Chapter 6

GPS Observation Equations and Equivalence Properties

In this chapter, first the general mathematical model of GPS observation and its
linearisation are discussed. All partial derivatives of the observational function are
given in detail. These are necessary for forming GPS observation equations. Then, linear
transformation and covariance propagation are outlined. In the data combinations
section, all meaningful and useful data combinations are discussed, such as ionosphere-
free, geometry-free, code-phase combinations, ionospheric residuals, as well as dif-
ferential Doppler and Doppler integration. In the section of data differentiation, single,
double and triple differences as well as their related observation equations and weight
propagation are discussed. The parameters in the equations are greatly reduced
through difference forming; however, the covariance derivations are tedious. In the
last two sections, the equivalent properties between the uncombined and combining
as well as undifferenced and differencing algorithms are discussed. A unified GPS data
processing method is proposed in detail. The method is selectively equivalent to the
zero-, single-, double-, triple-, and user-defined differential methods.

6.1
General Mathematical Models of GPS Observations

Recalling the discussions in Chap. 4, the GPS code pseudorange, carrier phase and
Doppler observables are formulated as (cf. Eqs. 4.7, 4.18, 4.23):

Rzk(tr’te): pzk(tr)te)f(&r — Ot )e+ Oion + 5trop + Stide + Orel +Ec 5 (6.1)

ADE(t,,te)=pf (trste)— (St — Sty )+ ANE = Sion + Siop + Fde + el + & and (6.2)

D:dplk(tr,te)ifd(étr—&k)

dr a + 5re17f +é&g. (6.3)

Where ionospheric effects can be approximated as (cf. Sect. 5.1.2, Eq. 5.26)
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and R is the observed pseudorange, @ is the observed phase, D is Doppler measure-

ment, f, denotes the GPS signal emission time of the satellite k, ¢, denotes the GPS sig-
nal reception time of the receiver i, c denotes the speed of light, subscript i and
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superscript k denote the receiver and satellite, and ot, and dt, denote the clock errors
of the receiver and satellite at the time ¢, and f,, respectively. The terms &, Syrop, Oride,
and 6, denote the ionospheric, tropospheric, tidal and relativistic effects, respectively.
Tidal effects include Earth tide and ocean loading tide effects. The multipath effect has
been discussed in Sect. 5.6 and is omitted here. £, €, and &4 are the remaining errors,
respectively. fis the frequency, wavelength is denoted by 4, A, and A, are ionospheric
parameters, N¥is the ambiguity related to receiver i and satellite k, 3,1 sis the frequency
correction of the relativistic effects, the pf-‘is the geometric distance, and (cf. Eq. 4.6)

(6.4)

dpk(t
Pt = o)+ 2 a

where At denotes the signal transmitting time and At =t, - t,. dp/(t,) / dt denotes the
time derivation of the radial distance between the satellite and receiver at the time .
All terms in Egs. 6.1 and 6.2 have units of length (meters).

Considering Eq. 6.4 in the ECEF coordinate system, the geometric distance is a func-
tion of station state vector (x;, y;, 2, X;» ¥ 2;) (denoted by X;) and satellite state vector
(X Yio Zo X0 V1o 21) (denoted by X;). GPS observation Egs. 6.1,6.2 and 6.3 can then be
generally presented as

k
O:F(Xi’ Xk’ 5t1’ 5tk’ éon’ drup’ 6tide’ &(el’ Ni’ 5rel_f) > (6.5)

where O denotes observation and F denotes implicit function. In other words, the GPS
observable is a function of state vectors of the station and satellite, and numbers of
physical effects as well as ambiguity parameters. In principle, through GPS observa-
tions, the desired parameters of the function in Eq. 6.5 can be solved for. This is why
nowadays GPS has been widely used for positioning and navigation (to determine the
state vector of the station), for orbit determination (to determine the state vector of
satellite), for timing (to synchronise clocks), for meteorological applications (i.e. tro-
posphere profiling),and for ionospheric occultation (i.e.ionosphere sounding). In turn,
the satellite orbit is a function of the gravitational field of the Earth and numbers of
disturbing effects such as solar radiation pressure and atmospheric drags. GPS is now
also used for gravity field mapping, as well as solar and Earth system study.

It is obvious that Eq. 6.5 is a non-linear one. The straightforward mathematical method
to solve problem 6.5 is to search for the optimal solution by using some effective search
algorithms. The so-called ambiguity function (AF, see Sect. 8.5 and Sect. 12.2) method is
one of the examples. Generally speaking, solving a non-linear problem is much more com-
plicated than first linearising the problem and then solving the linearised problem.

