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0. INTRODUCTION

The SADOSA program system is designed for high precision
computation of three-dimensional station coordinates using
doppler observations of the satellites of Navy Navigation
Satellite System. The program system consists of three prog-
rams: the SPPENC, and MERGE programs for preprocessing, and
the SADOSA program for high precision geodetic adjustment.

The SPPENC program operates in single point mode. In a
pass-by-pass manner the observations are edited by elevation
angles and symmetry limits, a numerical filtering is performed
by residual limits and single station coordinates are compu-
ted as well as data are edited and output for further proces-
sing. The residual editing is based on separate pass-by-pass
least squares solution. The single station coordinates are
adjusted by sequential least squares method. The satellite

coordinates are obtained from broadcast ephemerides.

At the second stage the MERGE program arranges the
SPPENC-edited data into one file in an orbit-by-orbit manner
for final prcessing by SADOSA. For every orbit unique orbi-
tal data are compted. In case of broadcast ephemerides the
unique orbit will be based on the union of broadcdsted data
coming from different stations. If precise ephemerides are
available they replace the respective broadcast ephemerides.
Finally, each orbit will be represented by coefficients of

Chebyshev polinomials.

At the final stage a high precision geodetic adjustment
of a multistation network is carried out by the SADOSA program
using the merged file. Most of the principal properties of
the SADOSA program system is realized at this stage, namely:
multilocation short arc or semi-short arc method, range diffe-
rence or pseudo-range model, different ways of weighting the
observables and selection of coordinate system as well as

constraining the station coordinates, the orbits and the error

model parameters.
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This document is a MATHEMATICAL DESCRIPTION which
gives the mathematical models used in the programs of
the SADOSA program system. The realization can be found
in the PROGRAMMING DOCUMENTATION end in the program
listings. How to use it in practice, the user is refer-
red to the OPERATOR’S MANUAL.

The 5th version of the SADOSA program system is
discussed in this document.



1. STATEMENT OF THE PROBLEM

A satellite transmits on frequency fs. 2 ground station
receiver will receive the Doppler shifted frequency fr as

follows:
£, = £ (1+ & ——) /1]
Tr S c. dt

where ¢ is the light velocity in vacuum, dr/dt is the slant

range velocity of transmitter relative to the receiver.

Let us denote the antenna phase centre coordinates by

g B
position at epoch ty by X

Zg /g=ground/, the coordinate of the satellite

ay § Ysi’ ZSi [s=satellite/ and the
respective station-to-satellite slant range by Ari. Further,
let Ati be the propagation time of a signal transmitted at
epcch ti,and fg the receiver frequency. The integrated Doppler
count Ni is obtained by counting the beat frequency /fc—fr/

between two epochs as expressed below:
ty ety

N, = [ B £ Jak /2]

Using Eq. 1 and 2,a function F, can be found to express
the range difference Ari = r;-ry_y as function of measured

doppler counts, time epochs and other data. Implicitely,

Ar, = Fl(Ni,fs,f

. by _qrty bty qaati,...l) /3]

g

From the other hand, the same range difference can be
expressed as a function F2 of the antenna and satellite

coordinates as follows implicitely:



Ary = Fz(X RIS S

g’ Ygrigr¥s 122X

i’'%si si—l’Ysi—l’asi—l) /41

By means of the measured quantities and suitable approxima+
values of non-measured parameters and, further, linearizing the
function F3=F2—Fl,thus obtaining observational equations, one
can adjust for corrections to approximate parameters by least

Squares method.

2. ERROR MODEL

For practical use the explicite form of function Fl is to

be found.In connection with terms of Eq. 3 it has to be
noticed -hat
- the frequencies fs and fg are continously varying by time,
- the above time epochs are generated by the varying fs and fg,
- the cycle count is performed not at the phase centre of the

antenna but in  other block of the receiver,
- the doppler counts are disturbed by atmospherical refractions,

relativistic effects and Earth rotation effect.

These effects partly can be considered as corrections to
be introduced and partly hae to be determined as unknown error
model parameters.

2.1.Frequency bias

The time varying receiver frequency is expressed by

£q = fgotoE (t) +£g(tk) (et ] /5]

where f 5fg(tk) and fg(tk) are the nominal value, offset

go’
and drift of the receiver frequency at some initial evoch tk'
Similar formula can be written for the transmitter frequency:

£, = £, +OE (&) +f,s(tk) (e-t,) /6]

In pactice, at the starting level of processing /SPPENC prooram/
it is supposed that fgo=4OO MHz and the qu is the offset
- from 400 MHZ to be determined. At higher level of processing

/ SADOSA prograw'a good approximation is used for fgo which



contains already an approximate correction Sf; and only a

small correction défg has to be determined so that

-

5fd = 5fg+défg 17/

In case of the transmitter frequency always a good
nominal value fso is available by the satellite message.iowever,
in computation the 5fg and 6fs can not be separated, their

composition is handled as a bias of the error model.

On a higher level of processing, the frequency drifts
f and fs are handled together, too, as a second bias of

g
the error model.

. Time corrections ‘and bias

Let us consider Figure 1. The transmitter signal
starts at epoch tis /[first event/ and after propagation in
the atmosphere comes to antenna phase centre of the receiver

at epoch t /second event/. Here the doppler and timing

21
signal decoding begins. Decoding of the doppler signal

requires time interval Zii and is finished by epoch t3i

/[third event/. Decoding of the timing signal takes some time
Téi and is finished by epoch t,; /fourth event/. The cycle
counting starts when the first positive zero crossing

occurs at epoch tg, /fifth event/. The interval between the

fourth and fifth event is fBi' The interval T7,, varies

between 200-800 us, Tli is much less than the previous. They

are not measured, only a nominal value Tg, called receiver

delay, is available. The correction TBi is measured. in case

of JMR-type receivers, or negligible in case of other receivers.

Thus, the theoretical gating time epochs in the integral
by Eq. 2 are tg,_q and tg; which can be connected with the
corresponding signal emission time by the following equation:

r(t,.)
1.3, + T, /8]

tr, = t,.4+ —mM—
1li C i

51



where r(tli) is the phase
centre-to-satellite slant range at epoch of signal emission
tli and fi is the instantenous time delay. Its value can
be expressed by

T = .+ T .- 7 /9/

Transmitter Receiver

Dnppler inform.

Time inform.

tll t21 tBi t41 t51

t&l tgi

94 Tas Tss

Tli T51

til tgi
Figure 1.

