
2 AFTSAPIN -441 213 481 493 17¢ 72) 694 183
3 APTSAFRIN -12¢ 31 -14¢ 49) 951 72) 271 75
4 BFTHARIN 35¢ 31 12¢ 49} &67¢ 723 741 451

DISCREFANCY BETWEEN A FRIORI ANI' ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORD)

STH NAME DLAT (SD-DLAT DLON (SD-DLON) [HGT (8D-DHETY DR (SD-DIR)
1 1FTSAFIN F 1 X E I § T A T 1 0 N
2 IPTSAPIN 8¢ 39 =214 a1 =30¢ 91} a%( 38
3 APTSAFIN G0 43) ~18¢ al) 76¢ 63) 974 75}
4 QFTSAPIN 43¢ 471 374 3G ald 74) 76( 451

DISCREFANCY RETWEEN A FRIORI AND ADJUSTED RASELINE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI:

8TN NAME GLEN (80-DLEN) DAZ  (SD-DAZ ¥ DELEV (SD-DELEWY) BASELINE (IN #)
1 1PTSAPIN F I ¥ £ 0D 5 T A T I 0N
2 JPTSARIN -38¢ 287 194 78} ~30¢ 34) 72429
3 APTSAFRIN -58¢( 36 12¢ 807 76¢( 30} 142000
4 EFTSAFRIN ~-54¢( 433 114 69} a1 44) 154584

DIGAP-25



D-28

SUMMARY OF DIFFERENTIAL GFS RESULTS SATs APR. 0%y 1983 18135119

it

MARCH 29, 198310IFGPSISLI722IF0LII0IALL RIASES NONZERD (18 SATs ABER. IND
FILEY DEMITRIS.GFS.0BSERVAS.DATAS 5TNG& § CREATED:ITHU, APR. 07, 1983 (10214
FOUR STATIONS PSEUDORANGE (F-CODEY 30 GEC 18 SATS-WITH NOISE

DIFGPS HEADER
FOROES HEALDER
DiGAF  HEADER

[L 1}

TOTAL OBRBERVATIONS = 19527 OW DAY 316 » 1981 FROM 173 01 & TG 21157136, SPAN= 4 HR(S)» 39 HIN.
SATECLITES UsED = 3 % 7 B i0 1% 2 12 4 17 14

DISCREFANCY RETWEEN A FPRIORT AND ADJUSTEDY CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORI)

G NAHE U5 (80-D0 oY (S0-DY3 0z (80-DZ3 OR (ST-TIRY
1 IFTSARINM F I X E D 8 7T 4T I 0O N
2 IPTSAFIN G4 24y 16¢ G913 -26¢ 93} 314 45
3 AFTGAFIN a3 343 43¢ 31) 33¢ 93 74¢ 32
4 BRFTGAFIH &¢ 34) -5 a1 -33{ Y 354 48}

OTSCREFANCY BETWEEM A FRIORI AND ADJSUSTED GEODETIC CODRDINATES IN MM (ADJUSTED MINUS A FRIORI?

GTH NAME DLAT (SD0-DLAT? DLON (SD-DLON) OHGT (SI-DHGBT) DR {SD-DR3Y
1 1FTSAFIN F I X E @I S 7T A T 1 0 N
2 IPTSARIN -7 45} &1 53} -28¢( 44} 314 45
3 AFTSARIN 35¢ kLY 671 54) 12¢ 31 7481 321
4 BPTSARIH -28¢ 18} ¢ 22 -18¢( -1y I5¢ 48}

DISCREFANCY BETWEEN & FRIORT AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORD)

ST NAKE DLEM (SD-DLEND DAZ  (SDI-DAZ 3 DELEV (SD-DELEV) BASELINE (IN i
1 IFTSAFIN F 1 X E I S T A T 1 0N
2 IPTSAFIN 84 34} =5 481 -29¢ 323 92429
I AFTSAPIW =271 361 ~69( 671 12¢ 300 142000
4 BPTSAFIN 154 i -241 464 1% 37} 134584

DIGAP-26



SUMMARY OF DIFFERENTIAL GFS RESULTS

DIFGFS HEADER
FOROBS HEADER
OIGAF  HEADER

{1

= FOUR STATIONG FSEUDDRANGE

19527 ON DAY 3146 o
16 15

TOTAL ORSERVATIONS =
SATELLITES USEDR = 3 % 7 8

DISCREFANCY BETWEEN A FRIORI AND ALLJUSTEL

5TH NANKE o (8n-T)
1 1IPTSAFIN F I X
2 IPTHAPIN -7 343
3 4FTEAFIH 414 34
4 BFTSAFIN o 34

DISCREFARCY BETWEEM A FRIORI AND ADJUSTED

S5TN NAME BLAT (SD-DLATH
1 1FTSAFIN F I X
2 3PTSAFIN 11¢ 45)
3 4FTSAFIN 641 341
4 BFTSAFIN -1 8

DISCREFANCY BETWEEN A FRIORI AND ADJUSTELD

STH NAME DLEN «SD-DLEN)
1 1FTSAFIN F I X
2 IPTSAPRIN ~-10¢ 43
3 APTSAPIN -56( 360
4 BRTGAPIN ~10¢ 373

D-29

THUs AFPR. 14, 1983 01131301

MARCH 10, 1983 IDIFGPEIELA722IFOZIDNI0ONLY RANDOM NOISE (18 SAT
FILE: DEMITRIS.GPS.OBRSERVAS.DATAIS STNSS30 S

CREATEDIWED, AFR. 135 1983 13432%

(P-CODE)  DES 20 SEC 1B GATS,WITH ROIBE
1961 FROM 178 0% & TO 21159134, SPAN= 4 HRIG), 5% HIN.
212 4 17 14

CARTESTIAN COORDIMATES IWN MM (ADJUSTED MINUS & PRIDRT)
ny (8D-0Y3 B (5D-0Z) QR (5D-DRD

£ S T A& T I O M
00 51 ~160 55 TN
460 51D 470 5% 21
270 5L 260 55 8¢

GEODETIC CDORDINATES IN MM (ADJUSTED MINUS A PRIORID

OGLOW (SD-DLON) DHGT (SD-DRGTY R {S0-DRD
E D ST 4T 1 0N
&¢ Xy -321 44) 2514 457
&5¢ a4) &1 al3 3 34}
32) -Z4( LY 38 &4

BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORIL:

AZ  (SDB-DAZ »  DELEV (SD-DELEV: BASELINE (IW @
E L 5 7T A T T 0 N
-5 &8 -3¢ 323 F242%
~714 673 7 30 142000
-10¢ b4) =341 37) 154584

DIGAP-27



D-30

SUMMARY OF DIFFERENTIAL GFS RESULTS SUNs AFR. 10s 1983 16135101

APRIL &4»19BIIDIFGPSISLATZ22IF0240DALL BIASES HONZERD (18 BAT, DGR'D EFH)
FILE? DEMITRIS.GPS.0BSERVA7 . DATALS STHS:30 8 CREATEDISAT, APR. 09y 1983 221510
EIGHT STATIONS PSEUDORANGE ( F - CODEY  OBS 30 BEC 18 SATS, WITH NOISE

DIFGPS HEADER
FORORS HEADER
RIGAF  HEADER

i

TOTAL OBSERVATIONS = 18644 ON DAY 314 » 1981 FROM 183 01 & TO 19% 01 &, SPAN= 1 HR(S)s O MIN.
SATELLITES USED = 2 & 7 10 15 42

OTSCREFANCY BETWEEN A PRIORT AND ADJUSTED CARTESIAN CODRDINATES IN MM (ADJUSTED MINUS A FRIORID

TN NAKE X (S0-Tu) Ly (50-DY) IZ (8D-DiZ) DR (S0-DR)
1 APTSARIN F I ¥ E D S T A T I 0O N
2 2PTSAPIN 297¢ 31 2394 81 -4190 119 367¢ 1050
3 JFTSARIN 4731 aly 451¢ g1 ~459¢C 119} 800¢ 953
4 APTHARPIN &£19¢ 31) 786( 81 ~3960 119} 1165¢ F6)
G JFTSAFIN 80%¢ a1} 242¢ 21 -217¢ 11 153430 1013
& AFTHAPIM 10714 al) ~-33( 8Ll -438C 119) 1157¢ 93}
7 FPTSAPIN 1550¢ 513 ~-878¢ 813 ~-146C  119) 1788¢( 65)
8§  BFTSAFIN 2133 32} -1495¢( 31 ~1959¢ 118} 2613¢ 48}