It is notable that the satellite state vector and the station state vector shall be repre-
sented in the same coordinate system; otherwise coordinate transformation discussed
in Chap. 2 shall be made. Because the rotations are “distance keeping” transformations,
the distances computed in two different coordinate systems must be the same. How-
ever, because of the Earth’s rotation, the velocities expressed in the ECI and ECEF co-
ordinate systems are not the same. Generally, the station coordinates and ionospheric
effects as well as tropospheric effects are given and presented in the ECEF system. A
satellite state vector may be given in both the ECSF system and the ECEF system. This
depends on the need of the concerned applications.
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6.2
Linearisation of the Observational Model

The non-linear multivariable function F in Eq. 6.5 can be further generalised as
O=F(Y)=F(y1, ¥Y25--> Yu) > (6.6)

where variable vector Y has n elements. The linearisation is accomplished by expand-
ing the function in a Taylor series to the first order (linear term) as

OF(Y)

0=F¥*)+22 .Y +£(dY) , 6.7
(") oY ¥0 £dr) o
where
dy,
d
6F(Y):[6_F 6_F 6_FJ, and dY=(Y—Y0)= ).12 H
ov oy, oy, Wy :
dy,

the symbol |0 means that the partial derivative dF(Y)/0Y takes the value of
Y = Y% and €is the truncating error, which is a function of the second order partial
derivative and dY. Y?is called the initial value vector. Equation 6.7 turns out then
to be

dy,
d
o_c{a_F OF 6_FJ I (65)
M O, Wn Jyo
dy,

where F(Y?) is denoted by C (or say, the computed value). So GPS observation Eq. 6.6
is linearised as a linear equation (Eq. 6.8). Denoting the observational error and trun-
cating error as v and O - C as |, partial derivative (JF/dy;)|yo= aj, then Eq. 6.8 can be
written as

li:(ail i ... Q) +v;, (i=L1,2,...,m), (6.9)

where [ is also often called “observable” in adjustment or O - C (observed minus com-
puted), and j and i are indices of unknowns and the observations. Equation 6.9 is a
linear error equation. A set of GPS observables then forms a linear error equation sys-
tem:
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L a dpp - Gy dy, V1

L Gy Gy e Gy || Ay, V)

.| = . . . . . . + . >
lm aml amz e amn dyn Vm

or in matrix form (denotes dY by X)
L=AX+V, (6.10)

where m is the observable number. A number of adjustment and filtering methods (cf.
Chap. 7) can be applied for solving the GPS problem 6.10. The solved parameter vec-
tor is X (or dY). The original unknown vector Y can be obtained by adding dY to Y°.
V is the residual vector. Statistically, V shall be assumed to be a random vector, and is
normally distributed with zero expectation and variance var(V). To characterise the
different qualities and correlation situations of the observables, a so-called weight
matrix P is introduced to Eq. 6.10. Supposing all observations are linearly indepen-
dent or un-correlated, the covariance of observable vector L is

QL =cov(L)=c’E (6.11)
or
P=Q = (6.12)
LL > .
o’

where E is an identity matrix of dimension m X m, superscript ~! is an inversion op-
erator, and cov(L) is covariance of L.

Generally, only if the solved unknown vector dY is small enough, the linearisation
process can be considered done well. Therefore, the initial vector Y° has to be care-
fully given. In case the initial vector is not well-known or not well-given, the
linearisation process has to be iterated. In other words, the initial vector that is not
well-known has to be modified by the solved vector dY, and the linearisation process
has to be made again until dY converges. If X = 0, then L = V; therefore, the “observ-
able” vector L is also called a residual vector sometimes. If the initial vector Y° is well-
known or well-given, then the residual vector V can also be used as a criterion to judge
the “goodness or badness” of the original observable vector. This property is used in
robust Kalman filtering to adjust the weight of the observable (cf. Chap. 7).