In practice, a geodetic doppler receiver measures the
epoch tgi /énd tgij in the local time system t° generated

by the receiver oscillator as denoted on Figure 1. This
system is in error by an offset time atg and has a scale

bias due to the offset frequency 6f, and the frequency drift

fg as expressed by the followincg formula to convert the local

g’ . .
time syster ©° to the uniform time system t:



2

) £ (t
t = t9-atd- —-—g—]—(——(t-tk)— —gf—kl (t-t, )7 /10/

go go k)
At the starting level of processing by SPPENC program

fhe local time system t9 is transferred to the universal time

represented by the first two-minute satellite time signal,

The epoch of each event is obtained in system denoted by

T" on Figure 1. The nominal receiver delay Zg and the time

correction téi are applied as corrections. The receiver

synchronizes its clock to the first two-minute satellite

time signal as to the signal with zero index "o" and the

%

the two systems t9 and t is

readout is obtained a epoch tioe The difference between

t
_ xlto) LT - T /11/

At c 20 lo

ow

Neglecting the term 4T in right side of the equation

Trom Tio = Tyt ol j12/

where a7 is a correction to the nominal receiver delay,
We obtain an approximant Ato to the correction Atg as follows

r(tlo)

sty = —s 4 T /13/

Then every doppler incrementation time measurement is
computed in local time frame transferred to satellite time
using the following formula:

r _ .9
TE, = ¢, + 4k, /14/

The epoch of a fictive satellite signal corresponding to doppler

incrementation can be computed by the following way:

o
T Y A S -
T3 =Ty c Gy~ Y f13/



In Eq. 15 the A7 is neglected and a good approximation of

slant range r is used; further

= +9 o +9
B3 = Egy " By 16/
Summarizing the starting level, the Téi and Tii
epochs are used, the Zé and Téi are considered as

corrections.

For higher level of processing by SADOSA program the
local time frame transferred to satellite frame, denoted
as T', is scaled up using @n approximate offset frequency

5%9 and a quasi universal time system T is obtained by

means of the following formula:

8
Tsy = Tho +(74y ) g — 127]
g
and
vt s iy 4:10°
T1i = Tio* (71171, ZTEB§:}§; {17a]

Summarizing the hicher level processing, the Tey and
Tli epochs are used, the Té and Téi’ are considered as
corrections and, further, a dt synchronization bias is
adjusted which containsmainly the A7 correction to

receiver delay.

It is worthto mention that the above formulas are given
for JMR-type receivers.

For receivers of other type it is considered that

T3i=0, that is t4i=t51.

The only exception is the CMA-722B which does not
perform any time measurement. In this case the satellite
time frame t° is used and the starting point is the satellite-
~bit-rate-derived epoch of the first event, denoted as tii'
A fictive doppler incrementation epoch tgi is computed by‘

the following formula:



Efbos)
s _ ,s 1 i
t5i =& t—2 - F ‘g S8

After that, the tii and tgi are considered equivalent to
Tli and T5i' Here Tﬁi:o’ too.

Ionospherical refraction

A doppler count observed on one channel contains a
rather big effect of the ionospherical refraction. Every
receiver of geodetic type performs two-charnel measurements
by means of which the first order ionospherical effect can

be eliminated.

The JMR receivers record the already corrected doppler
counts. In case of receivers of other type two-channel
doppler counts are recorded from which a N, , correction
can be computed by standard formulas described in different
literatures. Here, the reader is referred to /Ashkenazi 1977/

or [Brown, Trotter 1969/ or /Wells 1974/.

In further evalution a doppler count corrected for the
first order ionospherical effect and transformed to 400 MHz
channel will be denoted: N;°".

Tropospherical refraction

Numerous algorithms can be used to correct a doppler
count for tropospherical refraction. In the SADOSA program
system the model of Black's approximation
has been adopted being in good agreement with ricorous

models even at 5° of elevation [Kouba 1979/,

The formula to compute correction to a slant rance is
as follows:

ar; = kp[1(E; 1) -b(E)] i [T(E; b1 ) -b(E,)] 119/



—~ 1D~

where

e -1/2
cosE.
1(e.,h,1 ) =4 1- =
i e l+(l—lc)h/Rg

/20]
1, = 0.833+[0.076+0.00015 (T;-273)] exp (-0 JE,) j21/
b(Ei) = 1.92/(Ei+0.6) }pai
further
-7 P
k., = 155.2¢10 ' — h
_ .1 ~—7 4810e
ky = 155.2°10 2 hy,
D
hy = 40136 + 148.72(T,-273.16)
124/
h,; = 11000

Rg is the station radius, Ei is the satellite elevation angle

in degrees, P is the atmospherical pressure in mbar, TD is
the dry temperature in °K and e is the partial water vapour

pressure in mbar.

The partial »ressure is computed from dry temperature
and humidity F [percent/lOO}:

[7.5(7,-273.3) /(T-35.8)]

e = 0.11 F 10 125/

The alternative formula for e when the dry and wet

temperatures /TD and TW/ are given i8 as follows

-4 -
e = e ~4.5:10  (141.68 10 3TW)(TD—TW)P /25a/
where
5.02803
e, = 1013.246(373%¥§} rexp [-g(T,)]



d

e

and

g T, = 18.19728g+0.0187265 l-exp -8.03945q +

TW
exp 26.1205 1- 393.1€ -1

+ 3.1813-10""

_ 373.16
Q== "1
W
A da.ri tropospherical correction has to be introduced into
the 4Ar, range difference, as follows

Trop,i= dri-dri-—l [26/

None of the refraction models can express the real condition
of the troposphere. This affects the tropospherical correction
to have a systematic error which is approximately proportional

to the elevation. The range difference Ari remains in error:

Brrop,i= dK{I%in(Ei+4)l/2]-l —[%in(E?_l+4)l/2]ml} [27]

1

where dK is the refraction bias parameter of the error model.

Summarizing, in the error model a(dri—dri_ﬁ correction
has to be considered and a dK refraction bias has to be

determined.

Relativistic correction

The local”and satellite clocks are used. They move
with relativistic velocity as compared to each other and
both special and general relativity will effect. The
instantenous value of these effects /Wells 1974/ :

R, -R |
'(l_ R /28]
c s'g

from which a ARel correction can be computed for a range
difference corresponding to a doppler countaccumulated
during dTitime interval:



2

vs A 1 2
Ape1,i | 3c *E (ﬁ_ T R_.IR_. ) dTy /291
g si "si-1

where VS 2 7500 m/s is the satellite velocity, c is the
velocity of light, u=3.99 lO4 m3/82 is the gravitational
constant, Rg is the station distance from geocentre,

Rey and Ry g

at epochs T

are the satellite distances from geocentre

1i and Tli—l’ further dTi=Tli_Tli—l'

It has been pointed out that the relativistic
correctionsare additive with the fg-fS frequency offset
/Brown 1969 and Well 1974/. Thus, neglecting this

correction won’t influence the station coordinates rather

than wvalue of fg.

Error model for range differences

Starting with Eq 2 and using the basic equations
1,5,6,8,10, the following error model has been derived

for a range difference with index i from station g to

por

satellite pass s:

. L - ion_,..
¢y df+c, df+c, dt+c, dR= f;g(Ni AfaTi)+ oy *
Y. ; ; ,
¥ 131+ ATr0p,1+ ARel,:l.+ Arl / 30/

where, in addition to the previous explanations,

E\f:ng*fS0 e frequency offset,

“Tgiq is the integration interval of the doovpler

count, =30 sec,
Ari=r(Tli)—r(Tli_l) is the range difference,

ion

N,
i

is the doppler count accumulated for d’l‘i and
corrected for the first order ionospherical effect,

e is the velocity of light in wvacuum,



] G

df= ?59 (6fg— 5fs) is the offset frequency unknown,
go
L] fso v .
df= 7 (fa_fs} is the frequency drift unknown,
go -

dt is the synchronization bias, generally close to the

.correction AT of the receiver delay,

dK is the tropospherical factor in m,

The coefficients are as follows:

€15 T~ ?:‘c; aTy
2 )
Bag. = = 2fCSO [(TSi_TSk) - (T53-17T5)) ]
gy T "(fli_fli—l)
Cyy = —{[%in(Ei+4)l/2]_l —{}in(Ei_l+4)l/2]_l}

here fli and fli—l are the slant range rates at epochs

‘I'li and Tli—l’ respetively, and T5k is the epoch corresponding

to the middle of the orbit.