DISCREFANCY RETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTEDl MINUS A FRIORID

8TH NAKE DLAT (5D-TILAT) DLON (SD-DLON) DHGT (SD-DHGT? IR (SD-DR)
1 IPTSAFIN F I X E I S T A T I 0O N
E 2FTGAFIN -217¢ 114 370¢ 83} -36%9¢ 607 5670 103
3 AFTSAFIN 1614 973 46204 841 -477¢( 84) 800¢( 233
4 APTSAFIN ~-86( 1) B96¢( 84) ~73%0C  108) 1165¢ 961
3 GPTSAFIN =270 483 1130¢ 84) -1015¢C 118 15343¢ 101
& GFTGAFIN -646¢( 837 F59( 71) 30 107} 11574 33
7 7FTSAPIN ~1148¢ 773 1637¢ o2 8720  121) 1788¢( 650
&  8PTSAPIN ~1787¢ 77} 13611 49} 1374C 12 2613¢ &8)

NISCREPANCY BETWEEN A PRIORI AND' ADJUSTED RAGELINE COMPONENTS IN MM (ADJUSTEDN MINUS A FRIORD)

STH NAKE DLEN (SD-TILEN) DAZ  (SD-DAZ ) ULELEV (SD-DELEV) RASELINE (IN M)

1 1FTSAPIN F I X E U S T AT 10N

2 IPTSAFIN 1860 1303 ~385¢ 49) ~370( o 46848
3 3PTSAFIN 174¢ &2) -609¢( 128) ~478( a6 92429
4 AFTGAPIN 173¢ a9 -880( 133 -741¢( 50) 142000
3 GRFTSAFIN 324¢( 61} ~-111040 116} -1020¢ 78} 185998
& oFTSAPIN 2160 125 ~-1136¢ 607 3¢ b4) 106581
7 7PTSAFIN 219¢ 743 -1546(C 115 870¢ &8) 1233460
g  BFTGaRIN 374 700 ~32320 0 1% 13730 73} 154584

DIGAP-28



D-31

SUMMARY OF DIFFERENTIAL GFS RESULTS SUN» AFR. 10y 1982 22105134

DIFGFS HEALER = AFRIL 4»198ZIDIFGRFSISLI722IF021000ALL BRIASES NONZERD (18 SAT» DGR'D EFH)
FORORS HEADER = FILE! DEMITRIS.GFS.0RSERVAB.DATAI4 GTNG36 § CREATEDISUN, AFR. 10y 1983 143548
IiGAF HEADER = FOUR STATIONS PSEULORANGE (F-CODE)  OBS #6 SEC 18 SATS.WITH NOISE

TOTAL ORSERVATIONS = 20010 ON DAY 31& » 1981 FROM 18} Gt O TO 190 O O, SPAN= 1 HR(S)s, O MIN.
1

1&
SATELLITES useEn = ¢ % 72 10 1% 12

OTSCREFANCY RETWEEN A PRIORT AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORID

BTw MANE X (50-TX3 oy (Sh-TYs Dz (50-02) DR (SD-DRD
L IPTSARIN F I X B D S T AT I 0N
2 JFTSAPIN 3604 A3 3894 537 ~334¢( 77} 4628¢ &)
3 ARPTSAFIN 5174 333 605 53 -438¢( 77} 219¢ 413
4 GPTSAFIN 2105¢ 333 ~1602¢ FEY) -30¢ 77} 26461 48)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEDLEYIC COORDINATES IN #M (ADJUSTED MINUS A FRIORID)

ST NAKE DLAT (SD-DLAT) DLON (SD-DLON) IHGT (SD-THGT? DR (SD-DR
1 IFTSARIN F I X B U S T a T 1 0 N
2 APTEaPIM ~84¢( &3} 4911 24) -381¢ 397 628¢( 61
3 AFTSAFIN =78 44) 726¢ 33) =356 69) F19¢ 1)
4 GPTSAFIN ~-1707¢ al 1292¢ ¥ 1554¢ 793 2646( 48)

DISCREFANCY BETWEEN A PRIORI AND ADJUSTED RASELINE COMPONENTS IN MM (ADJUSTED MINUS A FRIORID)

5TH MNAME DLEM (8D-DLEMN) 047 (5D-DAZ 3y DELEYV (SD-DELEV) RASELINE (IN #i
1 IPTSARIM F I ¥ E T 5 T A T I 0N
2 APTSARIN 1104 413 ~-485¢( 83) -382¢ 173 92429
I 4FTSAPIN 1474 383 =713 LY ~558¢( 32) 142000
4 BPTSARIN &3¢ 44} ~2141¢ 73) 1553¢ 49) 154584

DIGAP-29



D-32

SurMARY OF DIFFERENTIAL GFS

RESULTS
DIFGPS HEALER = AFRIL 6,1983:DIFGFSISLI722
FOROES HEALER = FILE: DEMITRIS.GP

DIEAT  HEALER = FOUR STATIONG FSEUDDRANGE (F-CODES

TOTAL OBEERVATIONS = 19527 ON DAY 31é « 1981 FROW 171 O
SETELLITES USER = 3 % 7 & 10 1% 2 12 4 17

QLECREFANCY

BTN i ¥ (801D Y (50~
L IFTSARTH F 1 X E B g
& IRTSARIN 50 AT 5471
T ARTRARIH F4de 3D 7741
4 HRTHARTN 17380 37 20181

DISCREFANCY BETWEEN A FRIORD AND ARDJUSTED GEODETIC

BTN HAME LAY (5D-DLATS DLOW ©5T-TIL
1 LPTEARIN iR E D 50T
& ZFTEAFPIN 303 ~1%(
I APTHARIN 44 ~21
4 GFTSAPTH 42 7874

!

HHE DLEM (8I-0LER] DAZ (SD-04
1 IF-’“llﬂ F I ¥ E T g
[ 383 354

526
~184%¢

407

41

DIGAP-30

‘5 0BSERVA7.DATAL4 GTNS3G 5
0BS 20 SEC

&

14

RETWEEN A FRIORI AND ADJUSTEDY CARTESIAN CNORDINATES

D]

Sé
LY

a7

aM)

Z3

75)
753
71)

WEDs APR. 13, 1983

70

T AT I

DHGT

0413415

WFO2i0IALL BIASES HONZERO (18 SAT»
CREATEL
18 SAT

21159136, SPAN=

Dz (SD-DZ)

o N
271
4731

819

a W
826(
P274

2335¢

413
aly

A
[y

49}
an
72

HELEV (SDI-DELEY)

T &4 T 1

o H
4244
224¢

2333¢

34}
347
41)

DRI EFH)
SUNs AFR. 10, 1983 2

] DA
QAT

LT

S»WITH NOISE

IR

U

8794
P72¢
2787¢

CREFANCY BETWEEW A FRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MINUS A PRIORD)
! RASELINE

37 MIN.

I MM (ADJUSTED MINUS A FPRIORD)

{80-0RY

CODRUINATES Id MM (ADJUSTERD MINUS & FRIORID
{SI-THET)

{S0-DR3

71}
73}
&b}

92429
142000

1534584

(IN



SUMNARY OF DIFFERENTIAL GPS RESULTS SATs NOVe 27, 1982 13:27:51

DIFGPS HEADER = OCTe 11,1982:DIFTAPIS002256:F10:DDSALL RANDOM ERRORS NONZERO (4
FOROBS HEADER = FILE: LANGLEY,.GPS.,0BSERV11.,DATA:8 STATIONS;0BS CREATED:wED, OCT.
DIGAP HEADER = C/A PSEUDO RANGE.8 STATIONS+4 SATELLITESe.1 HOURJRATE=30S