6.3
Partial Derivatives of Observational Function

Partial Derivatives of Geometric Path Distance with Respect to the
State Vector (x; y; z, X, ¥ Z;) of the GPS Receiver

The signal transmitting path is described by (cf. Egs. 4.3 and 4.6 in Chap. 4)

pik(tr,te)z\/(xk(te)—xi)z +(yte) =y +(zi(te)—2)* , and (6.13)



6.3 - Partial Derivatives of Observational Function 91

dok(t..t
pik(tr,te)zpik(tr,tr)+%At , (6.14)

where index k denotes the satellite, and the satellite coordinates are related to the sig-
nal emission time ¢, i denotes the station, and the station coordinates are related to
the signal reception time t,, At = t, - t,. Then one has

def (tety) _ 1
e pft)
(g —x) Gk — %) =)0k —30) (@k—2z)(Z—2)),  (6.15)

where the satellite state vector is related to the time ¢, and

apik(tr,te): -1
o(xyinzi)  pr(tote)

(xk_xi Y= Ji zk_zi)’ (6.16)

Opfitte) _ At
TR X —X; —y z.—z). (6.17)
i) PRy e )

Partial Derivatives of Geometric Path Distance with Respect to
the State Vector (X, ¥j, Zjs X;s ¥is 2,) Of the GPS Satellite

Similar to above, one has

opF(tot.) 1 (

i (teote) _ Xe-X Vi) Ze-2:) (6.18)
0 yz)  pFte) KT S e

k
Opiltote) AL (Co—xi ye-yi zm-z). (6.19)

O Jiozi)  prtyty)

Partial Derivatives of the Doppler Observable with Respect to
the Velocity Vector of the Station

The time differentiation of the geometric signal path distance can be derived as

dpfitte) _ 1
dt Pt 5 (6.20)
(O (£e)=x) (g (£ )=%) + (i ()= y) (P (8 )= i) + (2 (Fe)—2:) (24 (£)—2;))

then one has

Adpf(tpste)/dt) -1

s ) pik(tr’te)(xk(fe)—xi Yty zilte)-z) . (6.21)
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Partial Derivatives of Clock Errors with Respect to the Clock Parameters
If the clock errors are modelled by Eq. 5.163 (cf. Sect. 5.5)
Ot =b;+dt+et’, St =b+dit+edt®, (6.22)

where i and k are the indices of the clock error parameters of the receiver and satel-
lite, then one has

_oot = (1 t t2) and
6(bi, di’ ei)
a5t ,
—k =0t ¢+ ¢*). (6.23)
5(bk, dk’ ek) ( )

If the clock errors are modelled by Eq. 5.164 (cf. Sect. 5.5)
5ti :bi > 5tk :bk > (6.24)
then

ad

6.25
ob, ob, (6.23)

The above derivatives are valid for both the code and phase observable equations.
For the Doppler observable, denote (cf. Eq. 6.3)

d(St; -ty

) = 6.26
clock f dt ( )
then for the clock error model of Eq. 6.22 one has
Dodock _ (1 3¢)f and cdock __(1 2)f . (6.27)
o(d;,e;) o(dy.e)
Partial Derivatives of Tropospheric Effects with Respect to
the Tropospheric Parameters
If the tropospheric effects can be modelled by (cf. Sect. 5.2)
I: Syop=fpdp and
dp | fudp
IL: 8o = fZ_ 427 6.28
trop F F ( )

C

where dp is the tropospheric effect computed by using the standard tropospheric
model, fp, f» f. are parameters of the tropospheric delay in path, zenith, azimuth di-
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rections,and F and F, are the mapping and co-mapping functions discussed in Sect. 5.2.
The derivatives with respect to the parameters fp, f» fa are then

9,
I {rop =dp and
afp
06,
i 2w _[dp dp (6.29)
Nfpfa) \F K

Furthermore, if the tropospheric parameters are defined as a step function or first
order polynomial (cf. Sect. 5.2) by

L fo=f,=f; if tj1<t<t;, j=L2,..,n and

t—tj
t

IL: fp=fz=fj71+(fj7fj71) A

if i <t<tj, j=12,..,n+1, (6.30)

where At = (t,- ty)/ n, ty and ¢, are the beginning and the ending times of the GPS
survey, and At is usually selected by two to four hours. Then one has

0
I: ﬁz%zl and
% o
0 —ttiy -t
R/ S P M = S =1 | (6.31)
Wi fy) 05100 AL M
The azimuth dependency may be assumed to be (cf. Eq. 5.121)
fa=g1cosa+g,sina, (6.32)

where a is the azimuth, and g; and g, are called azimuth-dependent parameters. Then
one gets

a

_Ja _ i . 6.33
e gs) (cosa sina) (6.33)

If parameters g; and g, are also defined as step functions or first order polynomials
like Eq. 6.30, the partial derivatives can be obtained in a similar manner to Eq. 6.31.