The corrections are as follows:

ATgi =(r1i—rli_l)-tg, correction for the receiver delay,

Argg = r13°©347ry4-1"T34-1s special time correction
which increases the accuracy of computations and
enables the user to highly exploit one of the
properties of JMR-type receivers,

ATrOp,i = dri_dri—l’ the tropospherical correction by Eg.l19.and 26.

ARel i ¢ the relativistic correction by Eg. 29.
r .

Figure 2 shows the configuration and epochs for range difference

model.



-14-
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T5orT51r T Tggre - rTogre e+ Toi1/T550---rTsp

Figure 2.

Cconfiguration and epochs for range difference model
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Figure 3.

Configuration and epochs for pseudo-range model
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Error model for pseudo-range method

For the observations to a pass which is interrupted
not more than three times the pseudo-range model is
indroduced as an alternative of solving the adjustment by
SADOSA. In this case the Di,p doppler counts are used
which have been continuously accumulated with respect to
the middle point p [with epoch TSD} of a continuocus part
of the observed orbit. The number of such orbit parts is

three as maximum.

The following error model is derived for this case:

df+c., . df+c,,dt+ i _ _C (pton_ ,¢ +
pdf+ey, df+cy dtre,; dK fSO(Dip Adeip)

€1i 3 4ip

/31]

+ A .+ A

Tgip TBip+ ATrop,ip+ ARel,ip+r(Tlﬂ _r(Tlp)

In addition to the above explanations:

P is number of parts of an orbit, p=1,2,3, max(p) = 3

ip "5i “5p
i
I
Di;n = E Nion /with appropriate sign/
J=p
Ch, = = ——.dT,
lip & ip
A _ 2_ _ 2
21p T T ZE__ [ (753-Tgp ) “~ (@,~Tsy ) ]
©3ip ~ _(rll_rlp)



ATrop,ip

and Section

been used to

A'K‘gip - (rli—rlp)‘tg

Ar3ip = T11%317F1573p

= dr.—ér
1 P

= G

A . = i i—
Rel,ip Eg. 29 where the index i-1 must be replaced by p.

Figure 3. shows the configuration and epochs for pseudo-

-range model.

. Remarks

The principal statements and formulas in Section L

the error model:
/Brown, Trotter 1969/ and /Wells 1974/.

2 are commonly known. Where not mentioned,

the reader is referenced to the basic sources which have

/Ashkenazi 1977/,

However, there are two points which are peculiar in

the above error model derivation:

1. The time frame definition is based on

- the reallv measured epoch of doppler incrementations

/TSi/'

- the corresponding fictive signal emission /T

satellite computed from T

lif at the

- transferrinc the local system to a quasi universal

time system by means of the accurate two-minute

satellite time signal.

A special time correction is used which increases the

accuracy of computations and enables the user to highly

exploit oneof the properties of JMR-type receivers.
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3. STATION COORDINATES

A slant range difference Ari=r(T .)—r(Tli_l) can be

dud!
expressed as follows:

Ar;= [(Xli_xg) 2+(Y11"Yg) g (Zli_zg)zjllz )

2 2 31132 /32
—[lei—l_xg) *(¥y517Yg) (2572 ]

where X ,Y ,Z are rectangular coordinates of the station g,

g'"g’"g
and Xl'Yl’Zl with indices i and i-1 are the Earth fixed

rectangular coordinates of the respective satellite points

computed for epochs Tli and Tli—

A set of corrections ng,dYg,ng are to be computed in

the adjustment. Linearizing the Eg. 32 the following expression

1 given by Eq. l7a.

is obtained for later wuse in the observational equations:

Ar, = ArS +

i i alidxg +a2idYg +

a3ing /33]/
Here Arg is the slant range difference computed by means of
preliminary station coordinates and Earth fixed satellite

coordinates using Eq 32. The coefficient a are the

117%247%34
partial derivatives of Ari with respect to Xg,YG,Zg expressed

by the following equations of direction cosine differences:

ayy =gy mxg)et(ryy) - &3y =% x(Tyy )
_(vC _C
ays _(Yli_Yg)/rc(Tli)_(xii-l—Y;)/rc(Tli—l) /34

_ ekl (o _ (nC —7C
asy —(Zli Zg)/r (Tli (Zli—l Zg)/rc(Tli—l)

where the higher index ¢ means "calculated" or "preliminary".
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For pseudo-range model similar expressions can be

written:

r(Tli)—r(Tlp)= Bxli—xg)2+(yli—Yg)2+(zli—zg)%]llz

. 2 2 .y 271/2
"[lep_xg) lpmyg) T2y Zg) ] 135
__c c

r(Tli)_r(Tlp)_r (Tlﬁ -r (Tlp')+alipdxg+azipdyg+a3ipdzg /36

14p7 ¥1y X 12wy ) - 6 -xE) ()

azip=(X§i—Y;)/rc(Tli)-(Yfp—Xg)/rc(Tlp) 37/

a3ip=(zii_zg)/rc(Tli)_(Ziing){rc(Tlp)

In case of corrections to latitude /4y, rad/, longitude
/dA ,rad/ and ellipsoidal height /dH,m/ the coefficient in
Eg. 34 have to be transformed by

{lesin.chos Ag -Rg cosk%sinkg cosYécoslé-
Gg = -Rgsin v s5in Ag Rg cos?écoskg cos‘fgsin)g /38/
_Rg cos kfg O sim"g |
so that
r511'321'33i] = [2 rayyay ] g /391

4. ORBIT REPRESENTATION

Two sources of satellite coordinates are used in the
SADOSA program system: broadcast ephemeris /BE/ and precise
ephemeris [pPE/,

4.1, Precise aphemeris

.

The precise eph ides are computed in special cases
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for satellites and are available on special request. The
precise ephemerides consist of the satellite rectangular
coordinates X,,Y;,Z; /in m/ and their respective velocity (in
m/s/ computed for round minute epochs of UT [Ashkenazi 1977/.
" Their accuracy is estimated: 2m for each component of the
rectangular coordinates and 0.001 m/s for each component of

velocity.

For getting the satellite coordinates of the epochs
required in the adjustment, the coordinates Xi’Yi’Zi are
fit by least squares method to Chebyshev time polinomials,
then 10 coefficients of fit are obtained and used.

