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1. INTRODUCTION
The Close Grid Geodynamic Measurement System experiment at The Ohio
State Uﬁiversity envisages an active ranging satellite and a grid of
retro-reflectors or transpbnders in the San Andreas fault area and is a
detailed simuiated study for recovering the relative positions in the grid.

The San Andreas fault system in California and Mexico forms the

~boundary between the North American and the Pacific plates. The rate of

opening in the Gulf of California appears to be 6 cm/year, but estimates of
the rate of slip on the San Andreas fault system north of the transverse
ranges vary from 1 to 6 cm/year [Drake et al., 1973]. Seismically, thej,

system extends to the eastern margin of the Great Basin and along the Rio

Grande depression. The importance of the area demands extremely accurate

determination of the;"re]étive" motion of the two large plates.
The Close Grid Geodynamié Measurement System for determining the relative
motion of two plates in the Ca]ifofnia region, once experimented and found

feasible, could then be used in other areas of the world to delineate and

complete the picture of crustal motions over the entire g1obe}ahd serve as

a novel geodetic survey system. ,In‘addition,‘wifh 1ess'strihgent accuracy
standards, the system would also find usage in allied geological and marine
geodesy fields (TabTe‘1-1);x“Thus, in this role the system wou]d.then become

compiementaky,to the g1oba1iLaserﬁGeodynamic Satellite (Lageos) and dtherk

| Earth and'0cean}Dynam1cs‘App1ications'Program (EODAP) safe11itefsystems.»‘

v As enVi§aged today'there,seem'tdkbe two main inStrumehf-ConCepts, yii..
laser or radio‘frequency’rédar systems whiéh'w111'bé avé11ab]é for 1nc1usionf N
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Table 1-1

Typ1ca1 Requ1rements for Potential Close Grid Geodynam1c Measurement System Applications

(MSFC Assessment, 1975)
POTENTIAL APPLICATION ACCURACY FREQUENCY GRID SPACING
- ' {(cm) (km)

 DILATANCY 21 " QUARTERLY 1-10

| POST-GLACIAL UPLIFT 1-2 . YEARLY 10

| cEobETIC SURVEYS o YEARLY 10-50
SURFACE MCTIOI\?S \IEAR PLATE BOUNDAEIES QUARTERLY 10
RECIONAL STRALN MEASUREMENTS _ QUARTERLY 10-50
SUBSIDENCZE 2-5 QUARTERLY 1-10
SURF&CE MOTIONS OF CENTRAL REGIONS OF . SEMI-ANNUALLY 10-50

LARGE ICE CAPS. |

UNSTAEBLE SLOPE MO\]ITORING WEEKLY TO YEARLY 0.5-10
VELOCTTY FIELDS OF SURFACE IN MAJOR ICE SHEETS 5-10 MONTHLY 10-50

- SURFACE MOTIONS IN PERMAFROST o WEEKLY TO MONTHLY ~ 1-10
GLACIER FLOW VELOCITY FIELDS  WEEKLY TO MONTHLY  0.5-10
REGIONAL LAND BOUNDARY DEMARCATION ONCE 10
LOCATION OF STATIONARY BUOYS 10-100 QUARTERLY SAME DEPTH TO

L i = | OCEAN BOTTO:
'STRAIN MEASUREMENTS OF PACK ICE 100-1000 WEEKLY TO MONTHLY 1-10
 OFF-SHORE BOUNDARY DEMARCATION  YEARLY 10
NAVIGATION CLUSTER OF 50
| L e e © OBSERVATIONS
- | POSITIONING OF LARGE SEA-ICE SHEETS, ICE ISLANDS 1000 DAILY TO WEEKLY  SAME AS DEPTH TO
N » |  CCEAN BOTTOM




Table 1-2
; Instrument Concepts/Systems
'LASER_RADAR RF ‘RADAR COMBINATION
CW  PULSE | CW PULSE CW  PULSE
. MEASUREMENT TECHNIQUES
-DIRECT RANGE XX | X X X X
. -RANGE RATE ~ - X X X X X X
- {(DOPPLER) : S o : d
- -INTEGRATED DOPPLER X X | X X X X
TARGET ACOUISITION
-WIDE BEAM Co B ¢ X X X X
~ (SPACECRAFT POINTING o | '
IS ADEQUATE)
-NARROW BEAM . X X X X
(GIMBALLED MIRROR :
OR SCANNING BEAM)
GROUND STATION
-CUBE CORNER REFLECTORS X X X X
~ -ACTIVE TRANSPONDER s X X X X




in the Close Grid Geodynamic Measurement System. Table 1-2 gives the
specifications and nature of ground stations required by each system.
However, if the Close Grid Dynamic Measurement System is to become feasible,
the present state of system limitations for laser (5-10 cm) and/or radio
frequency (100'cm) will réquire significant improvements. |

What is needed then is a tool for making exceedingly accurate‘measure~
ments from an active satellite to a grid of inexpensive (and passive)
stations on the earth in a short span of time. Because of the brevity in
time sban for observations, 1t’is important to assume that the observed
grid stations do not move during that period. In order tu make the system
economically feasible and periodically repeatab]e,'When the satellite is up
and the observations cycle has been started it is‘imperative that the grid
stations must be extremely simple requiring the least poésib]e manual -k
operations and maintenance. »

In an obsekvatibnaT,cémpaign dUring any calendar period,ifhe'Saté]11te
will be activated to make accurate range measurements to the grid stations,
identify éach,observation and transfer the,reQuisite_qbservationa1‘1nforma—
ktibn-to;a data bank fbr subsequent data‘ana1ysiS; and'fhis procedure then
“can be repeated periodically. | |
 To meet the above considerations, the present simulated expekiment‘

~assumes that the sate]]ite has the capability of making accurate rénge
‘,_fmeésufemehts, eithek‘ind1Vidua1iy or collectively to grid stations, of
 identifying'each obsefvafibh};of”hdtfﬁg fhé,exact time of such‘observétions

. and of transferring the'infbrmatﬁdh”tu a'data'bankf




2. APPROACHES TO DATA ANALYSIS
In the simplest case, when a (spherical) satellite moves around its
(spherical) primary in an orbit affected‘on1y by the latter's attraction, the
resu]ting normal orbit can be defined by six constants, Ei (i=1,2...6).
These parameters may be selected according to various theoretical and/or
computational criteria. From a didactic point of view, the simp]est’set
is the classical Keplerian elements, which define the orientation of the
- uTane of the orbit in space (two parameters); the size, shape and orientation
of the Keplerian ellipse in that plane (three parameters) and finally, the
position of the satellite at some given epoch (one parameter). In the
gravitationa] force fie]d of the spherical primary theSe elements are |
constant and the satellite moves in its defined orbit in accordance with
the Taws of Kepler. o |
The circumstances of a near-earth artificial satellite are different
from the above, the main consequence being that the orbital eTements will.
no 1onger be time invariant, or in other words, their derivatives with
| ‘respect to time, E (i=1,2...6), will not be equal to zero. The )
~variation of a given element from some reference epoch, T , to the epoch
of utilization, T, can symbolically be described by the fo]low1ng equation:
o o T . c ; .
E; = E$’+‘f.‘ E, dT
| L - To |
~ where E0 is the e1ement Ain questlon at the epoch To, and E at T The}

1ntegra1 represents the perturbat1on of the element E~ The function E1
s the rate of change of the e1emrn, E due to all perturbing forces
(nonspher1ca] part of the earth s attraction, atmospher1c drag, etc ) and

- as such 1s a funct1on of several hundred parAmeters. Pj (G=1,2 2. ai n)

'--SE]




defihing these forces. For example, an adequate description of the earth's
gravitational field may require as many as 500, the atmospheric drag 10 and
the radiation pressure 5 force parameters. The integral may be solved
analytically (method of general perturbations) or numerically (method of
épecia1 perturbations). |

Once the orbital elements are thus computed at the epoch T, they can be
readily converted into positional and velocity components of the satellite
and referenced to some well-defined coordinate system. If the parameters

defining the'observer’s'position in this coordinate system, S, (k = 1, 2, 3),

k
are also known, the observables can be calculated, i.e., predicted7' To
refer the positions of the saté]]ite and the observer to the same (usually
earth-fixed) coordinate system, the precise knowledge of pfecession, nuta-
tion, polar motion and earth rotation (UT 1) is alsokrequired.

For principal geodeﬁic results the observables are frequency (range
rate), range, range difference and directioh’componentsv(e.g., right
ascension and deéWination), either obsefved individua]1y»or in certain
combinatiqns. Provided that the theory of motion, e.g., the mathematical |
model is correct and that the observations have been reduced to station and
freed of systematic errors, the differences between the cqmﬁuted, c, (2= 1,
2, .;._m) and the observedkogyvaWues of the observab]esrwiiT be due to‘thé»

erroneous geocentric coordinates of the observer S, and the erroneous

orbita] elements, thus the'parameters Pj' Assuming that both the differences.

0y - Cl; and the errors dP, dSk'ake differentialiy small, the following type

of re]ations‘may'bé-estab1ished:

6
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where

= | (2)
1

Ei being an orbital element at the instant of observation.
If equation (1) is regarded as an observation equatioﬁ, the quantities

de and dS, are the vector components representing the unknown corrections
to the assumed parameters and station coordinates, respectively; and
acg/sz and ac%/zsk are the e]emehté of the corresponding coefficient of
design matrices. In order to obtain a satisfactory so]utidn. the number of
obéervations (m) must greatly exceed the number of unknown parameters (n)
plus the station unknowns p x k (p is the number of stations), and a Teast
squares adjustmént is perfofmed in the traditiona1 senSe. To perform such
a calculation is a*formidable task considering that recent solutions, for
exampTe, included déta from 10-20 satellites obsérved over 2-4 week "
periods from as many as 50-100 statidns, and thus the unknowns included
150-300‘components of positions in addition to the some 450-500 gravitational
coefficients, thousands of orbital constants (e;g., Eg -’s), possibly po]e
~position paraﬁeters,’etc. Such general solutions, because of the high cost
of forming the large normal equation matrices and of their inversions; are |
performed infrequently and only by‘a few organizations having éccess to

large computers. L : |
o Once the results of a gener&i solution such as the one'out1ined above
are'dvai1ab]e, additionai stations can be added on at a mUch~sma]]er cost.
Ih such partial solutions, positions of observing étations are obtained
from‘1east squares‘édjustments, where the eakth's gravity fieid,and the
positibnS'of’man&rOf-fhe»stationé aré~he1d at values determined in the

=;pbeceding general‘sblutioh. stua]1y a separate computér~prdgram,1s used -

7



for this purpose because program efficiency is greater when the objectives
are more limited. In these solutions shorter time span of data (2-5 days)
may be used, which will also reduce the effect of some errors in the ferce
field. The unknowns in such a solution, in addition tn the coordinates of
the new stations, include the six initial orbital constants (Eg), usually
a drag (scaling) parameter ahd maybe compenents of the pole position. In
other words, in such solutions most perturbations are treated as known
phenomena which can be calculated from the parameters determined in the
general solution.

Two special cases of the partial solution are the so called short arc
and the point positioning methods. In the former, the data is limited
generally to satellite passes of 10-30 minute lengths. These relatively
inexpensive solutions contain as unknowns oh1y six initial orbital parameters
per pass and the coordinates of participating stations. The method is
1imitedvto relative positioning with respect to a reference station whoée
coordinates are held to their estimated (not necessarily geocentric)‘va1ues.
Due to the shortness of the arc the pekturbation models may be simpler than

in the partial solutions; for example, the gravity field may be satisfactoki]y

~ described by as few as 50-75 parameters, depending mainly on the Jength of

the arc and the altitude of the satellite. The relative station positions

obtained from short arc solutions are considered generally free of orbital

(or other) biases equé]ly affecting'stations observin§ the same arcs.