TOTAL OBSERVATIONS = 12574 ON DAY 316 , 1981 FROM 182 02 6 TO 18:59336. SPAN=
SATELLITES USED = € e S S

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

STN NAME O0X (sSC-DX) oY (SD-DY) DZ (sD-D2) DR (SD-DFR)
1 1PTSAPIN F I X E D S T A T 1 0O N
2 2PTSAPIN -1295¢( 783) 2469( 1712) =-900( 21c¢2) 2931( 2038)
3 3PTSAPIN -1179¢( 784) 414¢ 1711) 5653( 2105) §785( 2001)
4 4PTSAPIN -89 ( 785) 1223( 1709) 89s5( 2108) 1518¢( 91¢%)
S SPTSAPIN -1067¢( 785) -1322¢( 1707) 3647( 2111) 4024( 2406)
-] 6PTSAPIN 164 ¢( 783) -1356( 170S) 1809( 20$7) 2267( 2542)
7 7PTSAPIN -1179¢( 782) —=4332( 1699) 4980( 20%0) 6706( 2507)
8 8PTSAPIN -1671¢( 781) 1€650( 1696) 2123( 2087) 3166( 1161)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC CCORDINATES IN MM (ADJUSTED MINUS A PRIORI)

ST NE DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) CR (SD-DR)
1 1PTSAPIN F I X E D S T A T 1 O N
2 2PTSAPIN 1440¢( 1051) -128( $20) —-2548( 2452) 2931( 203¢&)
3 3PTSAPIN 4498( 10s5¢8) -891( $23) 3534( 2450) 5789( 2001)
a4 4PTSAPIN 1446( 1067) 442¢( 926) =137( 2447) 1518¢( 915)
S SPTSAPIN 1994 ¢( 1073) -1529¢( 925) 3143( 2445) 4024( 240¢€)
6 6PTSAPIN 282¢ 1053) —-414¢( S11) 2211( 2445) 2267( 2542)
7 TPTSAPIN 860¢( 1049) —-2843¢( S01) 6012( 2441) 6706( 2507)
8 BPTSAPIN 3042¢ 1045) -875¢( 890) 64( 2441) 3166( 1161)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTEOD MINUS A PRIOQORI)

ST NAM OLEN (SD-DLEN) DAZ (SD-DAZ ) DELEV (SD-DELEV) EASELINE (IN M)
1 1PTSAPIN F I X E O S T A T 1 0O N
2 2PTSAPIN —-1433( 1015) 244 ( 958) -2543( 2452) 46848
3 3PTSAPIN -4514¢( 1077) 635¢( 89S5) 3567( 24S52) 52429
4 4PTSAPIN -1392( 1102) -591( 872) —-122( 2a51) 14200C
S SPTSAPIN -203s5¢( 1088) 1407( 894) 3173( 2450) 185998
] 6PTSAPIN -77( 860) 493( 10SS) 2212( 2445) 100581
7 7PTSAPIN 1209¢( 744) 2739¢( 1169) 6000( 2429) 123360
8 8PTSAPIN -1195( 70S) 2931¢ 1186) 78( 2437) 154584

DIGAP-31

SAT, ABER .

IN)

20, 1982 004257

0 HR(S)s 59 MIN,

MINUS A PRIORI)

£e-a



SUMMARY OF DIFFERENTIAL GPS RESWTS TUEs OCTe 19, 1982 18:27:4S

- -_—— - s 0 s

DIFGPS HEADER = OCT. 11,1982:DIFTAP:S002256:F10:DDALL RANDOM ERRORS NONZERO (4 SAT, ABER. IN)
FOROBS HEADER = FILE: LANGLEY.GPS+.OBSERV12.DATA:4 STATIONS;08S CREATEDI:TUE, OCT. 19, 1982 023229
DIGAP HEADER = C/A PSEUDO RANGE FIOUR STATIONS

TOTAL OBSERVATIONS = 13369 ON DAY 316 , 1981 FROM 182 0: 6 TO 18:59:36. SPAN= 0 HR(S)s 59 MIN,
SATELLITES USED = 6 8 9 S

D ISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIORI)
STN AME DX (SD-DX) DY (SD-DY) DZ (sSD-DZ) DR (SD-DR)
1 1PTSAPIN F 1 X E D S T A T I O N
2 3PTSAPIN -1365¢( 499) 980( 1088) 1129¢ 1338) 2025¢ 705)
3 4PTSAPIN -812¢ 459) 1559¢ 1087) -788¢( 1340) 1927¢ 1372)
4 8PTSAPIN -1803¢ 397) 1849¢( 1081) 992 1332) 2767¢ 681)
DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)
STN NAME DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DR)
1 1PTSAPIN F 1 X € DO S T A T 1 O N
2 3PTSAPIN 1834¢( 673) -818¢( 587) -175¢ 1557) 2025¢( 705)
3 APTSAPIN 732¢ 678) -68( 589) -1780( 1556) 1927( 1372)
a 8PTSAPIN 2341 ( 665) -917¢( S67) -923( 1558) 2767( 681)
DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASEL INE COMPONENTS IN MM (ADJUSTED MINUS A PRIORI)
STN AM DLEN (SD—DLEN) DAZ (SD-DAZ ) DELEV (SD~DELEV) BASELINE (IN M)
1 1PTSAPIN F I X E D S ¥ A T 1 O N
2 3PTSAPIN -1888¢( 685) 713¢( 569) -161( 1558) 92429
3 4PTSAPIN -754¢( 701) -7t 55S) -1772( 1558) 142000
4 8PTSAPIN -802¢( 448) 24861 7585) -913¢ 1556) 154584

DIGAP-32

ve-a



SUMMARY OF DIFFERENTIAL GPS RESULTS WEDs NOVe 24, 1982 17:27:40

DIFGPS HEADER OCTe 11+1982:DIFTAP:S002256:F10:002ALL RANDQOM ERRORS NCNZERO (4

FOROBS HEADER = FILE: LANGLEY+.GPS.OBSERV13.,DATAI4 STATICNS;0BS CREATED:TUE, CCT.

SATs ABER. IN)
1Gs 1582 184347

4 HR{S)es S9 MIN.

MINUS A PRIORI)

CR (SD-DF)
16S1t 934)
1176¢ 942)

375t 634)

DR (SD-DR)

$34)
542)

1651
1176
37s 634)

o~ o~

BASELINE (IN M)

92429$
14200¢
154584

DIGAP HEADER C/A PSEUCO RANGE FOUR STATIONS, FOUR SATELLITESs FIVE HOURS
TCTAL OBSERVATIONS = 10112 ON DAY 316 » 1981 FROM 173 03 6 TO 21:59:36e SPAN=
SATELLITES USEC = 6 e S S

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED

STN NAME DX (SC-DX) DY (S0-DY) D2 (SD-02)

1 1PTSAPIN F I X E D S T A T I O N

2 3PTSAPIN 554 §97) -75¢ S44) 1554¢( 904)

3 4PTSAPIN 524( 59%) -89¢( 548) 10a6¢( 90€)

4 8PTSAPIN 155¢( 5G¢€) 172¢ S41) 295¢ 906)
DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)
STN DLAT (SC—-CLAT) CLON {SD-DLON) DHGT (SC—DHGT)

1 1PTSAPIN F I X E D S T A T I O N

2 3PTSAPIN a3e( 732) 469 ( 445) 1343( 1154)

3 4PTSAPIN 5Q0¢( 732) 435( 445) 971( 115S)

4 8PTSAPIN 2721 728) 210¢ 448) 1S1¢ 1154)
DISCREPANCY BETWEEN A PRIOGRI AND ADJUSTED BASELINE COMPONENTS IN MM {(ADJUSTEC MINUS A PRIORI)
STN ODLEN (SO-DLEN) DAZ (SD-DAZ ) DELEV (SD—-DELEV)

1 1PTSAPIN F I x E D S T A T 1 0O N

2 3PTSAPIN -799¢( 738) -S15( 438) 134S( 1153)

3 4PTSAPIN -440¢( 740) -484¢ 435) S76( 1158)