The following Chebyshev polinomials are computed:

£ 4 =1 ’

tad T %

t = 2x.-1 [40/
3,i i

Boi T %Eitg,i7tg 4

where Xy is the time argument which spans 30 minutes and is

normalized to +1:

_2(i-1) _
Xi——3c')-:l— 1 ’ 1—1,2,...,30 /41/

A design matrix T is obtained the size of which is 30%10:

rtl'l by 5 sem B
T = 1,0 L3, W By J42]
30,10 :
| 1,30 ®2,30 " Yp,30]

The normal equations are

N = 7' . T /43

10,10 10,30 30,10



...20_

After getting the inverse N“l of the above normal equations, the

Chebyshev coefficients are obtained for X,Y and Z coordinates:

_ -1, T
Cy = N (T X )
Ge = Nt (et .y 44
c, = Nt (rT . 7 )
10,1 : 10,1010,30 30,1

where for example

X = . ’ /45]

The standard deviations of fit by the three components are
obtained as follows:

B (Tcx—x)T(Tchx)

2
o = 30-1
T
2 (TCy-2) . (Te ~x)
Y 30-1 /461
T
2 =,(T(:.Z—z), (TC,-Z)
Z 30-1

Precise ephemerides with ci >l m [i=X,Y,2/ are deleted.

At the required epochs of signal transmission [Eg.17a/
T11
s
Tl = . 147/
n,l Tli
T
L in |




s

the satellite coordinates are obtained in the following way.

The Chebyshev polinomials are computed for the vector 'I‘l using
the Eg. 40 with time argument
2(r,.-1)
v r 1i _ ; 4
X 30-1 ! [43]

and similar to Eq. 40 and Eg. 42 a design matrix T' of size
‘nxlois obtained /[n=number of observations/.

The coordinates in question are computed:

- r

Xl = T CX
=) '

Yl T CY [49/
_— r

Zl = T CZ

where, for example

F -
1

X192

Xl = i [50/

X4

Xln

L -—

In the above computations the positional data are in

meters, the time epochs are in minutes.

.2. Broadcast ephemaris

The NNSS satellites transmit their predicted orbital
parameters from which the satellite coordinates can be computed
at a required epoch. The accuracy of broadcast ephemerides is
estimated as 26 m, 10 m and 5 m alonc the orbit., in out-of

Plane component and in radial direction, respectively.

The broadcast ephemeris consists of two parts:
- fixed satellite message to compute mean orbit
- variable satellite message to compute time varying corrections

to the mean orbit.



The SADOSA program system is accounting for majority voted
and coded satellite message. Decoding is carried out ia a
standard way described for example in /[Ashkenazi 1977/ or
[Wells 1974/. After decoding, the orbital data are in suitable
form.

The fixed orbital data are as follows:

tp = Time of perigee in min

n - mean motion in rad/min

i - argument of perigee at tp in rad.

< - rate of change of w in rad/min

e - excentricity

a, - semi-major axis in m

.72 - right ascension of ascending node in rad

@ - rate of change of &2 in rad/min

cosi — cosine of angle of inclination

AG - right ascension of Greenwich in rad

ID - satellite identification number

tinj - last injection time in min

sini - sine of inclination

Afs - satellite frequency offset in Hz

The decoded variable parameters are as follows:

AEj - Excer“ric anomaly correction [along track correction/
in radians for epochs to—2,t,to+2,to+4, ... where tO
is the emission time of lock-on signal in minutes.
Altogether j=1,2,3,...,nv corrections are available.

Aaj - Semi-major axis corrections in meters for spochs as
abov: and j=l,2,3,...nv.

A?j = Out of plane correction in meters for epochs to—2, to+2,
to+6,.. £ to is not devisable with 4 or to,to+4,
to+8"" 3:if to is devisable with 4. Altogether j=1,2,3,...,
m, corrections are available.

From the variable parameters ﬂEj, and Aaj given at
round 2-minute epochs, corrections AE,, and aaj

are computed at the satellite sicnal transmission epochs
Tli using a least squares f-coefficient approximation by the
. : 2
base function ¢1=[é,t,t ,%3,t4,t5 ]

t is the variable parameter epoch with respect to the lock-on



g

gignal epoch TSO/‘ The game procedure is used for the
out of plane corrections A?j /j=4~-minute epochs/ and
AP ;- Here the base function is @ o = [1,t,cos2nt,sin2n€]
(n is the mean motion/. As result of the fit, 6- and
4-coefficient vectors C,p, C, s CAB are obtdined and
the standard deviagtions of fit qu, Gﬁa’ 5hq are

" computed. The corrections at epoch Tli bage function, in

implicite form:

AR,

|
= 20, Ql(Tli,Tso,n))

Aa.

i f(caa’ ¢1(T11,T50,nn /51f

15 = £ (Cag» P2 (1y5,750,m))

Finally, the Earth fixed satellite coordinates at the
satellite signal transmission epoch T,; are calculated as
functions of fixed parameters Pf, variable parameters and

-
.

epochs Tli' and T

50
Xp; = £1(PgsaBy, 02y, ST
¥y = £ (PesaE 82y, ATy iTg, ) /52

&3

15 = £3(Per oy bay . BTy T )

4.3, Precise v.v. broadcast ephemeris

At tlie starting process /that is in the SPPENC program/
only broadcast ephemerides are used and the satellite coordinates
are computed by Eq. 51 and Eg. 52.

At higher processing level /[the MERGE and SADOSA programs/
it is possible to use the precise and broadcast ephemerides.
alternatively. If precise ephemerides are available for an
orbit then the satellite coordinates are computed as given in
Section4.Z by Eq. from 40 to 50. If no precise ephemerides are
available or the precise ephemerides have been rejected due to

standard deviations then another way is followed.
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Each station has a separate set of the variable parameters
for the given orbit. Generally, these sets differ from each
other in that each set covers some different part of the orbit.
The union taken from separate sets of the variable parameters
will give the longest covering of the orbit by variable
parameters. From the fixed orbital data and the union of
variable parameters and using the Eg. 51 and 52, satellite
X,Y,s coordinates are computed at l-minute epochs. The number

of l1-minute epochs is

€ = int(int(2x (7, -7, ))/2) x2+2 /53]

where int means integer operation, le and TSo are epoch of

the middle of observed orbit and epoch of the lock=-on; 4

20 .
mL2X

On basis of the l-minute epochs and l-minute satellite
coordinates a Chebyshev fit is performed by Eg. 40-46. In this
procedure instead of number of points 30 the number f,obtained
in Eg. 53,is everywhere substituted. Now the orbit is represented
by coefficients Cyr CY and CZ' In the SADOSA program the satellite
coordinates are computed from these coefficients and using

formulas Eq. 47-50 /here also 30 is substituted by T/.

4.4. Short arc method

An orbit generated by either precise or broadcast
ephemerides has a very accurate shape on a short arc of 15-20

minutes of time. However, the orbit itself is transferred and

rotated with respect to basic coordinate system uch values
which are comparable to the orbital standard devi ons
specified for t! . respective ephemeris type. The t:: nsfer and

the rotation can be handled as bias parameters and determined

as orbital unknowns /Wolf 1967; Brown, Trotter 1969/.