In the point posﬁtioning method the data span is several (2-7) days,
1ong and the orb1ta] e]ements are he]d to their va1ues obta1ned from a
precqse sate111te ephemer1s. Thus the on1y unknowns in the so]ut1on are the ;

coordinates of the observing stations. The sate111te ephemeris 1s‘generatea~



and made available by some organization which keeps continuous track of the
satellite(s) in question. A prime example of this method is positioning
through the use of instruments which measure the range difference between a
groundlstation and two satellite positions by means of integrating theKDopp1er
shift of radio transmissions from the Navy Navigational Satel1ites§>'Precise :
ephemerides of these satellites are generated by the Naval Surface Weapons
Center (former1y the Naval Weapons Laboratory) in Dah]gren, Virginia, from
which satisfactory orbital elements may be obtained for the instants of the
observations. Predicted, and therefore less accurate, elements are also
generated and injected into the satellite's memory by the Naval Astronautics
- Group, Point Mugu, California, which in turnkare retransmitted and can be
used with_certain types of receivers. In this latter case, it is advisable
to observe the satellite passes from at least two stations simultaneously
~and solve only for relative positions which, similarly in the short arc
case, will be Tess affected by the biasesiin the orbitaf elements than the
positions themselves. This mode of operation is termed translocation.

In cases where sjmu]taheous.obserVations are made of the sate111te
from two or more stations,'the satellite may be used only as the target of
observations and the faet:that it moves fn an orbit can be ignored. The
target, in fact, may as well be,a rocket, a balloon, or an airplane carrying
E proper instrumentation, instead of being a sate111te - The orbita1 e1ements
Ei in equat1on (2) in this case become parameters and 2 Es /a P are 1dent1ty
: matrlces After convert1ng the parameters E to sate111te target coordinates,:
tTk(k s 2, 3), referenced to the same coord1nate system in wh1ch the
stat1pn coord1nates Sy are sought, equation (1) will have the following

form:



0p-Cy = 3 2% (a1 - as
A6 :%; 5S¢ (dTy k) )
where, as before, the Teft side is the discrepancy between the observed and

computed (predicted) values of the observables. In the right side, di and
dSy are the unknown corrections to the predicted target and assumed stat1on
coord1nates respect1ve1y, and 95 Cy/ 5 Sy is the coeff1c1ent matr1x

In this mode of operation the observables at a g1ven stat1on“have’
been mostly restricted'tovranges (trilateration) or directions (trtanQUIa-
tion) although range differences or a combination‘of ranges and directions
can also be used. ‘ | | | B

In order to invert a system of’geometricanormal equations, a certain
number of constraints Wi11 have tokbe introduced These are due to the
fact that while in the dynamic solutions the system to which the stat1on
'coord1nates refer 1s defined through sate111te dynam1cs, in the geometr1c
solutions it is not defined. Thus, in the case of satellite triangulation,
when the sate11ite directions are determfned from photographsragainst the
background of stars; the orientation of‘the system is'inherent1y deftned by
‘means of the star cata1og uSed; "The origin.of the?system’is to'be specified

by holding three~c00rdtnates of a station to their ahpriori Va1ues and the

. scale is to be def1ned by constra1n1ng the d1stance between two stat1ons

to 1LS measured value Thus, in this case the m1n1mum number of constra1nts
to be 1ntroduced to obta1r a so]ut1on 1s four In the case of trwlatera- |
',t1on, on]y the sca]e is 1nherent in the observat1ons, thus the or1g1n and
:‘the or1entat1on of the system are. to be def1ned* Th1s can ‘be done, for 15

_examp]e by h01d1ng s1x coordinates d1str1buted between three stat1ons to

 their est1matedeva1uesr In pract1ce usually more than these minimum con-

~straints are app1ied. They are usua]]y availab1e from accurate ground

IR L RS gL T




survey information which may be included in the so]ution if their values
are to be preserved Such 1nformat1on may be the relative positions of
neighboring stations, known d1stances between stations, he1qhts, etc.

It should be ment1oned at this point that the geometric mode is very
sensitive to the problem of critical conf1gurat1ons If the stations and/or
the target po1nts happen to be in such conf1gurat10ns with respect to each
other, the so1ut1on will be singular even when the number of observat]ons
is suff1c1ent and the coord1nate system is proper]y def1ned Near

‘s1ngu1ar1ty or ill- cond1t1on1nq will occur when the stat1ons and/or the

satellites are near the critical conf1gurat1ons. The prob1em ‘has been we11

studied andfmethOds of avoiding‘it for tni1ateratlon may be found in [Blaha, .

1971b]; for triangu]ation-in‘[Tsimis, 1972] and for range differences in?

[Tsimis, 1973].

2.1 Recovery of Station Coord1nate¢ L

To determ1ne the re1at1ve pos1t1ons of the gr1d stat1ons with the
requ1red accuracy, the geometr1e and short arc modes are the most prom1s1ng
They have advantages and d1sadvantages with restr1ct1ons of d1fferent |
character on the data One mode 1nv01ves the geometry and 1ts 11m1t1ng
,cr1t1ca1 degenerac1es, wh11e the other follows the orb1ta1 path w1th 1ts
comp]ex1t1es arising from mode11ng of the earth s potent1a1 f1e1d atmos-,
’pher1c drag, rad1at1on pressure; etf‘ ThL advantages and 11m1tat1ons of

‘each mode are tabu]ated in Table 2. 1- 1




Table 2.1-1

Advantages/Limitations of Geometric vs. Short Arc Mode

S2.1.0 GeometriclMode

, Geometric Mode Short Arc Mode
- Advantages ‘ Advantages ’
D 1. No strict requirement for tlme of 1. No requirement for s1mu1taneous
| observation. - _ observations.
P 2. No dependence on orbital errors 2. Requires only six parameters per
;o and geophysical assumptions.: pass for satellite positions;
¢ . “hence lesser number of unknowns
Vo 3. System's overall accuracy is - are involved. :
o directly proportional to. the ~ ‘
v - observational acciiracy. 3. Use of orbital constraints, i.e.,
: : e O the satellite follows an orbit, :
L 5 : provides strength to the system. :
. Limitations ; Limitations
- 1. Geometric configurations involv- 1. Time of observat1ons must be
P ~~ing both stations and satellite known accurately.
| points can be extremely : v v ,
g CRITICAL. : | 2. Requires at least two to three
; . : : : distant stations observing in
i 2. Minimum number of stations par- any pass for coordinate system
o ticipating in an observational definition, i.e., for stab111ty
P event is four (in a limited area . ~of solution.
a it is six). , '
S . ' 3. Basic uncertainty in scale aris-
o 3. S1mu1taneous observat1ons are ing from uncertainties in funda-
Y difficult to obtain. S | mental parameters, such as GM,
. , - etc., is 1nherent
- 4. Station pos1t1ons obta1ned are.
: re]at1ve ,
|

S ) B 2.1.1.1 General COmments | |
The results 1n the geometr1c mode are determ1ned from so]utions throuqh
'-vtr1gonometr1c computat1ons based on simu]taneous observations of a sate111te

3 from four or more groupdrstataons (swx in a 11m1ted area) [B]aha, 1971b,‘u

'12 ;
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Escobal et al., 1973]. The strength of the system lies in the fact that
the error in satellite position in any event of simultaneous observations
has very little influence on the overall accuracy of the system because
these errors are more or less common to the observations from each of the
stations participating in the event observation. Further, this impediment
can be improved upon by using two or more satellite passes with "differing
geometry" in the solution.

However, the system is highly sensitive to the confiquration of both
the stations and the targets (i.e., satellite positions) observed [Blaha,
1971b; Aardoom, 1972; Tsimis, 1973]. This sensitivity to "critical"
configuration can be avoided (section 2.1.1.4) towards obtaining a near
perfect recovery of the relative positions between the ground stations in
the system.

2.1.1.2 Mathematical Modeling

The complete details of the theory involved can be found in [Krakiwsky

and Pope, 1967; Mueller et al., 1970, and Mueller et al., 1973]. However,

a brief development of the mathematical model is given below.

ot
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Fig. 2.1-1
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Figure 2.1-1 shows a satellite in orbit around the earth and a typical
footprint with four stations. For the range observations in geometric mode,
each participating station (P;) observes the distance (Pin) to the satellite

~position (Qj) at an event (Ej, Qj» ftj[) (Figure 2.1-2). -

_v SATELLITE ,
; © TARGET
#Q)

— . -9 STATION ¥* PI,

4 o

& 4{\‘
STATION GRID

Fig. 2.1-2

'  This means that the tbpocentric range,rij from thé»groundVStations Pi;

(g, vy Wis 1’=.1§f2, 3, 4, .;.)kto the‘sgte]]ite,pqsition Q5 (u3; vj,'wj) f,‘
constitUtesvthe event (Ej, Qj, [tjl). In Figure 2.1-3 the coordinate system

Clis oriented towards the Greenwich Mean Astronomical Meridian (u axis) and

. the Conventional IﬁternationaT Origin (w axis), both as defined by the

,"Bureéu Internationé1 déVT'Heure:(BIH).’ The v,axisvformsla r1ghtéhanded  |




.ovr,

‘where

- Qj(uy vy, Wy

o)

7\ Pilui,viwi)
o - ul -ui

Fig. 2.1-3

system with u and w,fand'With u it defines the average geodetic equatbr.

Thus,:the mathematical m@del'for any range‘rij tan,be written as

‘ 1 R ;
Piy = [(uJ - uj ) + vy - v1) + (w - W;)?2 ]E. . it ._~(3)
F

S Lo - w2 + vy - Vw) g - W1) ]2"‘”ij-.:f 0 ()

Equat1on (4) can then be 11near1zed in the matr1x notat1on [Uot11a,,

.‘1967]

15
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' res1dua1 matr1x v corresponds to the observed ranges rij.

Bi: = —1d = [0} -1 0]

13 °
rij
) 3Fis  _ ra.. .
Aij = —— ”ﬂ, = [aj; | -a33]s
9 uJ., 9 u1. .
9 - o 2 _ o 2 - W
a; - [”J - uy 3 - v§ w3 °7w1 :
: Y‘.i_j ) Y‘.ij Y‘.ij
7 _ ‘ ) . T,
W:s = (computed) - r (observed)

1

The values ug, ug, ... etc. are the initial approximate values which are

L _
used to compute approximate rf; from equation (3). The approximate satellite

position (ug, vg, wg) for any event results from a preliminary least squares

’ adjustment fdr that event with observing stations held fixed [Krakiwsky and

Pope, 1967]. The matrix B then becomes a negat1ve unit matrix [- I] and the
b , .

Equation (5), after some mathematical manipulation in a least squares

‘ adjustment and elimination of'nuisance parameters Xj, takes'the,form of the

reduced normal equations [Mue]]er, ]967; Mue]]er,‘1968]:

ini‘,"U‘» =0 ,' o | (6),

where the 3 x 3 blocks in N'énd'3 x 1 blocks in U are given as

Mek T Zf‘%kjpkjakj g Z;va'kjpkjakj [g:a;[jpijaij]:l kiPki%hi
N - - -1 T o !
MNea z:{alkapka k3 [§ iJ u u] %jpzjazj},
Y%t ‘§9kj‘?’k5?‘k3
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In the above expressions, 2: is the summation over all ground stations
i
involved in event (Ej, Qj, ltjl) and 2: over-all events observed by ground
, J

stations k and/or 2.