4 8PTSAPIN -330¢( €10) a3t 688) 155{ 11£3)

seg-ad



D-36

SUMMARY OF DIFFERENTIAL GFS RESULTS THUs AFR. 07, 1983 01142151

DIFGFS HEADER
FORORS HEADER
DIGAF  HEALDER

MARCH 2951983 DIFGFSISLI7221F01DIIALL RIASES NONZERO (18 SAT» ABER. IN)
FILE? DEMITRIS.GFS.OBSERVAZ.DATAI8 STNS330 S  CREATEDIUWED, MAR. 30, 1983 171752
EIGHT STATIONS  FSEUDORANGE (C/A-CODE) OBS 30 SEC 18 SATS » WITH NOISE

#tou

TOTAL ORSERVATIONS = 1BAS46 ON DY 216 » 1981 FROM 18 0! & TO 193 0% 6. SFAN= 1 HR(S)s O MIN.
SATELLITES USED = 2 5 7 10 15 12

UISCREFANCY BETWEEM A FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORI)

5TN NAME bOx (50-DX) oy (Sh-DY) nz (8p-0z) DR (SDO-DR)
1 1FTSAFIN F I ¥ E I S T AT I 0N
2 Z2PTSAPIN 23¢( 49) 104¢ 78) -314(¢ 114} 332¢  122)
& JPTSARIN 119¢ 49) 44 78} 2190 113 250¢ 925)
4 4FTSAFIN 182¢( 49) 4¢( 77} -2110  113) 280¢( 82)
9 GPTSAFIN 106¢ 49) 504 77) -437¢ 113} 454 11D
& SPTSAFIN 53¢ 49) 187¢ 77} -318( 113 3740 120)
7 TPTSAFIN -3¢ 49) ~82¢ 77} -127¢ 113 161¢ 79)
g  BFTS5AFIN -%8¢ 49) -55¢ 77) -294¢ 113) 316¢C  104)

DISCREFANCY RETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORID

STN NAME DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SD-THGT) IR (SD-DR)
1 IPTSAFIN F I X E D S T A TTIO0N
2 2FTHAPIN -130C 109 65¢ 79) -288( 57) 3320 122
3 3JFTSAFIN ~-184( 92) 10%¢ 80) -128¢ 80) 250¢ 93)
4 APTSAPIN -199¢ £8) 1464 80) -102¢ 10D 280¢( 82)
5  SFTSAFIN -303( 43) 117¢ 80) -315¢ 113 434¢ 11D
&  GFTSAFIN -109¢ 793 1264 68) -333¢C  102) 374¢C 121
7 7FTSAFIN -126¢( 73) -81¢( 50) =36 119) 161¢ 79}
8 SFTSAFIN -209¢ 73) -113¢ 47) -206C 114 3160 104)

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORI)D

STN NAME DLEN (SD-DLEN) DAZ  (SD-DAZ )  DELEV (SD-TELEV) RASELINE (IN M)

1 IFTSAFIN F I X E D § T AT T 0N

2 2FTGAFIN 144C 123) =76( 62) ~288( 473 46848
3 3FTSAFIN 189¢ 59) =98¢ 122) ~129¢ 54) 92429
4 APTSAPIN 215¢ 56) 1430 126} -105¢ 47) 142000
S GPTSAFIN 306¢ 38 -98( 111) -320¢ 74) 185998
6 GFTSAPIN 48( 119) -158¢( 57) -334¢ 61) 100581
7 7FTSAFIN 150( 7¢) -17¢ 110 =57 63) 123340
8 BPTSAFIN 217¢ 67) =93¢ 107} -209¢( 72) 154584

DIGAP-34



D-37

SUMMARY OF DIFFERENTIAL GFS RESULTS 8UN» APR. 10y 1983 22159147

HARCH 29, 198310IFGPEISLI722IF01IDDALL BIASES NONZERD (18 SAT» ARER. IN)
FILE? DEMITRIS.GFS.OBSERVA4.DATA4 STNS:#18 SAT CREATEDITHU, MAR. 31, 1983 014818
FOUR STATIONS FSEUDDRANGE (C/A-CODE)  OBS 30 SEC 18 SATSsWITH NOISE

NIFGPS HEADER
FOROCRS HEADER
DIGAP  HEADER

o ou

TOTAL ORSERVATIONE = 20010 ON DAY 214 » 1981 FROM 187 O O TO 19% 01 0, SPAN= 1 HR(8)s 0O MIN.
SATELLITES USELR = 2 5 7 10 15 12

DISCREFANCY BETWEEN & PRIORI AND ATJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED WINUS 4 FRIORI)

TN NANE Dx (SD-DX) oy (S0-I) 0z (50-DZ3 DR (SD-DLRY
1 IFTSARIN F I X E D 5 T 4 T I 0 N
2 IPTSAFINM 71 313 &0 49) =914 72} 1114 49
3 APTSAFIN 8:¢ 313 ~179¢ 49) -66¢( 72) 208¢ 323
4 BFTEAPTHN ~125¢ 31 -1467¢ 49) ~117¢ 72} 2414 k1.3

NISCREFANCY BETWEEM A PRIORI AND ALJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS & PRIORI

STHN NAME OLAT (SD-TLAT) DLON (SD-TILON) DHGT (SD-DHGT) DR (SD-IiR)
1 1PTSAFIH F I ¥ E I § T A T I 0 N
2 ZPTSARIN ~104¢ 99} -19¢ 1) ~-271 51 1114 A%
3 AFTSAFIN ~188¢ 433 -2 1) 87¢( 65) 208( 12}
4 BFTSAFIN -1541 473 -182¢ 30) -14¢( 745 2414 343

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED RASELINE COMFONENTS IN MM (ADJUSTED MINUS A PRIORI)

GTN NAME DLEN (ED-DLEN) DAZ  (SD-DAZ 3 DELEV (SD-DELEV) BASELINE {IN i}
1 1FTSAFIN F I X E I S T A T I 0 M
2 EFTSAPIN 104¢ 383 261 78) =274 34) 92429
3 APTSAPFIN 189¢( 343 23 80} 85¢ 30 142000
4 BRTSARIN 2414 433 -9 493 -17¢ A6} 154584

DIGAP-35



D-38

SUMMARY OF DIFFEREMTIAL GFS RESULTS SUNs APR. 10 1983 1331281356

MARCH 29»1983{DIFGFSISLI7221F01IDDALL BIASES NONZERD (18 SAT. ABER. IN)
FILE? DEMITRIS.GPS.0ORSERVAS.DATAIS BTNSHS & CREATEDITHUs AFR. 07, 1983 010214
FOUR STATIONS FSEUDDRANGE (C/4-CODEY  ORS 30 SEC 18 SATS,WITH NOISE

DIFGFS HEADER
FORORS HEADER
NYIGAR  HEADER

i

Hon

TOTAL OBSERVATIONS = 19327 ON DAY 31& » 1981 FROM 17: 0! & 70 21159136, SFAN= 4 HR(8),» 3% MIN.
BATELLITES UsSEn = 2 & 7 8 10 15 2 12 4 17 14

HISCREPANCY BETWEEN A PRIORI ANDY ADJUSTED CARTESIAN COORDINATES IN WM (ADJUSTED HMINUS & FRIORD)
g HAHRE L (80150 Iy (5D-17) o (Sp-LZ5 IR (SD-DRY
1 IFTSAPIN F I X E I 5 T A T 1 O H
0 IFTEAFIN &11 341 =921 31) ~144( 93) 183¢( 373
3 ARTESAPIN 1594 34 ~1164 520 ~146¢ 33 246¢ 35
4 BPTSAPIN -138¢ 343 ~202¢( 51 1601 a3} 294¢ 343

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED HINUS A PRIORD

5Tl MARE DLAT (SD-TLAT) DLON (SD-DILON) DHGT (ST-DHGT) bOR (5D-DRJ
1 IPTSAFIN F I ¥ E I 8 7T A T I 0 N
2 AFTGAPIN =-178¢ 433 144 33 294 44) 183¢ 371
3 4APTEAFIN ~2261 34 F4{ 34} 13¢ 1) 244¢( 35
4 BFTBAFIN -204¢ 38) =2074( 323 =28 b6} 2941 347