The coordinates of a satellite point atTli epoch can be
expressed as follows:
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C

Xpj = Xy + X+ ax (7;-Tg)
— c g e
Y,y = ¥y, +dy +ay (r,-T) 154/
— c 7 -—
Zyj = 2y Az +an (T, -Ty,)
where
2 & ] - ; -
xli'Yli'zli are preliminary coordinates computed from
precise or broadcast ephemerides as described
in Sections 4.4, 4.2 and 4.3,
dxk,dYk,de are positional corrections to orbit at epoch

Ty of middle of the orbit, they are to be

computed in the least squares adjustment,
dkk,dik,dik are velocity corrections at epoch le of

middle of the orbit to be computed in the

least squares adjustment.

If only positional corrections are aimed to be adjusted then
the adjustment method is called semi-short arc method. If
both positional and velocity corrections are to be computed

then the method is called short arc.

Contribution of the expressions by Egq. 54 to the range
difference or the pseudo-range equations can be easy derived
similar to the station coordinates unknows on the basis of
Eg. 32 [Section 3./.

For range difference equations:

A =ﬂc
¥ e o b;idxk +by,dY, + b,.dz, +
+ béidxk_+ bSidYk + bGide [55]/
where bli = -agy
By = “agy
Byg = =agy
- _ a _,Cyy.C _ B ey, o
b,y = - oz, (x5 X ) 1x5 (2 ) -ary_q(xy; ) -XC) /x @y4-9)]
_ Qi g - = S S -
b5i = [ﬁTi(Yli Yg)/r (TllJ a 1(Yli—l Yg)/r (Tll 17J
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_ c _,cy,. C &
bei = [dTi(Zli Zghlx () —ary (27 1-25) 1x%(1q,; o) ]
ofy = gy ~ By
dT. = T_., = 1

i-1 51=1 5k

For pseudo-range equations

R - .-
r(Tl. r(T p r (Tlﬁ r‘(Tlg + by dx) ¥ byipd¥y
bBidek + b4idek + bSiPdYk + bGidek /56/
where

Blig = "qip
T
P3ip = -

_ C [ C
by = [dT (7 -x5) 12z, ) -az (S - g)/r (z,,)]

_ )/ .C _ _
bgy, = [ﬁT (Y Yg) (Tl.) dTp(Ylﬁ )/r (r lo)]

= C C c _
p6ip = {ﬁTi (z€ )/r (T ) dTp(zl )/r (T )]
QZy = Tsi'TSk
ar, = Ts o Tsk

When precise ephemerides used, then both positional and
:locity correction are computed in rectancular coordinate
'stem. In case of broadcast ephemeris along, out of plane

~adial components are adjusted in meters. For this

irpose the respective coefficient bll b21’ bBi or bl o’ b2ip’
Bagn L 1ave to be transformed into the spherical system:
4 #gg Py 17Pg5rbgy |G

/57]

ip B2ip’g3ip]=[blip’bEip’bBipJGk

where the transformation matrix
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- sin?kcoskk f 51nAk cos?kcoskk
Gk = -51nYk51nAk cosAk cosvk51nxk
coslﬁk 0 ‘ 51nd

and Rk' fk, Ak are the ceocentrical distance, latitude and

longitude of k-th satellite point /orbital mean/ at epoch T k-

5. OBSERVATIONAL EQUATIONS AND WEIGHT MATRICES

.1l. Observational equations

In case of a station i /i=g/ observing an orbit k, altogether

N observational equations are obtained one of which with

index j /j=l,2,...,nik/ has, in general, the form below
aljdxi+a2jin+a3jdZi+bljka+b2dek+b3dek +

. dX .y a7 . df+c, . dK = 1.+4v.
+b4Jka+b53dYk+b6Jde+cljdf+czjdf+c3jdt+c4de lj vj /58]

with quasi observable lj equal to the right hand side of Eg. 30,
and vj residual.
This observational equation is composed of the effects of station
unknowns /[Eq. 33/, orbital unknowns [Eg. 55/ and error model parameters
/Eg. 30/ and shows that the range difference model and the short
arc method are used. Depending on the procram and on the
option wanted to be run, different compositions can be used in
the program system: ;
- range difference model and short arc method [SADOSA/,
- range difference model and semi-short arc method [SADOSA/,
- pseudo-rancge model and short arc method [SADOSA/,
- pseudo-range model and semi-short method [SADOSA/,
- simplified range difference model and semi-short arc
method /SPPENC/
- simplified range difference model with no orbital unknowns
| SPPENC/

Let us introduce vectors of i-th station unknowns /311,
k-th orbit unknowns /éﬂ and error model unknowns of the civen

station-to-satellite event /é;b/ so that.



D Gl

a = [ a az. 17T
i = 9X, 4y, k]

k

Y] . T
d;\ = lag,,,af ik,dt,-k,dxg

. . . T
de , v, , dz,, 4ax ., ay,, de] /59]

and the corresponding parts of design matrix:

— h

s i : s

ik %13 %2 a35

. . {

| !

ik = (P13 Py Bay By B Kgs 160/
B .

ik = |13 ©25 €35 Cay

with j = l,2,...,nik,

and the vector of guasi observables and residuals

L,y =[1l,12,..., 1j,...,1nik]T

f T /[61]
_— ,V., ,V2 F e o g Vj J oo e ’an_k]

After that, the :“vstem of observational equations of the
event of observations from station i to orbit k will have a
matrix form:

- g
ik 3 * By v 4

®3 3%l nikXG 6%l b,

o>

k + Bik . d1k= le + Vlk [62/

*4  4=x] n,,*®1 n,,x1

ik ik ik



-29-

The other types of observational equations lead to matrix
form similar to Eqg. 62. Every further operation will carried

out using Eg. 62.

5.2 Weight matrices

The quasi observable vector Lik is associated with a
respective weight matrix Pik which can be computed optionally
in different way.

For the adjustments in SPPENC program a unit matrix is used

[single station, i index is omitted/:

Pk = E [63]

Py By
For rancge difference model,when a -0.5 correlation between

quasi observables is supposed,the elements of Pi
[ Graybill 1969/:

I are as follows

' 2, 27-1 .
m(nik+l—n) “ﬁik+l)*6 /fb] ; if nzm

m,n n (nik+l-m) [(nik+l) ks 5%/ c’i:‘—l; ifm=n

=]
I
=
~
[y}
3

For pseudo-range equations, when no correlation is supposed,

a diagonal matrix is introduced:

B = (i) /65]
Dy®0y

In both range difference and pseudo-range model if stationary
time series are supposed /Graybill 1969 the weight matrix is as

follows

f_ 1 -l QO 5 e PP
62 - —- & l+a? -l
P, = : 2
2 L) _—
1k 6’ (l‘_d‘;) O 2N 1""& PR .. /66/
b "L
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Where <« 1is the first order coefficient of correlation of the
observed gquantities computed in the previous iteration. In
the above equations 6, is the a’'priori standard deviation of
unit weight selected to be equal to 1 or to 0,15,optionally.