2.1.1.3  Constraint's Contribution to the Normal Equation
“The normal matrix as reached in the reduced normal equation (6) is

"singular," i.e., the system still lacks the orientation and origin

def1n1t1ons while the requirement of scale is inherent in range measurements.

This can be avoided, for example, by holding six coordinates distributed
between any three stations in the system to any specified designated values.
In practice, usually more tonstraints are applied than these minimum con-
straints. Details about the theoretica] backgnound of different types of

constraints, effect of weights and their application/contribution to the

normal equatibnskcan be found elsewhere [Mueller et al. '1973' Uotila, 1967].

However, even though the def1n1t10n of a coord1nate system is arb1trary

in the case of a m1n1mum constraint so]ut1on, the selection of six coord1nates

to be constrained in the case of rang1ng is very critica],‘since any one set

'of constraints would not give a unique solution. | The'statistiCS for any
_ground stat1on coord1nates in the system (other than the constra1ned coor-
d1nates) wou]d be s1gn1f1cant1y d1fferent in each ‘case depend1nq upon
vary1ng propagat1on of errors 7
To obviate th1s s1tuat10n, the "best" so]ut1on is arrived at ina ~,f
coord1nate system def1ned through the use of a set of 1nner constra1nts f
“,[R1nner~et al., 1969, B]aha, 1971a] where the trace of the.var1ance~i‘
' covar1ance matr1x for the unknowns WOu1d be m1n1mum compared to any other;
’501ut1on The resu]tlng adJustment is termed "free,ﬁ' The functlona]

~ inner constra1nts for orig1n and or1entat1on can be wr1tten as .

17
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The number of 3 x 3 unit b]oeks is the'Same as total number of unknown
points. Thus, combining equations (6) and (7), the resultant normal equation

becomes [Blaha, 1971a]:
S I ' | (8)

where the a posteriori "weight coefficient“,matkix Qx‘for the unknown X is
given as

Q = N+ cT[ecTitext g1 - clree)-ter = W'

The abOVe approach defines an‘optimal coordinate system Where the
adjusted coordinates preserve the mean positions and orientation of the

1n1t1a11y adopted coord1nates w1th no stat1on or stations being preferred

~ over any other stat1on

2.1.1.4 Cr1t1ca1 Conf]gurat1on .

As stated ear11er, 1f the ground stat1ons and/or sate11]te polnts o

lhappen to be 1n critical configurat1on w1th respect to each other the

’so]ut1on for the system w111 be s1ngu1ar even when the number of

18



observations is sufficient and the coordinate system is properly defined
through requisite constraints. Blaha has discussed different cases of
singularities and categorized them as singularities A, B, C [Blaha, 1971b]
(see Figures 2.1-4 through 2.1-8). |

In practice, the case of near singularity or i11 conditioning also
effects any solution and degenerates the recovery of the system when the
stations and/or the satellite points are near critica1 case. Such cases
are dangerous as the effects are, more or less, an inherent part of the
solution and not distinguishab1e at all times. The problem has been well
studied [Blaha, 1971b; Tsimis, 1972 and 1973] and Tables 2.1-2 and 2.1-3
summar1ze the methods of avoiding singular solutions.

A study of Tables 2.1-2 and 2.1- 3 shows that in any system the
degeneracy can be avoided either (1) through the introduction of height
separation betWeen the ground stations or (2) by observing satellite
targets well d1str1buted on at least two s1gn1f1cant1y different altitudes.

The first condition, within a 11m1ted area, - obviously has its own

'topograph1ca1 limitations: The 1nc1us1on of d1stant (severa] hundred km)

stations is helpful in this regard. In the s1mu1ated exper1ment under
report with general station separation of 7 - 10 km, and no d1stant
stations, the best possible results were obtained when the ‘targets were

observed at 9 km and 1007 km a1t1tudes This introduces an extreme1y b

'f1ex1b1e and pract1ca1 operat1ona1 system where an a1rp1ane can be f]own
to obta1n necessary and suff1c1ent observat1ons together with a sate111te

It is not necessary that both types of targets be observed 51mu1taneous1y

A8




/ Plane containing
all targets ob-
_served from
station i

b

ILLUSTRA TION
observed targets

Plane of ground stations

Figure 2.1-4

OF SINGULARI'I‘Y A): Station i is in the plane of its
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X X Targets generally distributed
X

Plane of
ground stations

- all stations are on a second order curve.

N

ILLUSTRATION OF SINGULARITY B): Stations 1, 2, 3 obser'vc_;an targets;



X X

Targets generally distributed
X

Plane of
ground
stations -

Figure 2.1 6

TLLUSTRATION OF SINGULARITY C): All stations observe all targets;
all stations are on a second order curve. o RS
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Plane of all targets

Plane of grohnd stations

-

' ’Figure 2.1-7

ILLUSTRATION OF SINGULARITY C) All stations observe all targets;
all targets are in a plane. : :
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In-plane targets

.
X | R
/ Otf-plane targets! X xz x

/ .
, x X x: Off*planc, targets

Planc of
ground stations

1 ra;gum'-«z».r-e R R
'ILLUSTRATION OF SINGULARITY (): Stations 1, 2, 3 observe all targets;

all stations observing off- plane t‘u;,ets are on a su,ond ordu- cuxve with
'rstatwns 1 2, 3. = : : '
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Table 2.1-2

Necessary and ‘Sufficient  Conditions to Av01d Smg‘ular Solutlons :

When All Ground Stations Are in a Plane

| Type of

Arrangement of

Necessary Conditions to

Sufficient Cenditions

» lated singularity)

(distributed over-one or more

sate]lite groups)

sponding satellite
group

| Singularity ~ |Observations  |Prevent Singularity | to Prevent Singularity - Note
Singularity A) R No station should be in a plane | No étatidﬁ”STiémd be in | This singularity is
“'(or closely re- Any with all its observed targets a plane with the corre-| assumed non-existent

in analysis of singu-
larity C)

| stations 1,2,3
{observe all

Three stations in addition to .
1, 2, 3 not lying on a second

=

The same as the

targets order curve with them should |necessary conditions
' ' observe off-plane targets : |
|Group |One station in addition to 4 : R
‘lix con- jand k not lying on a second The same as the : .
. |tains {order curve with 1, 2, 3, 4, necessary conditions Special case of singu-
Station k (off- [k should observe off-plane ‘ larity C) is singularity
» } . { replaces |plane Itargets ‘ B); it occurs when all
LU el | station 3 Htargets, =~ , 30 stations are on a second
' “Singullarit;y C) (satellrte Group :Two stations in additionto 4 | More complex reqﬁ}i're- order curve
| (global type of group Ja |5 con- 'should observe off-plane ments (according to ‘ ‘
's¥ﬂg“13rlt5.’>‘ o jcontains Yuapne ‘targets. Always: Avoid all stations which observe
| e Offf ~lin-  Istations lying on a second | off-plane targets)
. plane | ane order curve b : :
targets) 3 targets !

{ All stations ob-
‘serve all targets

(all stations co-

&
!

‘Avoid all targets lying in a

plane (any plane) and all

(stations lying on a second

order curve

1

kéThe same as the

'necessary conditions

o_bservg)




Table 2.1-3

! Necessary and Sufficient Conditio_ns to Avoid Singular Solutions

. When Ground Stations Are Generally Distributed

| Type of

Arrangement of

| Sufficient Conditions

Necessary Conditions to Note
.| Singularity ‘| Observations Prevent  Singularity to Prevent Singularity
| Singularity A) i ‘ |No station should be in a plane | No station should be in | This singularity is as-
.| (or closely re- Any with all its observed targets | a plane with the corre-| sumed non-existent in
1 lated singularity) o (distributed over one or more | sponding satellite analysis of global
e ARt satellite groups) group . singularity
‘| Reversed Sin- o | Targets should not be all ina | The same as the nec- | This singularity is as-
| gularity B) ~Any plane on a second order curve | essary conditions sumed non-existent in
. : SR ’ e ‘ analysis of global
1 ; singularity ]
: Avoid all satellite groups (one All the critical surfaces
: : group per quad) containing tar- can be computed explic-
‘Stations 1, 2,, 3 |gets lying all on the corre- The same as the itly.  They all intersect
Observe all sponding second order criti- | necessary conditions in the plane of stations
targets cal surfaces (one surface per ' 1, 2, 3 on a second orden
: quad). Always: Avoid all curve containing the
points lying on a second order three stations. If four
surface points outside this plane
, , | o are common to-some
‘Global critical surfaces then
these surfaces coincide

Singularity

Station réplace-
ment (e.g., leap-
frogging)

Always: Avoid all points lying
on a second order surface

Avoid certain second
order surfaces not
expressed explicitly

All stations ob-
serve all targetd
(all stations co

Avoid all points lying on a
second order surface

The same as the
necessary conditions

i

observe) ‘

ppp

e Eini o



2.1.1.5 Computation of Estimable Quantities
and Their Statistics

In most ranging systems a lack of coordinate system definition results
in a design matrix A which is less than full column rank. In an ordinary
least squares solution the rank‘of A is equal to the number of unknowns
u, i.e., R(A) = u. As indicated earlier, if we assume that a ranging measure-
ment system defines the scale, the sysfem still lacks informationhabout
orientation (3 angles) and position (3 coordihates).. This results in
column rank of A which is six smaller than the number of unknowns, i.e.,
R(A) = u - 6. |

The normal equations (ATA)X + U = 0 cannot be solved for using the

“Caylean inverse since the determinant of the normal matrix N is equal to

~ zero or R(N) = R(ATA) R(A) = u - 6. However, a uhique\501ut10n for X

can still be obtained using the pseudb inverse X = -N+'U;(the least sduares
method using the pseudo inverse mfnimizes not only VTPV,:but aISO'XTX).
But X is not a vector of estimable quantities, i.e., E(X) # X [Grafarend
and Schaffrin, 1974]. o | |
A'methed to compute the}eseUdofinverse N+'is to bbrder'thefsinguiar,
matrix’N by coiumne,end/or rows which are orthOgonai»toha11 the columns
and/or rows of thermatrix N f’The usue1hCey1ean inverse can be computed;,

now and from the 1nverse the added co]umns and/or “ows are removed

‘ (transpose-w1se) The resu1t1ng matr1x is the pseudo 1nverse of the norma1j~

,hmatr1x N [BJerhammer, 1973]

In case the rank def1c1ency of the matr1x N is caused by a- lack of

coord1nate system def1n1t1on, the above- ment1oned method of computlng the

| pseudo 1nverse of N s known as the method of app]y1ng 1nner constra1nts
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(see section 2.1.1.3). The added orthogonal rows and columns are the
constraints added to the normal equations which yield a solution vector
in the "best" coordinate system.