DISCREFANCY BETWEEN A PRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORID

SN HARE DLEN (SD-DLEN) DAZ  (SD-DAZ 3 DELEY (SD-DELEV) RASELINE (IN M3
1 1FTSAPIN F I X E I 8 T A 7T 1 0N
2 JPTSAPIN 180¢ 343 =5 48 =314 I 2429
3 4FPTSAFIN 234¢ 143 ~68( &7 10¢ 300 142060
4  BPTBAFIN 290( 7 ~-31( b4) ~-31¢ 37} 154584

DIGAP-36



D-39

SUMMARY OF DIFFERENTIAL GFS RESULTS THU, AFR. 14, 1983 00135144

MARCH 105 198310DIFGPOIELIZ22IF0ZIO0GONLY RANDOM NOISE (18 SAT )
FILE: DEMITRIS.GFS.0DBSERV4AS.DATALE STNSIZ0 5 CREATEDGWED, APR. 13, 1983 184329
FOUR STATIONS FSEUDORANGE (C/4-CODEY  OBE 30 SEC 18 54TS.WITH NOISE

DNIFGFS HEADER
FOROES HEADER
DIGAF  HEADER

i

Hon

=

TOTAL ORSERVATIONS = 19527 ON DAY 316 » 1981 FROM 170 00 & TO 211099134, SPAN= 4 HRO5). 5% WIN.
SATELLITES USERD = 3§ 7 & 10 1% 2 12 4 17 14

DISCREFANCY BETWEEN A FRIORI AND ADUJUSTED CARTESIAN COORDINATES IN #M (ADLUSTED MINUS & FRIORI:

STN NANE D (50-UH) oy (5Dh-TIY) 07 (5n-DZ3 BROCSD-LRG
1 1FTSAFIN F I X E D 5 vV A T [ 0N
2 IFTSAFIN R 34) =774 a1 ~133e am 1644 2y
3 4FTSAFIN 147¢ 34 =74 a1} ~12%9¢ S5 2184 3
4 GFTSAFIN -1444 343 -169¢ 31} =-152¢( 350 268( 25

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A& PRIORID

BTN NAME ILAT (SD-DLAT) DLON (SD-DLON) DHGT (5D-THGT) IR (SD-Tf
1 1FTSAFIN F I X E D 5T AT 1 0N
2 IPTSARIH ~159¢C 4% 15 53 ~330 a4 1ha0 )
3 AFTSAPIN ~1960 38 920 54) 8 S51) 280 39
4 BPTSAPIN -176¢ 38 ~195¢ 3D ~4T0 44) 2680 35)
DISCREFANCY BETWEEN A FRIORI AN ADJUSTED BASELINE COMFONENTS IN Mi (ADJUSTED WINUS A FRIORD
STH  NAME ILEN (SI-TLENS DAZ (SD-DAZ )  DELEV (SI-DELEW) BASELTHE (Id
1 1FTSAFIN F 1 X E § T AT 1 0 H
2 IFTSAFIN 1600 34 S50 48) S YRR
I AFTSAFIN 2060 36 ~700 67 80 303
4 BFTSAPIN 2640 37 ~170 84 ~44( 37

DIGAP-37



SUMHARY OF DIFFERENTIAL GRS RESULTS

DIFGFE
FOROES HEADER

NIGAR

HEADER

i

i

HEADNER =

APRIL
FILE?
ETGHT

TOTAL ORSERVATIONG =
SATELLITES USED = ¢

DTSCREFANDY BETWEEN &

TN

O B L B2 e

&

NAME

LFTSARTH
2FTEAFIN
3FTSAFIN
APTSAPTH
SPTGAFIN
AFTSAFIN
7PTSAPIN
BFTSAFIN

D-40

SUNs AFR. 10

1983 13155106

Hr1983IDIFGPSISLI722IF021D0ALL RIASES NONZEROD (18 SAT.
CREATEDISATs APR. 0%, 1983 221510
OBS 30 SEC

DEMITRIS.GFS . OBSERVAZ . DATALE STNSI30 §
STATIONS PSEUDORANGE (C/A -~ CODED

iB SATS

186464 ON DAY 316 » 1981 FROW 18! 01 & TO 191 0! 6. SFAN=

a7 10

1%

12

DGR*D EFHY

+ WITH NOISE

1 HR{8Ys O HIN.

FRIORT AND ATJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIORID
Iy (S0-DY)

I (BL-TiX)

7124
?14¢
1048¢(
14611
19724

e~

RS O I i e e o
ittt o

[R5 T ) R Ky QR o B}

£ oo 5

1B0¢
343¢
234
7234
-146¢
~1035¢
-187%¢

Iz

T a4 T 1 0 N

g1
813
81)
81}
813
1)
81

~478(
~568(
=73%¢
~1138¢
-a73¢
~306¢
-37%¢

(S0-DZ)

119
119}
119
119}
119}
11%)
118)

DR (S0-DRY
4000 104)
848¢ 73

1214¢ 97)
1630C 1013
12064 37
1818¢ &%)

2615¢ LY

DISCREFANCY BETUEEM A FRIORI ANDY ADJUSTED GEQDETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORID
DHGBT (SD-DHGT)

5TH

[ RIS B O B

[ I «

NAKE

1FTSAFIN
2FTEAPIN
3FTSAFIN
APTSAFIN
GFTSAFIN
AFTSAFIN
7ETSARIN
BPTSAFIN

OLAT (SD-DLAT)

F

~200¢
~324¢(
~334¢
~598¢
~8201
~13353¢
-1756¢(

I ¥
114
971
713
48)
82)
77)

773

DLON (SD-DLON)

E T 5 7T A7
2604 833
4234 84}
7114 84)
1135¢( 84
BB3( 71)
F12¢ 523
11414 493

I 0 N
-3721
~-474(
~728(

~1004¢(
-17¢
828¢(
1308¢

603
84)
106)
ii?
1073
121

122)

DR (SD-DRY

6000 1042
848( 93
1214¢ 77}
1430¢ 1013
1206¢ 57}
1818¢ 633

2613¢( 463

DISCREFANCY BETWEEN A PRIORI ANDN ADJUSTED BASELINE COMFONENTS IN WM (ADJUSTED MINUS & PRIORD)
DELEV (SDI-DELEV)

TN

-

S e

d el

xR s S A

NAME

1FTSAPIN
2PTSAFIN
IPTSARIN
4PTSAPTN
SFTSAFIN
SPTSAPIN
7FTSARIN
BRTSARIN

DLEN (SD-DLEN)

E

2701
357¢
421¢
652¢(
4046¢
4361
3331

I X
1307
4623
493
617
125}
74}
703

DAz (8D-DAZ )

E D S T AT
-382¢( 650
~602( 138
-870( 132}
~1096( 114}
-1135¢ 40)
-1334(0 115}
=22420 113

DIGAP-38

I 0 N
-373¢
4771
-733¢

-1013¢
-20¢
B24(

1304¢

50)
36
507
78)
643
48)
75}

BASELINE (IN #)

46848

Q2429
142000
18593
100581
123340
154584



D-41

SUMMARY OF DIFFERENTIAL GFE RESULTS SUNs AFR. 10» 1983 213130154

DIFGPS HEADER = AFRIL &y198IDIFGPSISL3722IF02:003ALL RIASES NONZERO (18 SAT» DGR'D EFH)

FORGRG HEADER = FILE! DEMITRIS.GFG.OBSERVAS.0ATAI4 STNSIS § CREATEDIISUNy APR. 10y 1983 163548
DIGHF  WEADER = FOUR STATIONS PSEUNORANGE (C/A-CODE)  ORS 86 SEC 18 SATS»WITH NOISE

TOTAL OBSERVATIONS = 20010 OW DAY 314 » 1981 FROM 181 03 0 TO 191 0! 0. SPAN= 1 HR(S)s 0 HIN.
SEIELLITES USED = 2 &5 7 10 45 12

QISCREPANCY BETWEEN A PRIORI AND ADJUSTEDN CARTESIAM COORDIMNATES IM MM (ADJUSTED MINUS & FRIORI)