¢ 1s the standard deviation of observations /in mj which is
either input separately for each station or determined in the

previous iteration for each stationto-satellite event ik (6=6;),

3., Constraints

In each station-to-orbit event ik the error model parameters

can be constrained on the basis of a’priori knodedge of their

accuracy:
. -2 2 &2 -8
Wix = diag <6df’ Sazr %ar’ %k 1637
434

For weight of the parameters which are not to be adjusted a zero value
is supposed. If the time synchronization parameter dt is

selected to be computed then for the time system definition

it must be constrained, if 6, =0 is input then a default

dt
Gﬁt = 100 us is qsed.

The orbital unknowns also can be constrained. For a k-th orbit

in case of broadcas* -—phemeris

LR N R e R ;
W, = diag <0’A}_,; 5“1: Sag’ % ¢ S # 05 > . [64a/
6,6

6 == = =

- 26 m, GLQ 10 m, Gla 5 m

Gx = SY = Gﬁ = 0.01 m/s
in case of precise ephemeris

-2 -2 -2 =2 ~2 -2
6,6
— = - = 6- = 6- — . —
Gk = GY 5, 2m  and % ¥ 52 0.001 m/s
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6. LEAST SQUARES SOLUTION

The observational equations are accumlated for every
atation=-to=-orbit event. The full mstrix of obgervational
equation all over the network would be obtained as follows:

AX + L =V with P weight matrix |66/
The least squares minimum variance estimate of X is

obtained by minimizing the Lagrange function

P = vipv + XTPXX - 2KT (AXHL-V) ]67/

with respect to the parameters V, X and K. In the above
equations for the total network

A is the design matrix

X,L and V are the vectors of unknowns, observables and residuals
P is the weight matrix

Py, 1s the a’'priori weight matrix for the unknowns /constraints/.

After minimizing the ? and eliminating the unknowns K

multiplier and V vectors, the estimation of X can be obtained
from
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values are built in which can be used optionally.

If the coordinate system definition is based on the satellite
coordinates, then the weights must not be zero.

The station positions also can be constrained. If n is the

st
number of all stations, the weight matrix will have the form:

. -3 =2 =D 5 = =2 165/
- 6
w dlag<<°fx1’ °v17 Cz1vccer S 0 Oy G'H j}

n n
nst:t:nSt st st st

The ©6-s may be of different values. If the system definition
is based on station ccordinates, then the appropriate coor-

dinates must be constrained. The §~-s generally are cocor 25 m.

The coordinate system in SADOSA can be defined alternatively
by using the inner constraint approach /or free adjustment/
applied to the origin and the orientation of system.

Detailed description of the procedure is given, for example,
;n Blaha, 1971 .

Further pogsibility is %o constrain the relative position
between m coordinate m= dXij, &Yij and dZi;.| of selected
gtations i anhd j. If supposing that some m coordinste
difference between stations i and j is known an accuracy
of oy s then the respective element of the W& r =
relative matrix is ag follows
-2
w = m,, /65a/

m, 4 1]



-32-

(ATPA+PX]X +aTPL = 0 168]
% = —(ATPA+PX)"1ATPL / 69/

The variance-covariance matrix of the estimation is

_ 24T ={,
EE:X = & (B paEp, ) 170/
and the a’posteriori standard deviation of. unit weight

vipv+xTe_x
ol o X - /71/
o £

where f is degree of freedom,

The above procedure is a principle way. It will be

realized on three level of processing as shown below.

6.1. SINGLE STATION PASS-BY-PASS SOLUTION

In the SPPENC program the data filtering is based on a
lest squares solution for single station from single pass.
Here the station coordinate and frequency offset corrections
are unknowns. The range difference observational eguation for

j-th observation:

»

a,.dy +3,.d\ +3.,.dH+c. .df = 1.+v. 72
13 £ 27 £y & V5 {35y

Here alj’ a2j' a3j are computed as prescribed in Eg. 39 but
13
le; Clj is computed as given 4n Eg. 30 but using Téj epoch

instead of TSj; Ij is computed as the right hand side of Eg. 30

using satellite positions computed for T epoch instead of

; o : Poa b
but using in it le and T5j instead of le and TSj and the correction

A . . ) 5
Rel, is omitted
For a single pass the observational eqguations for n

measurements and the normal equations are computed:

173/

and the respective parameters are estimated:
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[d\f , d» , dH, dij = g = - &5 X /74

Using the design matrix A and vector L, the estimated X
and V vectors are computed, from which the standard

deviation and the correlation coefficient for k-th pass are

, Yo .
S T Tn-4
V.V.+l
Qk = ___l_%:_ /76
V.V,
J 3

The residuals for which vj>q- e’k /g=2.5,3.0/ are deleted and
the adjustment is repetead. If no further residuals are to be
rejected the adjustment is repeated till convergence [for
latitude: 0.02", longitude:0.02" cosY , height:0.7 m and
frequency offset: 0.04 Hz/.

As a by-product, the station coordinates are averaged from
the single pass solutions:

Z(‘J’C“Ldﬁﬂk)

Bpass
AS+d)
A = Z(n 3 /771
pass
Lo EZﬁHC+de)
Dhass

where npaSS is the number of all accepted passes, rp, AC, u®

are preliminary station coordinates, dfk, dAk, de are the

corrections computed from a single pass k and k=l,2,...,npass.
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6.2. SINGLE STATION SEQUENTIAL SOLUTION

In the SPPENC program the station coordinate determination
is based on least squares solution for a single station from

accumulated effect of observations of separate passes. It is

a sequential solution. Here the corrections to station coor-
dinates, to satellite initial position and to frequency offset
are introduced as unknown parameters. The range difference
semi-short arc observational equation for j-th observation of

an i-th pass is as follows:

aljdf+a2jdA+a3jdH+b 3

.dxi+b2dei+b

13 dei+c

df. = 1.+v. 78
;. J ] /781

Here alj’ a2j’ a3j are computed according to Eq. 39; b b

15’

23!
b3j are computed as prescribed for Eqg. 55; Cqa4 and lj are

computed as given for Eg. 30. In every case epochs Tij and

T!. are used instead of T.. and T_..
57 13 5]

Considering the system of observational equations of a
pass, let us denote the station unknowns by vector X and the
respective coeffic%ents by matrix A as well as the orbital
plus frequency unknowns by Y and the respective coefficients

by B. Then the system of observational equations taken over k
prasses will have a form:

A, B, O o] [x ] ] V.|
1 1 1
A, O B 0 Y B v
2 >2 Ll 2l _ 2 155
; . : . 2 ; :
B O 0 .. B | L, Y
4y LA

The system of normal equations obtained from Eg. 79 /supposing

that the weight matrix for observations is a unit one/ is as follows:
—

. - — — 1 7 T— |
g, By By He| | B Elik
N, 0 i, o | Y, ¥ G, =0 [ 80/
ﬁi 0 0 ﬁk ik ék
s A I R

where 1i=1,2,...,k and



f. = aTA, )
1 1 1
N. = a’B,
1 1 1
M, = BTB, +W
i i7i ., orb
. T
Cl = AiLi /81/
. = BlL
a1 1 1

with orbit constraint matrix

Wo.p = Transform (Wk (26,105 m))

Eq. 80 is a first order partitioned system. For its
reduction /Brown, Trotter 1969/ proposed a procedure. The
following computation way is based on this procedure of

reduction being performed in a pass-by-pass manner.