The disadvantage of this method wh1ch was a1ready ment1oned earlier,

is that it results in the nonestimable quantities E(X) f X

A transformation R is needed to map the solution vector of nonestimable

quantities X into a vector of estimable quantities X'
COXY = R

In case of a range measurement system, the vector X consists of coordinates
as obtained'from the (pseudo inverse) inner constraint ]eaSt-squares

solotion" The vector X' (- RX) is said to be estimable 1f the following

'necessary and suff1c1ent cond1t1on is fu]f111ed [Rao. 1973]

I - (ATA‘)+ (ATA)} = o'. | g ()

~,This condition is fu1fi11ed for the chords and ang]es between stations~in

case of a rang1ng measurement system, assum1ng that the scale is defined by R

the ranges themse]ves

The var1ance/covar1ance matrix of X' is obta1ned the usua] way:

”E"X : (ATA)+ —

R R,

i EX”
R Thus in’View oF the above, the d1stances rij and the anq]es aijk e

between the stat1ons i, 3 (and k) are the on1y estimab]e quantities when

‘the geometr1c solutions are obtained with 1nner constraints These

L quant1t1es are def1ned as fo]lows. ftj[ e

R g 21 St e oL b L 2 L G e £ 70 3 P e S 2T DT T e s e
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"

tyy - y5)2 (24 - 24)2

\;

ig = V0 - xy)?

(x, - xg)(xk-‘xj) YOy v e vg) + (24 24)(z- 24)

ajjk = COS'IV — (10)
"5 ik
and the standard deviations through error propagafion are given as [Uotila,
1967] | | |
o = GZ G'
1] Xy (11)
: , , (1
Oqusy = Hy  H
ijk ijk
where';
B " Iviy
Z o X5 'X-in
Xij oIy,
L ! J
6 x 6
[y, ' g
X XiXs o XXy
. ‘ L mys e S e - 1= Ex- -
-t ' Tk gy
G =[8(‘1\] 8?‘1J BY‘.lJBY‘.lJ BY\'J BY‘]J]
: 3‘Xi By.i BZ.i aXJ’ 3yi 3Zj
1

HH | 3'°‘ijk'3 %3k 9 vaijk P aijk,‘a a'ijk’ 9 ajjk' 9 a‘ijk 3 aijk aa”k]
N EET dy; 8zy 9 Xj dYj 92zj dxXg dyg Dz

Heré,’ the typical partial ‘dérivatives are given as

i

3 X4

"

(g = xy)eg5

Trigloe xg) - eos aggi gk - )]

3 dijk ) sin ajjk
Xy Py Nk
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Baijk sin %5 ik
2 Xj el [rs.r. k(2xj - X5 - xk) + cos oy k{r K (x -

X:) +
ij "ik ii'd

j
2 -
rij(xk xj)}]
2.1.2 Short Arc Mode
2.1.2.1 General Comments

As mentioned earlier the dynamic methods in sate]]ite goedesy are

genera]]y recogn1zed as being e1ther long arc or short arc. To obtain

,the necessary accuracy, the long arc method character1st1ca11y must employ

such a complex mathemat1ca] model that is not aya11ab1e at present. How-

ever, the requirements in short arc mode are less stringent as the arc

described is short and many approximations can be introduced without
jeopardizing the accuracy. For the range observations in short arc mode,
each participating station (P;) observes the distances (P; QJ, j=1,2,3...

to the satellite pos1t1ons (QJ) along an arc (Figure 2. 1- 9).

| 2.1.2.2 Equations of MOtion
The motion of a satellite through space can be descr1bed by a set of
three second order d1fferent1a1 equat1ons, so]ut1on of wh1ch contains six
‘arb1trary constants of 1ntegrat1on These six constants may take different
forms depend1ng on the var1ab1es in terms of wh1ch these d1fferentia1
equations are so]ved k )
‘ The so]utwon to th1s set of d1fferent1al equat1ons may be written as

| X(t) = SF - DF(r)ds + (t"ffo,)""(to) * "(to)_»' | | t.,;,,y(]z)f
I e

:,'where the constants of 1ntegration are the posit1on and ve]ocity vectors

E x(to), x(to) at epoch time t, and F(x) describes thevforce;funot1on at
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Fig. 2.1-9

~.any t1me T dur1ng the flight.

The comp]ex1ty of force funct1on F determ1nes the ease by wh1ch the

integrat1on may be carr1ed out. Different methods have been squested and

employed for the so]ut1on of equat1on (12) us1nq numer1ca1 1nteqrat1on,

of e]ements etc. [Hartwe]], 1968, Hartwe11 and Lew1s, 1967 Brown and

| 'Trotter, 1969; Gaposchk1n, 1973; Ander]e, 1974] | R
~ The Important factors that effect the mode11ng or the mot1on and the t-%irui

‘subsequent solut1ons are as fo110ws , |

: (a) force mode11ng both for grav1tationa1 and nongravitationa] forces  ;,

) truncatuonor__approximatmn errors in the force function
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(c) errors in the parameters of the model included in the force function
(d) errors of integration for equations of motion
(e) errors due to use of rotating coordinate system

If Xis Yis Zis Xis Yi» ii denote the geocentric inertial state vector

~at any arbitrary time t;s relative to an adopted epoch t, = 0, the power

series solution of the equations of motion can be represented as [Brown

: and Trotter, 1969]:

10 ‘
x X [a, a; a a| |ti 1
i o 0 1 2 n i
y ¥| = |by by by ... byl [tF 2t | (13)
z z Cyp €1 €y c . -
i L Ul nth!

in which all the coefficients are functions of the six initial state vectors
X0s Y0s Z0s Xps Ygs 2y at t, = 0 and of the gravitational coefficients alone.

The,series isfiruncated automatically when a prespecified'to1erance is

‘ satisfied for the maximum value of t- to be exercised. If the epoch tg
. 1s taken near m1d -arc, the rad1us of convergence of each expans1on in
f.equat1on (13) is sufficiently great to accommodate as 1ong ‘as one- thlrd :

f:/of a revo]ut1on for near]y c1rcu1ar orb1ts

The orbit. 3enerated by equat1on (13) can be referred to an earth-

;\-f1xed framework by the transformat1on

R 0O} | E
P ETE N e R (]4)'
1. LR R] |x L
Yl ey

; 32Hji.ffi”
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in which

| dynamically. The system cons1st1ng of ranges only w111 be solvab]e when
'suff1c1ent constra1nts for the origin and or1entat1on of the coordinate f Lo

"system 1n wh1ch the mot1on 1s descr1bed are app11ed

i‘to obtain stab111ty of so1ut1ons At ]east ‘two of these fundamenta1 stations

: ‘must observe any g1ven pass If directional constra1nts are- separate]y 1n-

- cluded, then constra1n1ng the three coordinates of any station w111 prov1de

cos wt sin wt 0

R = | -sinut  cos mt 0 ’ | ~ (15)
0 0 j
and
- =sin wt cos wt 0
R=uw| -cos ut -coswt 0 (16)

0 o o

Th1s body-f1xed orb1t is then used to generate ranges correspondlng

to the observations and to form the d1screpancy vector

&7 Ny (combuted) BREN (observed)“ S (17)

A 1east squares adjustment from the d1screpancy vector e gives a

body-f1xed state vector at to which when transformed to an 1nert1a1 coor-

d1nate_system can be usedkaga1n in equation (13) to iterate.

2.1.2.3 Constraint Requirements
- An 1nherent 11m1tat1on of the short arc mode is that 1t falls short '?

of un1que1y def1n1ng the orbit around the earth and thereby locking it

The above requ1rement neceSS1tates the 1nc1us1on of- three distant

fundamenta] stat1ons in the system of whose Six coord1nates must be constra1ned

e S L S e e T e e ey

sat1sfactory solut1ons SR e ‘ x‘ef";ff‘“..f' Sk
g . T et M) PR AR R SR, S R T e D



3. DATA GENERATION
A number of simulated experiments were designed to meet the different
analysis approaches discussed in the previous chapter. These experiments
required an extensive planning and care to select, set up and generate

various satellite orbits and ranges. Details of generated orbits and

ranges, different station configuration considered, and associated pre-

cision and accuracy of generated ranges are presented below.

3.1 Orbit Generation

Since the satellite orbit provides the connecting 1ink in relating
grid station positidns to each other and their relative recovery, the

basic tenet to suppress all possible resonances with the geopotential was to

avoid orbital altitudes that will have periods rommensurate'with the earth‘s_

-frotatioh Knowing that the period of a sate111te is g1Ven by the re1at1on

(assum1ng c1rcu1ar orbits)

T = ongflet HY i e (1)
~GM »
‘Where | o
v e = sem1-ma30r ax1s of the earth (6378 km)
Hoo= a1t1tude of the sate111te .
GM"# grav1tat1ona1 constant X earth s mass (398)603 knﬁ/sec2)

- Thus,. to avo1d resonance o

T .# ,r,n"mfz’ "”,3-’ R L AR

where for a po]ar orbit the effect of regression of the ascend1ng node for o

sate111te orb1t can also be omitt s first approx1mation Comb1n1nq




equations (1) and (2):

20" /G

1
T M+ L (3)
2r(ag + H)2 '

Using the above equation, the following table gives the "critical"

altitudes which are complementa1 to resonance m, m + %3

1

m m+ 3 Hv(km)
16.5 139.5

16 274.6
15.5 - 416.9

15 | 567.0
14.5 725.8

1w 1 893.9
- 13.5 1072.4

13 1262.2

Based on the abo#e consideration, three orbital heights 392 km (T =

92"2326), 657 km (T = 97"5223) and 1007 km (T = 105"159) were selected

for experimentation | ‘These orbits were then designated as Tower (L),

m1dd1e (M), and upper (U) in this report In addition, anotherfspec1a1

~case of "low Tow" (LL) orb1t was also cons1dered to simulate an a1rp1ane‘
sfflyjng at 9 km a1t1tude F1gure 3.1-1 and Tab1e 3 1=-1 g1ve the genera1

_coverage and distribution of observat1ons in each of the four cases.

To s1mu1ate measurement systems either cons1st1ng of more than one

'sate111te or u51ng only one sate111te but with h1qh1y eccentr1c orbit;

different comb1nat1ons of orb1ts were used in the so]ut1ons The L+ M

"comb1nat1on then ‘may represent an orb1t w1th an eccentr1c1ty of about

i \/(6378 ET] - (676 + 392)2 | .6;27'{,f-.=~ .
. GBSy e R
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and the L + U combination may represent an orbit with an eccentricity

of about

e = V(6378 + 1007)2 - (6378 + 392)2 _ 0.40
6378 + 1007 B

In the geometric mode th: following combinations of airplane and satellite

were also considered: LL + L and LL + U.
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~Table 3.1-1

General Coverage Information for Different Orbits

Coverage* Interval Average No. of | No. of Total

Height , betw. Events Length Req'd Passes Days

of Orbit A M to Obtain of a Pass | Passes| Per Day | Req'd
5000 Events

LL=" 9 km 120 0°8. 0.05 sec 10 sec 250 - -

L= 392 km| 1990 24°0 1.0 sec 4 min 21 2 10 1/2
M= 657 km| 27°8| 35°2 1.0 sec 6 min 14 3 5
U=1007 km|{ 37°0| 46°8 1.0 sec 9 min 10 4 21/2

*Ideal weather condijtions.

To obtain the most accurate satellite orbits and an extremely dense
distribution of satellite points observable over a selected area, and
distributed over a time frame of‘three to five days, the orbit generation
was carried in the following two steps: ‘

A. Long Arcs

In view of the stringent requirement of long arc (section 2<1.2.1) and
- the nonvisibility of most of the orbit over the specified'smaIT area, long
.ares over 126 hours were used only to select satellite positions in passes
where the satellite becomes visible_for the first time from the grid-Stations.
This requirement allowed the generation of‘the Tong arc with relaxed speci-
‘fications and sparse density. Except for the orbital hejght Variations, the
‘other parameters were kept‘common in different’cases as follows:

~Inc11nation : ;90? |

‘Eccentr1c1ty v 0.001

, 0bservat1ona1 t1me span September 24, 1973 (Obb).to September 29,
1973 (5 0) | Ee |
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A11 the arcs were generated in True of Date (TOD) systems.
The computer program Goddard Trajectory Determining System (GTDS) was

used in generation of long arcs [COSMIC, 1974; Wagner and Valez, 1972].