BT Nk e (S0-Ds LY (Sh-T7) 0z (8n-02) DR (SO-DR
1 IRTOAPIN F L ¥ E G S T A T I 0 N
2 IPTSARIN A414¢ 33} 280¢( an -445( 77} §70¢ 623
3 AFTSARIN 611¢ X)) 4434 533) -621¢ 77} 977¢ ALy
4 BFTSAFIN 1944¢ 345 ~1783( 33) -214¢ 773 2647¢ 467

DISCREFANCY BETWEEN & PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORID

TN NAME OLAT (SL-DILATY DLON (SD-DILON) DHGT (SD-DHGT) DR {SD-DR3
1 1FTSARIN F I £ E I § T A T I 0N
¢ IPTSAFIN ~247¢ &%) 494¢( 55} -377¢ 535) &70¢ 421
3 AFTSAFIN ~326¢ 441 742/ 535) -345¢ 4693 977¢ a1l
4 GPTSARTN -1907¢ S6) 1072¢ K¥3} 1488( 80) 2647¢ 44)

NISCREFANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORD

GTH NANRE DLEN (SD-DLEN) DAZ  (SD-DAZ 3 DELEV (SD-DELEV) BASELINE (IN #)
1 LFTSAPIN F I X E @ 5§ T A T 1 0N
2 3FTGAPIN 273¢ 41) ~-478¢ 83) ~-37%9¢ 37) 22429
3 APTSARIN 398¢ 38 =702¢ 841 ~550¢( 323 142000
4 BFTSAFIN 3594 48 -21611 73} 1484¢ 49) 154584

DIGAP-39



SURMARY

DIFGRS

FORGES

niGar

TATAL

BaTElL

RISCRE
HTH

NISCRERAND

1R

i

[ I S

DISCREFANCY BETWEER 4 FRIORI AND ADJUSTED i

ST

D-42

¥ OF DIFFERENTIAL GFE RESULTS WED,

ﬁF’R» 13!

1983 023150142

4 HR(S},

DGRV EFHY
+ 10s 1983

HEADER = aFRIL 4-19082IDIFGPEISLIZAZIFO2I0INALL RIASES NONZERO (18 SAT

HEADER = FILE: DEMITRIG.GPS.OBSERVAZ.DATAL4 BTHS:30 & CREATEDISUN, AFR

HEADER = FOUR STATIONS FSEUDORAMGE (C/A-COLE)  OBS 30 SEC 18 SATSsWITH HOISE
DREERVATIONS = 19527 ON DAY 3146 5 1781 FROW 171 00 & T0O 21159134, SPAN=

ITES USED = 3% % 7 8 10 15 2 124 17 14

FANCY BETWEEW A FRIORI &ND AHiHHTEU

pank X (Sh-1) Iy L Gh-
IFTHARTH F I % E T 5T
APTSARTH 2074 i ~&741
APTHARTH 44%( 37 ~235(
SETSARTN 15924 73 ~2215¢

| BETWEEH A& FRIORI AND ﬁD‘UaTLD

) 0z
A 7T 1 0 H
26} 162¢
LY 294¢(
577 4934

NﬁﬂL GLAT (50-DULAT DLON (SD-DLOND
IFTSAFTH F I X E D 5T oA T 1 0O H
APTSARTH -4321 jlel -9 5% 626(
AFTEAFIN ~5E2( 403 3 %3 92%¢(
BRETGAPTR ~14754 437 377¢ 3% 2324¢

NAFME OLEN {8i--DLEH D4AZ (3D-DAZ )
LFTSHP TN F I * £ @i 5 T & 7T 1 0 H
JFTEARIN EREYS 387 354 79 623¢
AFTEAFIH G811 413 531 73 g23(
BETSARIN A% 41 ~1514¢ 71 23214

DIGAP-40

{80=-D0)

41
413

LR

=

PASELINE COMPONENTS IN MM CADJUSTED MINUS
DELEY (SD-DELEV)

363
34)
415

CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORI:
i ST TR

JUN

7614
10814

2815¢

GEODRETIC COORUIHATES IN MM (ADJUSTED HMINUS A FRIORI
DHGT (50-DHGT)

IR

!\.\1(
1081¢

; ¢
2815¢

A FRIORT:

RASELIHE

242

222545

3Y MIN.

{SD--DF

LI ®

L

14200

15458

4



SUMMARY OF DIFFERENTIAL GPS RESULTS SATy FER. 12, 1983 19153107

FILE! DEMITRIS.GPS.OBSERV30.DATA'S STNSi30 S  CREATED{THUs FEB. 10» 1983 180231

FILE? DEMITRIS.GFS.ORSERV30.DATA!8 STNS330 §  CREATEDITHU, FEB, 10, 1983 180231
EIGHT STATIONS CONTINUQUSLY INTEGRATED DOPFLER 4 SATS,WITH NOISE

DIFGFS HEADER
FOROES HEADER
DIGAF HEALDER

Honn

TOTAL OBSERVATIONS = 12574 ON DAY 316 » 1981 FROM 183 0% 6 TO 18:59:36. SPAN= 0 HR(S),» 59 MIN.
SATELLITES USER = 6 8 9 &

DISCREFANCY BETWEEN A FRIORI AND ADJUSTED CARTESIAN COORIINATES IN MM (ADJUSTED MINUS A FRIORI)

S5TN NAME nxX (Sn-px) Dy (Sp-ny) 0z (sp-02) DR (SD-DR)
1 1FTSAFIN F I X E D S T A TTIO0N
2 2ZFTSAFIN =2021¢( 43) -2864( 74) 9486(  116) 6511C 134)
3 3FTSAFIN -1357¢( 43) -366¢ ?4) 4932  116) 59222 121)
4  AFTSAPIN 1719¢ 43) 1098¢ ?4) 1192¢  116) 2363¢ 33)
3 SPTSAFIN 1497¢ 43) -20864( ?4) 2454(¢ 118 3933C  129)
6  6FTSAFIN -1286¢ 43) -3783( ?4) 7248( 116) 8277( 138)
7 7FTSAFIN 119¢ 43) -630¢( 94) 2026C  115) 2125¢  132)
8 BFTSAFIN 892( 43) 443 94) -872( 119 1324(¢ 108)

DISCREFANCY BETWEEN A PRIORI AND' ADJUSTED' GEODETIC COORIINATES IN MM (ADJUSTER MINUS A PRIORI)

STN NAME DLAT (SI-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-DR)
1 1FTSAFIN F I X E D S TATTION
2 2PTSAFIN 2435(C 117 =-2044( 93) 9215¢( 40) 6511C 134)
3 3JFTSAFIN 3488¢C 110) -1631( ?4) 3518¢( §7) 5222¢  121)
4  APTSAPIN 1007¢ 90) 2023( 92) 688¢( 87) 23563( 33)
5  SPTSAFIN -120¢ 93) 464( 73) 35200¢ 113 3553C 129)
6  &PTSAFIN 2821¢( 89) -2743¢( 86) 7281¢( 94) 8277( 138)
7 7FTSAFIN 926( 73) -148¢( 62) 1907¢ 122) 2125C 132)
8  BFTSAFIN -338¢( 62) 793¢ 42) =671  135) 1324¢ 108)

DISCREFANCY BETWEEN A PRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED' MINUS A PFRIORI)

STN NAKE DLEN (SD-DLEN) DAZ  (SD-DAZ )  DELEV (SD-DELEV) BASELINE (IN #)

1 1FTSAFIN F I X E T S T A T I 0 N

2 2PTSAFIN -2163(C 141 3230¢ 49) 9223¢ 43) 446848
3 JFTSAFIN -3549¢( 38) 1451¢C 134} 3544 66) 92429
4 AFTSAFIN -780¢ 29) -21180  136) 696( 49) 142000
S SFTSAFIN 200( 32) 4340 128) 3518¢ 83) 183998
6 6FTSAPIN ~-1449(  138) 3635¢( 51) 7293¢( 48) 100581
7  7FTSAFIN -39%¢( 43) 705¢ 1243 1913¢ 79) 123360
&  BFTSAFIN -442( 387 -1054C 124) ~-666( 84) 154584