For an i-th pass:

1. The submatrices ﬁi’ﬁi’ﬁi and the subvectors C;.C;, are
computed by Eqg. 81.

2. A work matrix is produced: Q, = ﬁiﬁ—l /22a/

3. The submatrix N; and the effect coming from ﬁi and Ni are
added to the reduced normal matrix accumulated in the

previous i-1 passes:

M, = Mi~1 +(ﬁi-Qiﬁ§) /82
3 . T . ~T . =T

oy = (Nl—Qlwl)+(N2—Q2N2)+...+(Ni_l—Qi_lNi_l)

T"he same operation is performed over constant vectors

é. and E.
i i
_ f - 1]
¢, =¢;_, + (¢ -08) 183/
where

G5y = (él"Qléﬂ +(¢2—Qzéz)+..;+(éi_l~Qi_lﬁi_l)

Here Mi and C, are the reduced normal equations and reduced
constant vector.

.
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4. The i-th estimation of the unknown vector composed of the
station coordinate corrections is computed:
X, = M.1c, : /84/
i 1 "1
5. The sum of the residual squares and of the degree of

freedom is computed for the phase of the given pass:

(VTv)i = (vTv)i_l + VIVi
B, = £40 -1
where for the previous i-1 passes 185/
(VTV)i_l = viv, +vgv2 SRTTIE o
£, =3+ nl—l) + (n,-1) + ...+ (ni_l—1)

An estimation for the standard deviation of the estimated

station coordinates obtained after i passes is as follows:

62

ay, i
2 (v'v), )
Sap,ia =~ —— M 186/
£,
1
7
cs'c'iH‘,:l_

After introducing the observations of a new pass and
proceeding with formulas in Eg. 81-86 a new estimation is
obtained for the station coordinates and their standard
deviation which is better then the previous ones. In statis-
tical sence, the best estimation is obtained after the last
pass to be processed to get single station coordinates in

guestion.
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6.3. MULTISTATION SHORT ARC SOLUTION

l. Reduction of second order system

In the SADOSA program different adjustment models can
be used. Let us select oneo<€ them characterized by observational
equations Eqg. 62 written for every observations of each event
ik /i=l,2,...,nst are the stations participating in the network;
k=1,2,...,m are the orbits observed in the network/.

The matrix of normal equations generated by design matrix
of the total system will have the following form:

r— - _ -— A ==y r'-'A -
# 3 i} ... © Fd C
1 2 m
'—IT .I‘
U] i 0 ... O d; Gy
T . = /87/
v, 0 b, o d, g,
i 0 ) 0 - 3 d C
__m m B m_‘ L. m_J

which seems to have the same structure as ihe first order system
in Section  6.2. However Eq. 87 has a finer structure. The

Submatrices ﬁk’ ﬁk and the subvectors dk’ C, are of the form

k
Uy = [UkUklUk2 e UknkJ
. . » " .o . T
dk ) [dkdkldk2 T dknkJ
. o ae o T
c. =leE & L J
e 2
k k“k1l k2 kn, 188/
P e Neog o eee N
k
._..T .
. N, Ny 0 - o)
Uk = -
N, ©O Ny, - o)
—_T y
N 0 o) ... N ,J
knk knk

that is they ar~ also of first erder partitioned systems. Thus,

the matrix of normal equation- ‘2 total observational network
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is second order partitioned one.

The properties and reduction of such second order

partitioned system are given by [Brown, Trotter 1969/. In the

SADOSA program the reduction procedure suggested by /[Brown,

*Trotter 1969/ has been adopted. It is given in the followings.

an inner loops.

" network.

The reduction procedure is carried out in an outer and
The outer loop handles the k-th orbit of the

Inside outer loop of the k-th orbit an inner loop

eliminates the error model unknowns of each consecutive station

with index i /i=l,2,...,nk/ observing the given orbit, that is,

performs a first order reduction.

As the inner loop is finished,

the outer loop eliminates the orbital unknowns of the k-th

orbit, that is, performs a second order reduction. As the

outer loop is finished, a reduced normal equation system is

obtained with station unknowns only.

This reduction procedure is expressed bv formulas of the

following steps:

1.

The design matrix is formed for the station i of the orbit k:

B..d.+B..d +
ik7i Tik Tk

where the obser

B =

1k%ik

vational vector

= L *Van

Ly

matrix P.y computd as shown in Sectioni2.

The normal equa

the respective

tion matrix N,
ik

submatrices for

/89]

is associated with weight

is generated and devided into

the given event ik:

'_.r\ . —_— A ] PAT1
Uie Y Ui Sig Bl
N o= |t w. m. o |= 8T | op ﬁ_gﬁéj/eo/
' ik Ma Mg S ik | Pie | PoePiPiebie
~T oT . T
L Ui Mip Mip Cip | [ Bik |

The error model constraints are considered and two work

matrices are computed for the ik-th event:

-0 (i )
Wy o= Oy (g, ) .
T - 37 X 3 . -
W2y o= Wy (@, )

model

with diagonal matrix of error “constraints Wik given by
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Eg. 63.

4. The first order reduction is performed for the ik-th event:

Ble

(%] 1k Lﬁ] e 8 ik O Uy €4y [ [ . ]
Py i A = v ’ . - U N £, / v /
[NJ e [N]ik EC]ik Ur.fk Nix Cix W2y He e

, . . -1
Submatrices (Nik+wik) » C;, and work matrices Wl,,, W2,

are stored for use in back solution.

As each reduced array of Eg. 92 is formed it is added to
the sum of its predecessors there~by producing, after

running throuch i=l,2,...,nk,

B Bl (6] [Shle W SR,
BE B Rl SR S SEL.

As each array of the form Eq. 93 is produced /that is the

1934

inner loop is finished/, the second order reduction is
perforried for the k-th orbit:

[[S]k ['_c]] E_N:I [C]]:l -W3 [&\T]T [C]] | 194/

with work matrix

03, = w], ([ k+Wk)_l 195/

here Wk is the diagonal matrix of orbital unknown constraints
given by Eg. f4a for broadrast ephemeris or Eg. 64b for

precise ephe

Submatrices ﬂN ) [b] and work matrix W3k are stored

for use in back solutlon

As each array of Eg. 94 is formed it is added to the sum of
its predecessors thereby producinc, after runninc through
| (0 S 11

EBRIgbao - 51

Its worths to note that the summation in Eg. 96 includes

also a sorting procedure by station.
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10. Constraints of station unknowns are considered using const-

rgint matrix W given by Eq. 65 or/and Eq. 65a or innet
censtraint. As result, the reduced normal equation system 1is
obtained with respect to station unknowns:

o be) - @l e o1

6.3.2. Back solution of second order partitioned system

First, the station unknowns are obtained. Then outer and
inner loops will operate. In an outer loop the orbital unknowns
are computed. In an inner loop for k-th orbit the error model
unknowns are computed. As a byproduct the respective contributions
to the constraint misclosure XPXX are computed.