B. Short Arcs
From the long arcs in the L, M, and U orbital case, the portions of
arcs were sorted out when the satellite in each case was over the specified

area under consideration. The "starting" sateilite pos1t1on coordinates for

~ each pass and for each orbital height were then used as input into GTDS

program to generate short arcs to the position where the satellite would

_ become nonviSib1e;from the grid stations.

In generating these short arcs all possible refinements, €.9.,
inclusion of the 1atest‘geopotentia1 model GEM 6, the latest solar radiation
and air drag‘effects,vof luni-solar pgrturbations, etc., as available in
GTDS were utilized to simulate the orbfis.as near_tovreality as possible.
The integration stepsize was also reduced to:10.0vsvin place of default
value of 24.0 s used in GTDS to inohease'theiaceuracy of the integrated'
ohbits. A]Ivshoht arcs were generated in a body-fixed'coordinate‘system.

Details on the number of short arcs and the density of sate1lite

"po1nts generated for var1ous orbital heights are g1ven in Table 3.1.2.

The coverage pattern for h 392 km is shown,1n F1gure,3.1 =2 with

~ central stat1on #5 in the center The solid and broken 1ihe§'show~
’passes from south to north and vice versa, respect1ve1y In about two
»‘days the sate111te on pass #32 returns beh1nd pass #1 (with a 1ag of about
v3°)f, and the cyc]e wou]d repeat In the cases of the M and U orb1ts, the
- nasses trace back with 1° lag 1n about 3 days, and with 2°5 lag in about

:2 days, respect1ve1y
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Table 3.1-2

Generation Details for Short Arcs and Satellite Positions

Satellite Average Density of
Height Number of Length of Satellite
(km) Short Arcs Each Arc Positions
(in time) per Arc/s
9 30 10s 20
392 35 8m 10
26 8m 1
657 22 10 m 10
31 0m -
1007 30 12 m 10
30 12 m 1

—7«3°




For the airplane (LL), the‘coverage is more flexible as flight plans

can be modified both in time and'spacing.

3.2 Station Configuration'

' iﬁrkeep the area near the San Andreas Fault, a grid configuration of
9 gfeund stations with the central station at ¢ = 38°N and A = 240°E was
selected. The remaining eight stations were placed at.5' separations,

both in latitude and 1ongitude'from the central station (Figure 3.2-1).

#1 #2 #3 e
0 — 0-38°05N

#al '#57 #_64

(38° N,240°E)

9.3km
#7 #8| #9|
: 37° 55'N -
' ’ ‘ 73km$ -
- 239°55' 240°05'E
Fig. 3.2-1

3 2.1 Geometrlc Mode

WTth reference to earlwer d1scuss1ons (section 2.1. 1 4) for studying

the effect of near- cr1t1ca1 conf1gurat1ons and 1mprovement 1n the so]ut1on -

“due to stat1on separat1on in he1ght away from the coplanar case, three

different cases (A, B'and‘C) were se1ected (Figure 3.2- 2) The station
hezght separat1ons in the f1gure are not to scaTe.4 It is seen that the :
he1ghts of stat1ons #1, 5, 7. 2 4, 6 and 8 in case B are one-tenth of‘g‘

caae C, wh11e stat1ons #3 and 9 have zero height in all three cases..,

a0




Height of stations
above ellipsoid —0.0m

100m
50m

Case B

" 1 h=1000m

R

| h= 500m
I
i : ~ Case C

3.2.2 ’Short Arc Mode
In the short arc mode,,threé distant stations were added4(Figure 3.2-3)

to define thg qrigin and orientation of the system and to distinguish them

~from the nine "grid" stations; they~abe reférred’to as "fundamental"

“stations. These fundamenta].statidns,‘in an actual experiment at a later

stage, may be part of!a large grid ofVStatiéns or may be located at the

‘Lageos station sites. In this simu1ation,cthey have been selected at the

SAFE laser sites [Smith et al., 1974).
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| LOCATION OF GRID AND FUNDAMENTAL STATIONS l
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/ QUINCYi(#12
40°N,239°E

L

jr ™
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RN, 248%E

Fig. 3.2-3
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3.3 Generation of Ranges

‘The Range Generation Program (RGP) and the short arcs (section 3.1.2)
were used to generate ranges, both for the geometric (simultaneous) and the
short arc (sequential and sihu1teneous) modes. Table 3.3-1 gives the

details about the ranges generated.

Table 3.3-1

Generation of Ranges*

satellite | Geometr1c Mode Short Arc Mode _
Height Max1mum Max1mum
(km) No. of | Case | Data Points No. of | Case | Data Points
‘Passes | Type Generated Passes | Type Generated
‘ ‘ ' A 3000 - ‘
9 30 B 1500 - - IS
C 1500
‘ A 5000 : A 5000
392 35 B 5000 26 B --
R C 1000 C 500
| A 500 - S
657 22 B 5000 - - == --
C 1000 ,
Co) e A | 5000 o A 5000
1007 30 B 5000 30 B _—
C 1000 - C 500

*The main difference between the geometric and short arc mddes is that
‘the first requires ranges sorted event-wise and the second, station- -
wise a1ong the passes '

Dur1ng the ranqe generat1on the dens1ty of orbwt po1nts was: su1tab1y

a]tered between 1ower, middle and upper orb1ts to keep the number of

ranges the same for each orb1t w1th a cut off‘max1mum 7en1th d1stance of 75°
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3.4 Precision and Accuracy of GeﬁératedéRangeé

 The ranges which have been utilized in the present simulation were
generated with a Gaussfég'noiée (standard deviation)wdf 10 cm. -Howevér,
in'cerﬁaih experimental cases "perfect" ranges were also used to investi-
gate their effect‘onythe‘systemt‘llt‘may be noted here théf in the time
Asgale‘of 3 tO'S'yéé?S»Whén the‘system under investigation may be operation§1,
the overall precision (and aceuracy) of laser rahging‘is:expeCted to be
“significantly better than 10 cm [Weiffenbach, 1973]. ‘Thé ranges used in

this simulation were considered to be free of systematic errors.

“ i



4. SOLUTIONS PERFORMED

4.1 Geometric Mode Solutions

The software used to generate the solutions in the geometric mode is a
Fortran program deve]oped at The Ohio State University between 1966 and 1972
known as "The Ohio State Univers1ty Geometr1c and Orb1tal (AdJustment)
Program" (0OSUGOP) [Re11|y et al., 1972].

B A11 solutions are summarized in Table 4.1-1. For each solution two
numbers,are listed. The upper number is the standard deviation in cm of the
distancerbetWeen the grid stations 1 and 2. The lower hUmber is the sahe |
Standard deviation divided by the distance itself in perts,per million.

All theVOSUGOP solutions were solved using inner constraints for the
origin and orientation. Since this method yields nonestimable quantities

(in this case coordinates), they were mapped into estimable quantities

(chords between the stations and angles between the chords). A

subroutine was added to OSUGOP which computes these angles and chords and

their vakiances.

4, 2 Short Arc Mode So]ut1ons

- The software used to generate the so]ut1ons in the geometr1c mode is

a Fortran program developed by Duane Brown Assoc1ates between 1968 and -

1973 known as "The Short Arc Geodet1c AdJustment“ (SAG ). A more deta11ed
>’:“v7;descr1pt1on of the capab111t1es of th]s program can be found in the two
= o reports by Brown and Trotterv[]969 and ]973].v The most important so]ut1ons
‘ i are tabulatedlin Table 4.2-1,‘_Duevto the’cpmp]ex]ty of the problem, no
f  ﬁﬁmerieat;regq]tS'afe incjudedeThey,may be found in,thefdiseussion:in :

- Section 5.
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Table 4.1-1

o and ¢ r
T2 7 '”12/ 12

GEOMETRIC HODEFSOLUTIONS

No. of Observations
‘per Station 50 500 1 1000 2500
Case
MNo. of Grid Stations
+ No. of Fundamental 9+0 9+0) 9+1 | 9+2 9+3 940 9+0
Stations -
A 832.7 | 277.0 - - - 158.6 | 114.5
Orbit: LL 1139.0| 378.0 217.0 | 156.7
(9 km) B 154.6 1. 49.9 - - - 28.4 -
211.4 1 68.3 38.8
c 18.0 6.0 - - - 3.4 -
24.6 1 8.2 1| 4,7
A 925.2 | 289.7 - - - 204.8 | 129,51 9.2
L , L 1265.5 | 396.2 280.1 | 177.2] 124.7
(392 km) B 176.7 | 53.9 - - - 38.1 24.11 17.0
241.6 | 73.7 52.1 32.91 23.2
C 19.9 5.9 - - - 4,2 - -
- 27.1 8.1 5.7
A - 249.5 - - - - - -
M o ‘ 341.2
- (657 km) , B 142.6 | 43.0 - - - 3.0 19.7{ 13.4
195.1 | 58.9 .1 26.1] 18.3
c 15,51 4.7 - - - 3.3 - -
21.21 6.4 4.5 '
A 739.8 1 238.21 2.9 | 2.3 1.2 1 168.6 | 106.Y] 74.7
v 1011.91325.7. | 4.0} 3.2 1.7 1 230.6 .| 145.2] 102.2
(1007 km) B 123.3| 38.6 | - | - - | 27.3 | 17.2) 124
o 168.7. 1 52.8 | 37.3 '23.5} 16.5
c 13.51 4.1 3.2 1 3.4 1.3 2.9 ‘- L)
18.5 5.6 | 4.4 | 4.6 1.7 4.0 ‘
A - 2.2 - - - - -
LL+L 3.1
B - - - -
C -
‘ A - 2.2 - = - - -
LL+U 3.0 ,
, B - - - -
Cc - - -
' A - 128.1 - - - - -
LM L 175.3
B - 43.8 - - - - -
, 59.9
c - 5.0 - - - - -
6.9 |
S A - 109.3 - - - - -
L+M+U : 149.4 o
- B - - 39.84) - - - - -
54.4
C-- - 4.6 1 - - ‘- - -

" ORIGINAL PAGE IS
OF POOR QUALITY

-
[}




Table 4.2-1

SHORT ARC MODE SOLUTIONS

No.. of ObservétiOns.

per Station 250 500 750 | 1000

Case :

’ ‘No. of Grid Stations : ,
+ No. of Fundamental | 9+3 | 6+3 | 4+3| 9+2| 7+2| 4+2 | 3+2| 9+1 | 9+3| 6+3| 7+2| 9+3 | 9+3
’ Stations ' - :

A | orbit: L | # X
A U jewxfow] x f o x b ox | x| x| x| x| x| x X
o i

,'A‘  L+U X

C.

~ *Four solutions using the following gravity models: SAGA (8x8). GEM 6 (J, only),
- GEM.6 (> J, only) and GEM. 6 (8x8 only).

~**Two so1utions both with simultaneous and sequential observations.




B 5. RESULTS
The initial analysis for the geometric mode differed from the analysis
for the short arc mode in a number of aspects which are described below.