DIGAP-41



SUMMARY OF DIFFERENTIAL GPS RESULTS TUEs FEB. 135, 1983 10128132

FER. 09,1983:DIFTAPIS003757 F06¢DDIALL BIASES NONZERO (4 SAT, ABER. IN)
FILE: DEMITRIS.GPS.OBSERV31.DATA}4 STNSié S CREATEDISAT, FEB. 12, 1983 140351

FOUR STATIONS CONTINUOUSLY INTEGRATED DOFPLER 4 SATS,WITH NOISE

DIFGPS HEADER
FOROBS HEADER
DIGAP HEADER

Houwn

TOTAL OBSERVATIONS = 13450 ON DAY 314 » 1981 FRON 187 0 0 TO 19! 0! 0. SPAN= 1 HR(S), 0O MIN.
SATELLITES USED = 6 8 9 &

DISCREPANCY EETWEEN A FRIORI AND' ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NANE DX (SD-DX) DY (SD-DY) 0z (sp-nz) DR (SD-DR)
1 1PTSAFIN F I X ED S T ATTION
2  3PTSAPIN -1547¢ 32) -572¢( 71) 4967( 87) 9234C  91)
3 4APTSAPIN 1737¢ 32) 1087¢( 71) 1180¢ 87) 2365¢( 26)
4  BPTSAPIN F05¢( 32) Ri:7¢ 70) -782( 87) 1257¢ 77)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLAT (SD-DLAT) DLON (SD-DLON) DHGT (SD-DHGT) DR (SD-IR)
1 1IPTSAPIN F I X ED S T ATTION
2 JPTSAPIN 3492( 82) -1644( 71) 3535¢( 41) 9234( 1)
3  A4PTSAPIN 987( 68) 2035¢ 69) 691¢ 63) 2365¢ 26)
4 BPTSAPIN ~339¢( 47) 984( 32) -366( 101) 1257¢ 77)

DISCREPANCY EETWEEN A PRIORI AND ADJUSTED RASELINE COHPONENTS IN MM (ADJUSTED MINUS A PRIORI)

STN NAME DLEN (SD-DLEN) DAZ (SD-DAZ )  DELEV (SD-DELEV) EASELINE (IN )
1 1PTSAPIN F I X E D S T AT T1TO0N
2 3IPTSAPIN ~-3552( 28) 1444(¢ 102) 3562¢ 49) 92429
3  4PTSAPIN =758¢ 44) =2127¢ 102) 699¢ 37) 142000
4  BPTSAPIN ~443( 29) -1032¢( 93) =360¢( 63) 154584

DIGAP-42



SUMMARY OF DIFFERENTIAL GPS RESULTS TUE, FEB. 15, 1983 11152113

FER. 09+1983:DIFTAPIS0037571F06:DDIALL BIASES NONZERD (4 SATs ABER. IN)
FILE: DEMITRIS.GPS.OBSERV32.DATA!4 STNS#30 S  CREATEDIMON, FER. 14, 1983 120511
FOUR STATIONS CONTINUOUSLY INTEGRATED DOPPLER 4 SATS,WITH NOISE

DIFGPS HEADER
FORORS HEADER
DIGAP HEADER

TOTAL OBSERVATIONS = 10112 ON DAY 316 » 1981 FROM 173 0% & TO 21139136, SPAN= 4 HR(S), 39 MIN.
SATELLITES USED = 6 8 9 5

DISCREPANCY BETWEEN A FRIORI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED' MINUS A FRIORI)

STN NAME ox (sp-Dx) DY (Sp-bY) 0z (sp-02) IR (SD-DR)
1 1PTSAPIN F I XETD S TATION
2 JPTSAPIN -1914( 78) 2638(  124) =3243( 119 4599(¢  150)
3 APTSAPIN 1438¢( 7 2286(  123) =3023(C 119 4034¢ 128)
4  BPTSAPIN 177¢ 78) 1860¢C 124) -2532¢ 119) 3147(  144)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A PRIORD)

STN NANME DLAT (SD-DLAT) DLON (SD-DLON) [HGT (SO-DHGT) DR (SD-IR)
1 1PTSAPIN F I X E D S TATTION
2 JPTSAPIN 126C  103) -610( 132) -4355( 88) 4599¢  150)
3 APTSAPIN -1026¢ 82) 2277¢ 133) -3192¢ 109) 4054(  128)
4  8PTSAPIN -533¢( 90) 904( 72) -2966C  150) 3147(  144)

DISCREPANCY BETWEEN A PRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MINUS A FRIORI)

STN NAME DLEN (SD-DLEN) DAZ (SD-DAZ )  DELEV (SD-DELEV) BASELINE (IN )
1 1PTSAPIN F I X E D S T A TTION
2  3IPTSAPIN -193( 71) 603( 153 =45354¢( 86) 92429
3 4PTSAPIN 1225( 102) -2155(¢ 148) ~-3206( 39) 142000
4  BPTSAPIN -413¢( 69) -978(  149) -2961¢( ?23) 154564

DIGAP-43



D-46

SUMMARY OF DIFFERENTIAL GFS RESULTS FRI» APR. 01, 1983 163125112

DIFGPS HEADER
FORORS HEADER
DIGAF HEADER

MARCH 29.19831DIFGPSISL37221F01NDIALL BIASES NONZERO (18 SATs ABER. IN)
FILE: DEMITRIS.GPS.OBSERVA3.DATAIB S5TNS330 S  CREATEDIWED, MAR. 30, 1983 171732
EIGHT STATIONS CONTINUDUSLY INTEGRATED DOPFLER 18 SATS,WITH NOISE

TOTAL ORSERVATIONS = 186646 ON DAY 316 » 1981 FROM 18! 0! 6 TD 19% 0! 4. SPAN= 1 HR(S8)s O MIN.
SATELLITES USEDR = 2 &5 7 10 15 12

DISCREPANCY BETWEEN A FRIDRI AND ADJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS A PRIDRI)

8§TN NANE bX (SD-DX) Dy (sb-DY) DZ (8D-DZ) DR (SD-DR)
1 1PTSAPIN F I X E D S T AT T1I 0N
2 2PTSAFIN 6714 34) -73%¢ a4) 2031¢ 78) 2263¢ 84)
3 3JFTSAFIN -28¢ 34) 804( XY 1460( 78) 1667¢ 57)
4  4PTSAPIN 649( 34) -970¢( 93) 2881¢( 78) 3109¢ 86)
5  SFTSAFIN ~316( 34) 1055¢ 33) -1047¢( 78) 1521¢ 84)
6  GFTSAFIN 984( 34) -1423¢ 53) 1010¢ 78) 2004¢( 77)
7  7PTSAFIN ~146( 34) 1702¢ a3 1966¢ 78) 2605¢ 47)
8 BPTSAPIN 2129¢ 34) ~2020¢ 53 1516¢( 78) 3304( 72)

DISCREFANCY BETWEEN A PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORI)

TN NAKE DLAT (SD-DLAT) DLON (SD-DLON) DHET (SD-DHGT) DR (SD-DR)
1 1FTSAFIN F I X E D S TATTION
2 ZFTSAPIN 673¢ 73) 295¢ 34) 2140¢ 39) 2263( 86)
3 3PTSAFIN 1538¢ 64) 316¢ 99) 962¢ 55) 1667¢ 97)
4  AFTSAPIN 1144¢( 47) 172¢ 99) 2886( 70) 3109¢ 86)
S SFTSAFIN 39¢( 31) 163¢ 39) -1510¢( 78) 1521¢( 84)
6  GPTSAFIN -555¢ 553) 302¢ 47) 1901¢ 70) 2004¢ 77)
7  7FTSAFIN 2522¢ 90) 95%9¢ 34) 335¢ 80) 2605( 47)
8 8PTSAPIN -93%¢( 51) 1148¢ 32) 2952¢( 80) 3304¢( 72)

DISCREPANCY BETWEEN A FRIORI AND ADJUSTED BASELINE COMPONENTS IN MM (ADJUSTED MINUS A FRIORI)