The back solution is expressed by formulas of the

following steps:

l. The station unknowns:

A
d =-N u /98/
and the constraint misclosure for station unknowns /VPVCl/:

T

(xpx) ., = aTwd | 199/

2. Repeate 2.1 and 2.2 m times Jouter loop/:

2.1. Read the storeqg ([ﬁ]k+wk)"l,[§]k And W3k of k-th orbit.
ék = ([ﬁ k+wk)_l EE]k—W3k3 / 100/

and the constraint misclosure weichted square after the
k-th orbital unknowns to be accumulated /VPVC2/:

w11
(xpxx)orb,k :(XPXX)orb,k-l ¥ gt 1101}

2.2. Repeate 2.2.1. n, times /inner loop/:

k

2.2.1. Read the stored (i, +w, )7L, ¢

1! 0 CppiWley 80d W2, ..
The ik-th error model unknowns:
d,. = (ﬁ W )'lé -W2.. 4 -wl..a /102 /
ik ik ik ik ik M ik
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and the constraint misclasure weighted square after the

ik-th error model unknowns to be accumulated /VPVC3/:

B T "
(XX ) oy ,5 = (¥23%) e rr, 5-17 9517111 /103/
] k-1
where j= g nt+i
{=1

6.3.3. Standard deviation of unit weight

Estimation of the residuals Vik in Eg. 89 is obtained
from the observational vectors computed in the next iteration
for, if last, in an iteration-like procedure/. Thus sum of

squares of the weichted residuils of observations is obtained
[VPVOB/ :

m_ nk
] _ T
VW ops = E E Vi Pix ik /104]
=1 1=1

_ .iter+l
so that Vik = Lik

The constraint misclosure weichted square summed up over

all contraints:

xe X =(xpyx) o+ (xpx) o+ (xpx) /105

err
The total sum of squares of all weighted residuals [VPV/:

A = D
VPV VLVObS + XPXX /106 /

The degree of freedom coming from observations:

m ﬁk
fobs - E [ ( npoz,ik_nerr) HnoréJ_anta (LG
X

k=1

The degree of freedom coming from constraints:



B

m Ty
feonstr = Ssta ¥ ™MigrpCory * j ; Cik /rotb/
omi o

The total degree cf freedom:

£ = fobs+fconstr

- Sot/

m Ty
E =('\Csta_3nsta)+ :g:_[}orb(corb_l)+ ZE:_(Cik_nerr+npoz,ik)1
k=1 i=1

where
Cota is the number of station positional constraints
Ngta is the number of stations in the adjustment [NSTA/
m is the number of orbits in the adjustment [NORB/
ny is the number of station observinc a given orbit k
— is a factor [NXYZJK/, norb=3 if semi-short arcng,s6fshertare
orb is a flag /IORBC/ specifying if the orbits are to be
constrained /corb=l/, or not /corb=0/
Cix is the number of constraints in an event ik
Ny is the number of error model parameters to be
determined in the adjustment /NAIPR/ for an event ik
npoz,ik is the number of accepted observations in an event ik.

The internal standard deviation of unit weight:

VPVObS
Goi = - /108/
“obs

The external standard deviation of unit weight:

. . N
XPXX

Gge = FEE— /109/
constr

The a'posteriori standard deviation of unit weight of the
network:
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_ VPV
S =\ F /110/

6.3.4, Inversion of the reduced normals

The reduced normal equation matrix N /and the U vector/
qu. 97/ is handled so that only the upper triangle is stored
in 3%3 size block format /and 3%l for U/. The normal equations
are solved by a Gauss reduction, the back solution and computation
of the inverse is performed by method associated with the name

of Banachiewicz.

The procedure given by /Mueller et al. 1973/ and the
subroutine realization published in /Reilly et al. 1972/
is adopted for the SADOSA program.

6.3.5. Computation of station coordinates

An estimation of the station coordinate corrections is

obtained:

lrdzlr--~-r n

)

a=[dxl,dY ax QY ,az ,]T ‘ /111/
sta

The estimated rectangular station coordinates are computed

as sum of the preliminary coordinates and the corrections:

T
[xl,yl,zl,...,xn A ] =
sta sta sta

A
RE S g ]T +d /112/
sta sta sta

The estimated variance-covariance matrix of the rectancaular

station coordinates:

L = gf; Nt /113/

and the standard deviation of each rectangular station coordinate
is obtained as square root from the respective diagonal elements
of

::Mlqu
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The corrections to ellipsoidal coordinates df’i (in
arcse@, d)~i(;n arcse@, dHi(;n m) of a station i are computed
from the respective i-th 3xl1 block of 3 and by virtue of a Gi

transformation matrix

T T
[a~pi, dAg, dHi] = Gi‘[dxi, av,, dzil /1l4a/
where h_ —
L L . i
- ﬁ; sin¥  cos A, - sin¥, sin A, R cos Yy
i i
P p semky .
Ri COSL{D:.L Ri cosyi
hfos Pi cos Ai cos Pi sin Ai sin ?i B

with P = 206 264.806" and Ri distance of the station from centre
of the ellipsoid,

The ellipsoidal coordinates for station i are obtained as

follows

T c c T T
Efi, Ai, Hi] ={%i, A Hi] + {é P,» a Ai, dH% /114b/
The respective estimation of variance-covariance matrix

. . 2 2
of a station /units: m~, arcsec”,m arcsec/:

. ol
>, = Gy t2. G /115/
Al Yi
Hi Zi
The error ellipsoid parameters are also computed using
a standard IBM procedure /subroutine DEIGEN/ to solve the
task of eigenvectors. Based on the diagonal 3%3 blocks of
the variance-covariance matrix, for every station i the

eigenvalues Rjj /9=1,2,3/ are obtained from

| =y = A = ¢ /116/

2]
ii 33

By means of Q.. the eigenvectors 7 /3 components/ are
obtained from solution of

[?:ii ~_AjjI}Tj = ¢ J117/

From each TJ the length, latitude and longitude of an error
ellipsoid axis is computed. The latitudes and longitudes of the
three axes are then transformed into the elevation above

horizon and the azimuth.
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6.3.6.Relative station positions

For each station-to-station combination the relative
rectangular coordinates, the distance and the respective
standard deviations as well as the variance-covariance matrix
and error ellipsoid of relative positions are computed.

The relative rectangular coordinates:

15 i Xy
DY.. | = Y. - ¥, /118
17 7 a
DZ, . Z. = g,
17 J 1
with i=1,2,...,0_, , 3=i+1,i+2,...,n_
The distance
2 2. 4 o y271/2
[:(xj-xi) +(2y-yy) "+ @5-2) 7] 119/

The variance-covariance matrix of relative position:

ZDXij 2oy o+ Y_j - 2Zij /120/
Bzid

where E:i and E:j are the respective variance 3#%3 diacgonal
bloks for station i and j as well as E:ij is the 3%3 block
at crossing of i-th row and j-th column of 3%3 blocks

/covariance block/.

The standard deviations of relative coordinates are commuted
as square root from the diagonal elements of E:Dxlj .
DYij
DZ1ij
The error ellipsoid parameters are computed in the same
way as described in the previous section g 35,Computation here is

based on the 3%3 size EzDKij variance-covariance matrix.

DY¥Ly
DZ1ij
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