Geometric Mode. Due to the simplicity of the model only a variance

analysis was performed, and the standard deviations of the recovered dis-
tances;between the grid stations were investigated. A linear dependency
betweeh the standard deviation}orij and the distance ry became clear as

the following examples show (Figures 5-1, 5-2, 5-3, and Tab]e 5-1). In these
figures Orij is plotted against r;j for 500 observations per station.

~ Three graphs for the height differences O m, 100 m and 100D m (cases A, B,
~and C) show that the 1linear dependency incheeses with the height”difterence
between the grid stations. Only the distances between ghid point 1 and all
the other‘grid stations were considered (rij, j=2, ... 9) since this set of
8 distances turned opt to be a representative set of all the possible 36 |
distances between the 9 grid stations. | |

In Figures 5-1 through 5-6, the'fnterrpption in the 1inear trend‘occursk

foh the distance rys (* 15 km)'where the distance under consideYation lies
‘more or 1ess perpend1cu1ar to the satellxte orbit. 1t may be quite possib1e
"that in casc of a nonpolar orb1t th1s 1nterrupt1on may disappear.

' An a]ternat1ve representat1on was also chosen where the var1at10ns of
,;the re]atmve standard dev1at1ons Iy /riJ with the distances rij were
,1nyest1gated The units for the re]at1ve standard dev1at10n are expressed
tin parts‘per million. The same three graphs are plotted as before except
nthe ordinates are cr /r1J 1nstead of cr (Figures 5-4, 5 5, 5-6, and

‘Tame 5-1 ).
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Table 5-1

O, (cm), Upper Number, and oy ]J
iJ 'lJ

of Orbital Height and Qtatmn Hewght D1fference (500 Observations per Station)

(p.p.m.), Lower Number, As a Function

Case| i=-3| 1~ 2 1 -3 1-4/1-5] 1-6 1-7 1-8 1-9

Ar rijkm 7.311 14.622 9.250 | 11.793 | 17.309 | 18.499 | 19.895 | 23.59]
554.3 296.

LL  {277.0 0 |330.4 | 541.2 | 594.1 | 592.6 | 663.5
378.8 [379.1 | 320.0 |280.1 | 312.7 | 321.1 | 297.9 | 281.3

L |280.7 |579.5 | 206.4 | 258.5 | 517.7 | 412.8 | 413.2 | 517.6
396.2 |396.3 | 223.2 |219.2 | 299.1 | 223.2 | 207.7 | 219.4

M {249.5 |498.9 | 208.4 |258.5 | 468.1 | 416.8 | 427.2 | 517.2
341.2 [341.2 | 225.4 |219.2 | 270.4 | 225.3 | 214.8 | 219.2

U |238.2 |476.2 | 237.2 |275.7 | 460.6 | 474.3 | 479.5 | 551.4
325.7 |325.7 | 256.5 |233.7 | 266.1 | 286.4 | 241.n | 233.6

L+l | 2.2 | 4. 1.9 2.2 | 3.8 | 3.3 3.3 3.9
3.1 2.8 2.0 1.8 2.2 1.8 1.7 1.7

L+ | 2.2 | 3.8 1.8 | 2.1 | 3.5 3.1 3.1 | 3.7
3.0 2.6 2.0 1.8 2.0 1.7 1.6 1.6

L+M [128.1 |256.3 | 102.7 | 122.0 | 232.0 | 205.4 | 204.1 | 244.1
175.3 |175.3 | 111.0 | 103.4 | 134.0 | 111.0 | 102.6 | 103.5

L+M+U 1109.3 | 218.5 88.4 | 105.8 | 199.2 | 176.7 | 176.6 | 211.7
6 | 89.7 | 115.1 95.5 88.8 89.7

149.4 | 149.4 95.

7.311 | 14.623

B | rig, 9.250 | 11.793 | 17.310 | 18.500 | 19.895 | 23.591
(L 1299 | 99.5 | 70.6 | 87.2 | 123.9 | 141.2 | 150.5 | 175.2
63.3 | 68.0 | 76.4 | 73.9 | 71.6 | 76.3 | 75.7 | 74.2
L | 53.9 |107.8 | 43.6 | 57.2 | 103.4 | 87.3 | 9.5 | 114.4
73.7 | 73.7 | 47.0 | e85 | 59.7 | 47.2 | 6.0 | 48.5
M | 43.0 | 86.0 | 42.8 | 58.9 | 93.5 | 85.6 | 946 | 117.6
5.9 | 58.8 | 46.3 | 49.9 | 54.0 | 46.3 | 7.6 | 49.9
v | 386 | 77.1 | 471 | 59.3 | 87.5 | 94.3 .| 100.4 | 118.4
| sl | s2i7 | 509 | s0.2 | 5006 | 5.0 | 50.5 | 5.2
LM | 43.8 | 87.5 | 40.2 | .51.0 | 86.7 | 80.4 | 84.3.| 101.9
| 7 |so9 | 599 | 43.4 | 432 | 501 | 43.5 | 42.4 | 43.2
{Lweu | 30.8 | 79.5 | 40.3 | 49.0 | g0.0 | 80.6 | 83.5 | 98.0]
. 4 | 43.6 6 | 46.2 6 | 42.0 | 41.5 |

B -
w

"41. 43.

54.4 | 54.

a9



Table 5-1 (cont'd)
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A similar variance analysis was performed'for the angles between the
chords (Figure 5-7 and Table 5-2). A representative set of angles was chosen:
the horizontal angles a, e.g., 4253 and 3256 (the behavior of these angles

is very similar to the d1stances r; the verticé] angles 8, e.g., 3456

IJ)’
and 3258 (the behavior of these angles is related to the strength of the

network in the vertical direction, i.e., in height). See Table 5.2.

“Short arc mode. Instead of a Variance ana]ysis a recovery ana]ysis.,

was performed for quantities least affected by the systematic mode11ng
errors, name]y, the distances between the gr1d stations. The representat1on
in this case is in terms of reetdoale computed as the difference between
‘the recovered distances~and'the}true distanée betWeen’the'grid stations.

- Geometric mode vs. short arc mode In the final ana]ys1s wh1ch com-‘7

pares the geometr1c mode aga1nst the S ﬁrt arc mode, the common denom1nator

of the ana]ys1s was the recovery of the dlstahces between the grwd stat1onsl'>
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Table 5-2

Standard Deviations of Recovered Angles in Radians x 1078

(500 Observations per Station)

258

L+M+U

Case |  ijk 253 256 456
By | ~45° ~90° ~180° ~180°
A L | 314.12 395.88 424.13 | 558.29
L 277.19 | 295.14 13.84 12.13
M 258.29 319.33 7.81 7.87
U 268.14 352.96 5.8 6.45
LL+L = 04 2.46 3.40 2.96
LL+U 7.98 2.44 3.23 2.71
L+M 115.39 109. 66 5.56 5.32
L+M+l 96. 87 91.71 4.49 4.19
afije | ~45° ~90° ~180° ~180°
B LL 61.87 100. 89 96.20 135.40
| L 51.89 63.30 6.62 4.70
M 47.20 73.87 4.33 3.56
u 47.24 77.47 4.07 ©3.49
L+M 44.37 58. 04 4.90 3.84
L+M+U £1.70 55,68 4m 3.59
o8 ik ~05° ~90° ~180° ~180°
IR T 6.96 11.75 14.18 19.13
| L 5.65 6.96 2.48 3.2]
M 5.21 8.11 3.56 2.74
U 5.10 8.32 3.56 2.84
LM 5.25 7.34 3.85 2.91
5.08 7.49 3.67 2.85

58




The questions to which answers were sought through the analysis were
the following: How is the recovery of distances affected by
(1
2

the altitude of the satellite

thé number of observations

—

)
)
(3) the number of stations and their distribution
(4) thefcop]anarity of the stations

(5) the mode of the obserVations |
(6) the algorithm. | | .

These considerations are elaborated on below for both modes of analysis.

5.1 Altitude of Satellites and Airplanes

5.1.1 Geometric Mode

Considering only the worst case whereby fhe Siations are situated near
a plane, it is vaious from Tables 4.1-1, 5-1 and Figure 5-1 that a sing1e
"~ measurement system (i.e;, one sate11ite at various a1titudes or an aikp]ane)
" cannot obtain an efficiency factof of 1. (The efficiency factor in this case
is the ratio of the standard deviation of the recovered distance between two
grid stations and the standard dgviation of the range measurement d; = 10 cm)g

It cah be seen from Table 5-2 that the vertical control of the network
'.@ angles) is much better determinedvthan the horizontal control (by atr
 least a factor of 20). Summarizing, except for the vertical control, single
measurément,syétems'are'uﬁab1e to recover relative station;positions with an
effiéiency factor of 1. | ‘k |

- An improvement,ya1though not spectaculék,‘js tﬁe,cbmbination of satei;,'

lite orbits, i.e.; Tower and middle orbit Combihed'or 1ower; middle and

uppek okbitf¢ombinéd;V
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The best measurement system seems to be the combination of the airplane
and the satellite. From Table 4.1-1 and Figures 5-1 and 5-4, it can be Seen
that the efficiency factor exceeds 1 impressively (E.F.= 1/5); thus fewer
than 500 observations (~50 - 100) should be sufficient.

The tables and’figufes mentioned in this séction are summarized in

Tables 5.1-1 and 5.1-2.

| Table 5.1-1
- 500 Observations per Station, Case A (aH = 0 m)
e = 7.311107 km %, cm orlz/r‘12 ppm | G“zSax 10-6 rad OBusex 10°¢ rad
LL : 277 378.8 314.12 424.13
L 290 . 396.2 277.19 13.84
M 250 341.2 258.29 7.81
U 238 ' 325.7 268.14 5.81
LL+L - 2 3.1 2.04 3.40
LL+U -2 3.0 1.98 1 3.23
- LM 128 175.3 115.39 -~ 5.56
o LHMyU - 109 149.4 96.87 - : ' 4.49

Table 5.1-2

Percehtage of Residuals (Absolute)

"RéSidué)s ‘0-Tem {1-2cm} 2-3cmy|{ 3=-4cm | >4 cm | Max Resy

L+l | 69 28 3 - - | 3em
LU 81 |19 i - | == | 2cm

.Théycombihatﬁon Of'an'airplane and a satellite in a high orbit (1007 km) |

seems to be more favorable than the combination with a low satellite (392 km). -
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5.1.2 Short Arc Mode

In this mode only two orbital altitudes have been investigated, the
Tower and the upper orbits. As it may be seen from Table 5.1-3 and Figure
5.1-1, the uppefﬁorbit gives better recovery than the lower orbit, probably
due to possib1efhode1ing deficiency_of the force field in which the satellite
moves.

A clear s¢e1e-type effect is visible from the histograms in Figure
5;141 and from Figures 5.1-2 and 5.1-3. A shift to the negative side can be

recognized. The reason for this effect is unexplained af the present time.