STN NAME DLEN (SD-DLEN) AZ  (SD-DAZ )  DELEV (SD-DELEV) BASELINE (IN
1 1FTSAFIN F I X E D § T AT TION
2 2PTSAPIN -685( 85) ~239¢ 43) 2143¢ I 46848
3 3IFTSAFIN -1512¢ 41) -402( 84) 574¢ EY)) 92429
4 APTSAPIN -1084¢ 39) -291¢ 87) 2898( 33) 142000
3 OPTSAFIN =70¢ 40) ~-166( 76) -1509¢( 51) 185998
6  GPTSAPIN 407¢ 82) =4%6¢ 40) 1898¢ 42) 100581
7  7PTSAFIN -2295¢ 48) 1177¢ 76) 357¢ 45) 123360
8  8FTSAFIN ~282( 46) -1448( 74) 2956( 49) 154584

DIGAP-44



D-47

SUMMARY OF DIFFERENTIAL GRS RESULTS FRI» AFR, 01y 1983 18141145

HARCH 29,1983 IDIFGFSIBLI722IF01 DI ALL RIASES NONZERDO (18 SATs ABER. IN)
FILE! DEMITRIS.GFS.0RSERV44.DATA4 SETNSi18 SAT CREATELNTHU, MAR. 31, 1983 014818
FOUR STATIONS CONTINUOUSLY INTEGRATED TIOFFLER 18 SATS,WITH NOISE

DIFGFS HEADER
FORORS HEADER
DIGAF  HEALER

i

hon

10TAL OBSERVATIONE = 20010 On DAY 314 » 1981 FROM 18 01 O TO 19! 0! . SPAN= 1 HR(S), 0O HIN.
SATELLITES UGER = 2 5 7 10 15 12

DTSCREPANCY RBETWEEN A PRIORI AND ADJUSTED CARTESBIAN COORDINATES IN MM (ADJUSTED HMINUS A PRIORID

STN NARE o (SD-DXD Yy (50-DY?’ nzZ (SD-0Z) DR (SD-DR3
1 iPTSAPIN F I X E D s T AT TIO0ON
2 JFTSAFIN ~24¢ 24) 791 38 1477¢ 36) 1674¢ 41
& AFTSAFIN A56( 24) =975 k)] 2893¢ 1Y 31234 427
4 BPTSAFIN 2126¢ 240 -2015¢ a8 15494 G36) 3314¢ 52

DISCREFANCY BETWEEN A FRIORT ANDY ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED MINUS A FRIORI

STN NAKE OLAT (SD-DLAT) DLOM (SD-DLON) DHGT (SD-DHGT) DR (SD-TR)
1 1FTSAFIN Fr x E D s T A T 1 0O N
2 3PTSARINM 1539¢ 43) 313 493 384( 19} 1474¢ 417
4 APTSARIN 11441 333 176¢ 39) 289%¢ 50} 3123¢ a2
4 BFTSAFIN -712¢ Xy 1147¢ 23} 2972¢( 97) 33141 923

DISCREFANCY EBETWEEM A FRIORI ANDY ADJUSTED RASELINE COMFONENTS IN MM (ADJUSTED MINUS A FRIORID)

STN NANE DLEN (SD-DLEN) DAZ  (5D-DAZ ) DELEV (SD-DELEWV) BASELINE (IN M}
1 IFTSAFIN F I X E D S T A T 1 0 N
2 APTSARIN ~-1513¢ 293 ~399¢( 60) 395¢ 26) 92429
A AFTSAFIN ~1088¢ 28) ~295{ 623 2912¢ XY 142004
4 BRTSAPIN ~-298¢ &Y ~1426( 23) 2976¢ 33) 154584

DIGAP-45



D-48

SURMARY OF DIFFERENTIAL GRS RESULTS S8AT» AFR. 0% 1982 1BI55124

14

HARCH 29,1983 1DIFGPSICLI722IFOLIDINALL BIASES NONZERO (1B SAT, ABER. IN}
FILE? DEMITRIS.GFE.ORSERVAS.DATAS STNS:S § CREATEDN THU» AFR. 07 1983 010214
FOUR STATIONS CONTINUOUSLY INTEGRATED DOFFLER  OBS 30 SEC 18 SATS.WITH HWOISE

GIFGRG HEADER
FORORS HEADER
DYGAR  HEAUER

N

& TO 21159136, SFAN= 4 HR(S)s 5% HIN.

7 14

Hi

TOTAL OBGERVATIONG = 19G27 ON DAY 316 5 1981 FROM 171 0
SATELLITES USER = 2 5 7 8 10 15 2 12 4 1

OIGCREFAHCY BETWEEM & PRIORI AND ADUJUSTED CARTESIAN COORDINATES IN MM (ADJUSTED MINUS & PRIORIY

TN NARE L (8L-T0 oy (8h-Dv) 0Z (SL-DZ) DR (SD-DR:
1L LFTBAPIN F I X E D 8 T A T I 0 N
3 IPTGAPIN 48¢( 42y 3144 &4) 13394 70) 16711 423
I APTEAFIM 1548 437 -436 a4 0 700 16141 ald
4 GPFTSAPIN 2008¢( 42} 72¢ &4} 4924 70} 2069¢ 493

DISCREFANCY BETWEEH & PRIORI AND ADJUSTED GEODETIC COORDINATES IN MM (ADJUSTED WMINUS A PRIORID

5TH NAKE DLAT (SD-TLATS DLON (SD-DLONY DHGT (SD-DHGT) DR {SD-DIR)
IFTEARIN FI X E I $ T 4 17T I 0N

& IPTSAPIN B2H( a97) 9934 &7 1059¢ 367 16714 a2

3 APTSARIN ~780¢ 4%3) 1205¢ 48) 739¢ 63} 1614¢ 3l

4 GFTSAPTH ~199¢ 48) 18714 40) 861¢ 82) 20691 495

NISCREFANCY BETWEEH A FRIORI AND ADJUSTED BASELINE COMFONENTS IN MM (ADJUSTED MIHUS A FRIORIV

BTN NARE DLEN (SD-DLEN? DAZ  (SDI-DAZ 3 DELEV (SD-DELEY) BASELINE (IN #)
1 IFTGAPIN F I X E D § T A T I 0 N
2 3FTSAFIN -761( 43) -1037¢ 837 10464¢ 403 72439
3 AFTSARIN 21 4a) -~1114¢ 83) 729¢( 3% 142004
4 QFTSAFIN ~1333¢ 4713 -1315%¢ 81 a77¢( 46} 134584

DIGAP-46



LMMARY OF DIFFERENTIAL GFE REBULTS

DTFGRS HEADRER =
PORORE HEADER
DIGAP BEADER =

TOTAL DREERVATIONG

i

D-49

THU: aFR.

HARCH 10.1983IDIFGPEIGLITE2E
FILE: DEWITRIS.GFS.ORSERVAA.DATALS GTHG:3D &
FOUR BTATIONS COMTIHUOUSLY IWTEGRATED DOPFLER

FO3

19527 OW DAY 316 » 1981 FROM 170 0f &

¥
i5 2

GATELLTES Uskh = % 5 7 8 10 iz 4 17 14

CYGUREFANCY BETHEEN & PRICRY AND ADJUSTED CARTVESIAN COORDINATES IN MM (ADJUSTED MINUS A FRIORID
TH LTI DX Lgu-Ty wy (5h-TY: 7 (8D-DZ) DR (5D-0R:

I 8 07

A

14 1982

01:5

"'\0
Sl

142

(DDIONLY RAWDOM NOQISE (18 SAT

CREATEDIUWED,
ORS 2§ SEC

TO 218

T I 10 M

591346, GRAN=

)
AFR, 13y 1983 1847
18 BATS

4 HR(BJs

37 HIN.

i ls "mr fH
¥ By
437
437

&4}
54
441

12411
1¢
3194

146831 ALl
146031 (]
20831

ER X Tfﬁdlﬂ
G0 BPTSAPTH

SUJUSTED
{(SI-DLAT:

GEODETIC COORDINATES
CLON <5D-DLONY

IN MM (ADLJUSTED MIN
DHGT (SD-DKGTY

& A FRIDRI)
IR C8h-TR
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