5.2 Number of Observations per Station

5.2.1 Geometric Mode

In the near critical configuratjons the number of obsefvations played .
onlyﬂthe conventional role that when increasing the number of observations by
a}factor of n,ethe,efficiency factor decreased by a factor of «”ﬁ.’
- As an}examp1e (from Table 4.1-1), for 50 observations per station ine

' the 1owét_drbit, the efficiency factor was

g
B T 1
E.,F. =v UY‘ = '10 = 9205
while for 5000 events
e G ' » »
Ep o= —2 .2 92.5

i

T = 9,1 £
S Or 10 l/5000
. : o 50 e
In the best measurement system (airplane + satel]1te) the efficiehcy;

factor was a]reddy 1/5 for 500 observat1ons per stat1on Consequently, the

"numbervof~observat1ons per stat10nﬂshou1dﬂnot have been a factor of



Table 5.1-3

Effect of Orbital Height

Observations per Station

Results

= ; Funda- - Op
Orbit | Case | mental Grid | Days Minimum Total Total v Spread

PN I ~ | Stations | Stations Passes | Events | Observations | Obser- | (cm).| Residuals in cm cm

: ‘ per Pass | per Pass per Pass | per Station {vations
51 upper | A 3 9 3 9 8 239 2868 10 10 <ax< 15 5
E ‘ , 2 <Ay< 8 6
| - 34 <pz< - 29 5
- - 7 <ar< 2 9
8| Tower | A -3 9 5 7 10 254 3048 10 39 <ax< 51 12
‘ ST ' ‘ ‘ | 81 <ay< 99 | 18
-160 <az< -143 17
L =9 <arc 1 10
2 | upper | A" 3 9 3 9 15 483 5796 10 4 <Ax< 7 3
T : 1 <Ay< 7 6
- 37 <pz< - 31 6
- 6 <Ar< 0 6
13 | lower | A 3 9 5 7 29 758 9096 10 | 36 <ax< 51 15
B o ‘ : ‘ 79 <ay< 98 19
-163 <az< -147 16
- 9 <Ar< 2 11
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consideration in the geometric mode. If the configuration is near critical,
the number of observations does not help; on the other hand, if the configu~
ration is not critical, a very low number of observations per station (20-50)

can suffice for obtaining an efficiency factor of 1.

5.2.2 Short Arc Mode _

The effect of the number of observations per station seemed to be negli-
gible according to Table 5.2-1 and Figures 5.2-1 and 5.2-2. However; an
increase in the number of observations seems to make the systematic effects
more pronounced due to modeling deficiencies (see Figures 5.2-1 and 5.2-2).

Increasing the number of observations per station could be advantageous
if one would like to model these systematic effécts. The problem of system-

atic effects is discussed further in section 5.6}2.

5.3 Number of Fundamental Stations

5.3.1 Geometric Mode ‘

One of the alternatives to break critical configurations was to ObserVe
either the distant fundamental stations (future Lageos stations) or other ;’
gnid stations outside of the small area of investigation. From Tabjes =

5.3-1 and 5.3-2 it appears that at least three fundamental stations need to

~ be observed simultaneously, which may be a very unrea]istiC‘raquirement.

A]though one or two fundamenta] stationé-]ook favOrab]erwhen‘1ooking»at'the

_standard dev1at1ons (Tab]e 5.3- 1), Tab]e 5.3-2 shows that due to high corre]a— "

~tion the 1nterstat1on d1stances could not be recovered with high accuracy in

these two cases It should be kept in mind that in the comb1nat1on mode (air-

plane and sate111te) “no fundamental stat1ons need to be observed to obta1n the

’same or h1gher accuracy than in the 9+ 3 mode as dep1cted 1n Tab1e 5 3 2.
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Table 5.2-1

Effect of Number of Events, Short Arc Mode

Observations per Station

Results
’ ) Funda' : Ur

# { Orbit | Case | mental Grid Days Minimum Total Total | Spread

S Stations | Stations Passes | Events | Observations | Obser- | (cm) | Residuals in cm cm
per Pass | per Pass | per Pass | per Station |vations

5.{.upper | A 3 9 3 9 8 239 2868 10 10 <ax< 15 5
N L 2 <hy< 8 6
- 34 <Az< - 29 5
- 7 <Ar< 2 9
2 | upper | A 3 9 -3 9 15 483 5796 10 4 <Ax< 7 3
a L ‘ D ~ 1 <Ay< 7 6
- 37 <pz< - 31 6
6 <Ar< 0 6
3| upper| A 3 9 5 16 15 969 11628 10 3 <AX< 7 4
: : . : - 4 <py< 3 7
- 43 <paz< - 37 6
' o - 7 <Ar< 1 8
8| lower | A 3 9 5 7 10 254 3048 10 39 <ax< 51 12
= : : 81 <«ay< 99 18
o -160 <Az< -143 17
e - 9 <Ar< 1 10
10 | Tower | A 3 9 5 7 29 758 9096 10 36 <ax< 51 15

: 79 <ay< 98 19
-163 <az< -147 16
- 9<«Ar<e 2 11
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Table 5.3-1

Upper Orbit, 500 Observations per Station

Case A (AH = 0 m)

Grid Stations + o cmio. /r., ppm i x 1076 rad |o x 1076 rad
Fundanental Stations | '12 M1z 12 ¢253 Buse
9+ 0 238 325.7 268. 1 5.8
g+ 1 3 4.0 4.5 2.3
9+2 2 3.2 4.0 2.8
9+3 1 1.7 1.4 2.8
Table 5.3-2
Percentage of Residuals (Absolute)
Residual {0 - 1 em{1 -2cm{2 -3 cm{3 -4 cm{ >4 cm| Max. Res.
i 9+ 0 “s - -- -- 100 | 669 cm
= o ,
PEw 9+ 28 16 14 14 28 11 cm
Ll < T B s
358
=R 9+ 2 8 17 11 8 56 14 cm
—T o ~ ‘
5+ 9+ 3 72 22 6 - - | 3 cmo-

5.3.2 Short Arc Mode

In contrast to the geometric mode, it was found thét short arc solutions .

-i with Tess’than three fundamental stations were unable to recdver‘relatiVe sta-

~ tion positions satisfactorily. The only option left was to investigate_Whether*

or not it was really necessary to observe the three fundamental stations in

each pass. Unfortunately, when two fundamental stations were'observed_pér

‘pass there was a rapid decrease in the ability of relative station position

" recovery (see Figure 5.3-1). This means that unfavorable weather conditions
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are as influential in the short arc mode as in the geometric mode. In this
case the only advantage of the short arc mode is the absence of the require-

ment of simultaneous observations.

5.4 Height Difference Between Grid Statjons

5.4.1 Geometric Mode

Since the situation of station positions near a plane form a near
critical configuration for ranging measurement systems, the extent tq which
a solution (i.e., the inverse of>the normal matrix) might be improved by mov-
ing some grid stations out of the plane was investigated. Having height dif-
ferences of only 100 m (Case B) a]réady showed an improvehenf. When the height
difference was 1000 m (Case C) (See Tables 4.1-1, 5-2, 5.4-1 and 5.4-2), fuf-
ther 1mprovements were evident. For example, in case of the upper orbit, the
standard deviation of fhe d1stance between stat1ons 1 and 2 dropped from 2.38m

(Case A) to 39 cm (Case B) to 4 cmv(CasevC). However, from Table 5.4~2‘1t

Table 5.4-1
500 Observations| Case | o. cm op. /Pt ., PPME.  x 1076 rad .  x 1076 rad
per Station i N2 T2 %553 ’ B 456 ,

Tower A | 290 396.2 S22 | 13.8

392 km B 54 | 73.7 ©51.9 6.6

o C e | 81 5.6 4.5

upper | A 238 | 325.7 268.1 5.8

1007 km | B | 39 52.8 47.2 4.1

| c 4 5.6 5.1 3.6

~ should be noted that'theﬂimprovement in'rec0veky is not sufficient due to the
1arqe corre]atwon whlch rema1ns even when the stations dxffer 1000 m in he1ght

Res1dua]s as large as 25 cm are sti]] left between the gr1d stat1ons The
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creation of height differences in any case is an unrealistic suggestion

because the topography in most areas may prove to be unsuitable.

Table 5.4-2
Percentages of Residuals (Absolute)
500 Observations

per Station Case}0-Tem {1 -2cm|{2-3cm{3-4cm|>4 cm| Max. Res|
Tower A - - . -- 100 | 1326 cm

392 km C 6 8 6 n 69 - 19 ¢cm
upper | A -- - -- - 100 669 cm

- 1007 km C 14 11 11 11 53 25 cm

5.4.2 Short Arc Mode

The nature of the dynamic mode is‘$uch that critical configurations

due to the fact that stations are situated in or near a plane do not exist

as Table 5.4-3 and Figure 5.4-1 show.

Percentagé'of Residuals (Absolute)

Table 5.4-3

500 Observations per Station, Upper Orbit

Case 1 0~1cm |1 ~-2cm/| 2 - 3emt 3 -'4 cm >4ICm .Max. Res.
A 22 28 14 14 : 22 7 cm
c 20 11 25 22 | 22 | 6cm

,5{5 AObServationa1'Mode

'5.5.1 Geometric Mode

The geometric mode does notVOffaf;any a1ternative td s1mu1taneous,

‘observations.
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5.5.2 Short Arc Mode
Often the ranges used for the short arc mode were the same as those
generated for the geometric mode. To ascertain if the simultaneity of the

ranges imposed unnecessary constraints on the passes in the short arc mode,

- similar solutions were made where the simultaneity was broken up.

One example which is shown below originally had one event every 12
seconds, observed by all the 12 (9 + 3) stations. The same solutions with

one observation observed to a s1ng]e stat1on showed - hard]y any ‘difference.

(See Figure 5.5-1 and Table 5.5-1.)

Table 5.5-1

Percentage of Residuals (Absolute)
Upper Orbit, 250 Observat1ons per Station, Case A (aH = 0 m)

Mode 0O-Tcem} 1-2 e} 2-3 ¢cm | 3-4 cm | >4 cm{ Max. Res.
Simultaneous 1 17 6 19 47 |- 8 cm

Not ' 1T 25 17 22 25 6 cm
Simultaneous

5.6 Algorithm

5.6.1 Geometric’Mode

The geometr1c adaustment, wh1ch leaves hard]y any room for improvement

due to its mathemat1ca1 s1mp11c1ty, m1ght be 1nvest1gated in two areas

(a) Any pitfalls [Pope, 1972] should be avoided in the stepW1se adJust-
ment as app11ed in OSUGOP | i
{b) It should be carefully 1nvest1gated at what stage computat1ona1
v prob1ems due to doub)e precis1on arithmetic start to dominate the
EANE cond1t1oning due to near cr1t1ca1 configurat1ons (checks using '~,;"
‘quadrup1e prec1sion should be carr1ed out). | g o
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5.6.2 Short Arc Mode
5.6.2.1 Gravity Model

As will be explained in section 5.6.2.3, some concern was expressed when
solutions with exact ranges (¢ = 0 cm) as compared to similar solutions with
ranges of o = 10 cm did not show any improvement in the residuals of the
recovered distances between the grid stations. Modeling deficiencies were
suspected.

The first possible cause of systematic effects in the residuals of the
grid station coordinates could be the difference between the gravity models
in the data (orbit) generation program (GTDS) and the solution progrém (SAGA).
To test this hypothesis data was generated with GTDS using only the GEM 6
(15 x 15) gravity field (no drag, etc.). In the solutions the following
fields were used: |
| (a) :spherical gravity fie1d'(J0 = 1)

)  "ellipsoidal" gravity field (34> J, from GEM 6)

(c) 8 x 8 gravity field from GEM 6 |

(d) 8 x 8 gravity field as it is inherent in the SAGA program.
The results of the comparison are given in Table 5.6-1.

~ Table 5.6-1

~ Percentage of Residuals (Abso]ute)

Lower 0rb1t, 250 0bservat1ons per Station, Case A (AH 0 ), o =10 cm

0-1em | 1-2cm | 2-3cm | 3-4cm >4 cm | Max. Res,

al 22 6 3 0 69 | 25em
b{ 25 14 14 | 8 39 9 cm-
c 27 11 17 6 39 9 cm
d 1

39 - 9cm

22 22 6 1

,It?can be seen that terms beyond'J do not qive an appreciable improveméht

. It was conc]uded that at least the grav1ty fie]d was not the cause for the

1arge systemat1c residua]s.
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5.6.2.2 Nongravitational Forces
Since the gravity field was not the cause of the Jarge residuals, a
new lower orbit was generated without any nongravitational forces such as
atmospheric drag, solar radiation pressure. Solutions using the truncated
GEM 6 (8 x 8) gravity field did not provide any clue as to the nature of
the residuals in grid station coordinates (see Table 5.6-2).
Table 5.6~2

o Percentage of Residuals (Absolute)
Lower Orbit, 250 Observations per Station, Case A (AH = O m), o = 10 cm

O-1cm{ 1-2cm | 2-3 cm | 3-4 cm | >4 ¢m | Max. Res.
Drag,
Radiation 22 22 6 11 39 9 cm
Pressure A
No Drag,
No Radiation 20 19 14 8 39 9 cm
Pressure

5.6.2.3 Adjustment
The final step which could be made towards the discovery of the
reason behind the systematic effects in the residuals of the grid station
coordinates was tb generaterdata and solutions with only the GEM 6 (8 x 8)

- gravity field using either ranges with a standard deviation of 10 cm or
true’ranges}(é =0 cm). According to Table 5.6-3, the difference in results
is again'ihsignificant;,The}residua]s in terms of grid station coordinates
are Tisted in Table 5.6-4. Subtracting the residuals in X,Y,Z of station55
from all tﬁe dthers and plotting the differences, clearly shows a véry

systematic pattern (Fig. 5.6-1).
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Table 5.6-3

Percentage of Residuals (Absolute)

Lower Orbit, 250 Observations per Station, Case A (AH = 0m), o = D cm
0O-1em | 1-2 cm | 2-3 cm | 3-4 cm | >4 cm | Max. Res.
g =10 cm 20 19 14 8 39 9 cm
c= 0cm 28 11 8 25 28 8 cm
Table 5.6-4
Station AX (m) AY (m) AZ (m)
1 0.39 0.82 -1.50
2 0.44 0.90 -1.55
3 0.49 0.97 -1.61
4 0.41 0.83 -1.47
5 0.46 0.91 -1.52
6 0.51 0.99 -1.57
7 0.43 0.84 -1.44
8 0.48 0.92 -1.49
9 0.52 1.00 -1.54
-7 -2 3 -9 -1 |6 2 -3 -9
-5 0 5 -8 0 8 5 0 -5
-3 2 6 -7 1 9 8 3 2
8§ AX ¢cm s AY cm § AZ cm
Fig. 5.6-1

Figuré.5.6-1 indicates that the distances between the grid stations were

not recovered. This impTies that the systematic residuals above cannot be

described by a similarity transformation but by an affine transformation.
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It might also be added that the recovered state vectors (X, Y, Z,
X, ?, i) by the short arc adjustment as compared to the true state
vectors, in a body-fixed system, show residuals in X, Y which are a factor
of 100 larger than the residuals in X, Y, Z, Z. 1In an inertial system
the residuals in X, Y are a factor of 100 larger than the residuals in
Z, k, ?, 7. This clearly indicates a rotational problem, hame1y, the
corrections to X, Y were such that in a body-fixed system the polar orbit
did th yield tracks of subsatellite points which form an angle with the
.meridians (at the equator the angle is about 3?5).

The reasons for the above problems are not clear at the present time.
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6. SUMMARY AND CONCLUSIONS

The Close Grid Geodynamic Measurement System was conceived as an orbit-
ing ranging device with a ground base grid of reflectors or transponders
(spacing 0.5 - 50 km), which are projected to be of low cost (maintenance free
and unattended), and which will permit the saturation of a local area to obtain
data useful for geodynamic and geodetic (oceans included) purposes. In this
investigation a first attempt was made to get an insight on how maximum
accuracy of relative station positions can be achieved in a short time span
(3-5 days). |

Measurement systems as laser radar, RF radar or a combination of both
opérating in continuous wave or pulse mode are able to provide ranges, range
rates (Doppler) or range differences (integrated Do§p1er), In this study
only ranges were considered with the already feasible laser precision of
10 cm. The ranges are observed in two modes, simultaneous and honsimu]taneousg
Two types of vehicles carrying the tranSmitter haVe been considered: (R)
Satellites at various altitudes: 392, 657 and 1007 km. The sate]iite orbits
i(passes) were generated with the GOddard Trajectory Determihing System
(6TDS), developed at MNASA's Goddard Spacé Flight Center. (B) Airplane flying
at an a]titudé df 9 km.

Two types: of stat1ons were cons1dered (A) Nine grid stations ati five-

minute intervals chosen in the vicinity of the San Andreas Fault area in
California (A¢ = 9.3 km and m = 7.3 km). The ellipsoidal height differences

between the stations were varied between 0 and 1000 m. (B) Three distant

fundamental stations were sefected outside the grid area near San Diego

and Qu1ncy 1n Cu11forn1a and near Bear Lake “Utah. |
Hav1ng s1mu1taneous and nons1mu1taneous ranges, two d1fferent a]gorithms

can be used to compute'the,re1at1ve positions of grid stat1qns: (A) Geometric
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adjustment which takes advantage of the simultaneity of the observations.
 The software used was The Ohio State University Geometric and Orbital
(Adjustment) Program for Satellite Observations (0SUGOP). (B) Short arc
adjustment (dynamic mode) which does not have the requirement of simuTtaneous
observations. The software used was the Short Arc Geodetic Adjustment |
Program (SAGA). Since a range measufement system lacks any coordinate
system definition, especially in the geometric mode, the recovery of the
relative positions was expressed”in terms of the estimable quantities, the

lengths of the chords between the grid stations and the angles between the

kchords.

6.1 Geometr{c Mode Results
. The geometric mode leads to a very simple mathematical model. However,
1o¢a1 satellite ranging networks often degenerate into critical configurations
(see Table 6-1, line 1) as opposed to global satellite ranging networks. To
'avoid‘these critical configurations two possibi]ities are mentioned: (1)

Separate stations in height either by giving the grid stations some height

difference aH (Table 6-1, 1ine 2), a possibility only in the case of accom-

, quating topography or_by inc]uding into the obsefvafion campaign the three
~stations outside the area (Tab1e 6-1, line 4). Thisrpossibility has the
stringent requirement of having favorable weather cohditions at the different

sites (grid area and 3 fundamental stations). (2) Separate the ranging devices

in height. The best (and mostyrea]istic) sd1uti0n to avoid the'éffects of
critical configukations within the limited area of“the,grid is the combinatidn"
of an airp1ane,and a sate]]ite (TabTe 6-1, 1inev5. Note that no distant
[%undamenta]] stations are needéd;)l:The only disadvantage df geometric mode

is ihé in$truménta1uprob1em reiatéd to]thé_rea]ization of thé Simu1tane0u$
observatioﬁs; :Thése at least for the lasers may be overwhelming.
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RECOVERY OF STATION-TO-STATION DISTANCES

Table 6-1

Accuracy of Range Measurements: o, = 10 cm

36‘Distances Between 9 Grid Stations, 500 Dbservafions’per Station

Height (km)

Mode AH | No. of ggﬁdgf : Percentages of Residuals (Absolute)
, , (m) Grid mental Satel-| Air ‘ :
: Stations | Stations lite | plane || 0-1 cm|{ 1-2 cm| 2-3 cm| 3-4 cm| >4 cm| Max. Res.
‘Geometric| 0 9 0 1007 | -- 100 | 669
Geometric|1000 9 0 1007 | -- 14 1 1 n 53 25
| § ‘Geometric| 0 9 | 1 1007 | -- 28 16 14 14 | 28 1
§ Geometric| 0 | 9 3 1007 | -- 72 22 6 3
2| Geometric 0 9 0 392 | 9 69 | 28 3 3
| short Arc| o 9 3 1007 | -- 22 | 28 | 14 | 14 | 22 7




[

6.2 Short Arc Mode Results

The absence of the requirement of having simultaneous observations and

-the absence of the bothersome critical configurations are the main advantages

of the short arc mode. However, in order to get stability in the solutions,
the three distant (fundamental) stations must be observed during each pass
(Table 6-1, line 6). A pass of four- to ten-minute lengths for satellites
at altitudes between 400 and 1000 km is so short in duration that favorable
weather conditions occurring simultaneously at all the sites might be just as
stringent a requirement as in the case of the geometric mode. (Short
arc mode using RF radar may alleviate the weather dependency but is
negatively compensated by more serious refractional problems and more
complex activé grid stations.)

The information contained in Table 6-1 has also beeh graphically
represented within Figure 6-1 to bring out the comparison between various

approaches.

6.3 Conclusions

Ranging with o. = 10 cm and 500 observations per station can’recover
relative positions well <Ur1j = 4 cm and |V”ij| < 3 cm). Unit efficiency
gr/orij,qan be achieved with fewer observations. Expected improvements in
the ranging accuracy (to 1-2 cm) and in the corresponding precision makes
the proposed systemkan exéeT]ent candidate for geodetic and geodynamié
applications. As far as the mode of,operaticn is concerned for a 1a$er
system, theffo11OWTng trade-offs need to be considered: The 1ikelihood of
having favorable weather conditions at the distant sites in case of the

short arc mode (possibly with a single sate]]ite and nonsimultaneous ranging)
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versuys the feasibility of overcoming instrumental problems in the geometric
mode (airplane and satellite with simultaneous ranging);

Neither of these problems are critical for an RF system; and the
decisive factor is whether systematic errors affectinq the RF systems can

be reduced to the level of those required by the users of the system.

6.4 Applications

Possible candidates as users of a Close Grid Geodynamic Measurement
System are: Solid Farth--measurement of motions near plate boundaries;*
subsidence and uplift, regional strain measurements, horizontal motions
and dilatancy componentS'neér faults, post earthquake resurvey, regiona1'
tfda] loading, volcanism associated motions, surface motions on unstable

slopes, geodetic surveys. Cold Regions--measurement of rigid body motions,

deformations and strains associated with the dynamics of pack ice and ice
islands, snow/ice motions in major ice sheets, profile and flow of glaciers,

surface motions in permafrost. Marine Geodesy--positioning of ocean bottom

geodetic reference frame, positioning or tracking of surface buoys.
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7. RECOMMENDATIONS FOR FUTURE STUDIES
The grid station network snould be extended to a Targe grid (1000
stations). Organization of observations might be a major task in this
case.
Once a large network has heen set out, measured and recovered, actual
changes in the relative positicns of the grid stations should be
simulated. A second récovery adjustment will gfve an insight in the
capabilities of monitoring these changes in relative position.
Better algorithms for short arc,adjustment should be devised to
remove systematic effects at the centimeter Tevel.
A short investigation shou]d b¢ made into the correctness of the step
and iteratijve adjustment procedure and the computational accuracy'of
geometric mode algorithms.
An optimum estimation procedure for station recovery might be a
geometric mode which takes advantage of orbital constraints which

connect the different (unknown) satellite positions, or, the reverse,

a short arc mode which makes use of (near) simultaneities between

observations.
The case of very closely spaced (<1 km) grid System should be
investigated because of numerous potential applications to engineering

works.
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