Partial Derivatives of the Phase Observable with Respect to
the Ambiguity Parameters

Depending on which scale one prefers, there is

dﬂuN:1 8/1N:/1

— or (6.34)
OAN ON
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Partial Derivatives of Tidal Effects with Respect to the Tidal Parameters

If the Earth tide model in Eqgs. 5.147 and 5.149 are used, then the tidal effects can be
generally written as

Oearth—tide = S1hy + 52l +53h5 (6.35)

where s, s, and s; are the coefficient functions, which are given in Sect. 5.4.2 in detail,
and h,, h; and [, are the love numbers and Shida number, respectively. Then one has

65earthftide
—Zearth—tide _ (¢ ¢ ), (6.36)
6(h2,lz,h3) ( 1 2 3)

Ocean loading tide effects can be modelled as

5loading7tide = fload (dxload dyload dzload) > (6.37)

where f|.. 4 is the factor of the computed ocean loading effect vector (dxi,.q dVioad dZi0ad)-
Then one has

aé\loadingftide

9 :(dxload Y10ad dZload) . (6.38)
fload

6.4
Linear Transformation and Covariance Propagation

For any linear equation system

L=AX or (6.39)
L ;. ap i || %1
L | 821 A Aon || X2
. - . b
lm Al Oma -+ Gmn )\ Xn

a linear transformation can be defined as a multiplying operation of matrix T to
Eq. 6.39, i.e,,

TL=TAX or (6.40)
th tn et L th te - tp\an .. Gy (%
th tyn ot | b T Iy oo B G G o Gy | X
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where T is called the linear transformation matrix and has a dimension of kK X m. An
inverse transformation of Tis denoted by T-!. An invertible linear transformation does
not change the property (and solutions) of the original linear equations. This may be
verified by multiplying T-! to Eq. 6.40. A non-invertible linear transformation is called
a rank deficient (or not full rank) transformation.

The covariance matrix of L is denoted by cov(L) or Q;; (cf. Sect. 6.2); then the co-
variance of the transformed L (i.e., TL) can be obtained by covariance propagation
theorem by (cf,, e.g., Koch 1988)

cov(TL) =T cov(L)TT =TQ,, TT , (6.41)

where superscript T denotes the transpose of the transformation matrix.

If transformation matrix T is a vector (i.e., k=1) and L is an inhomogeneous and
independent observable vector (i.e., covariance matrix Q;; is a diagonal matrix with
elements of Gf, where 6]2- is the variance (o; is called standard deviation) of the ob-

j
servable lj), then Egs. 6.40 and 6.41 can be written as

L A G A | %1
I a a a x
6 ta) =t t t,) 2 2 21721 and
lm A Gm2 Ann )\ Xn
(o3} 0 0 t1
0 o3 0t
cov(TL)=(t, t, ... ty,) 2 o (6.42)
0 0 o2 \tm
Denoting cov(TL) as 0%, one gets
2 _.2 2 .22 2 2 _Nn2 2
o7 =t]0} +t20'2+...+tm0'm:th0'j . (6.43)
j=1

Equation 6.43 is called the error propagation theorem.

6.5
Data Combinations

Data combinations are methods of combining GPS data measured with the same re-
ceiver at the same station. Usually, observables are the code pseudoranges, carrier
phases and Doppler at working frequencies such as C/A code, P, and P, code,
L1 phase @, and L2 phase @,, and Doppler D, and D,. In the future, there will also be
P, code, L5 phase @, and Doppler D,. According to the observation equations of the
observables, a suitable combination can be advantageous for understanding and solv-
ing GPS problems.
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For convenience, code, phase and Doppler observables are simplified and rewrit-
ten as (cf. Egs. 6.1-6.3)

Rj = p—(8t; — Ot )c + Bion (/) + 5trop + Otide + Orel T &¢ (6.44)
2’]¢] :p—(5tr —§tk)C+ﬂij _é‘ion(j)—i_é‘trop +5tide +5re1 +&, (6.45)
d d(dt, — ot
= ﬂj’;t -5 ( < i) +& and (6.46)
Sion(J) :%+% . (6.47)
j j

Where j is the index of frequency f, the means of the other symbols are the same as
the notes of Egs. 6.1-6.3. Equation 6.47 is an approximation for code.

A general code-code combination can be formed by n;R; + n,R, + nsR;, where n,,
n, and n; are arbitrary constants. However, in order to make such a combination that
still has the sense of a code survey, a standardised combination has to be formed by

_ TllRl + 1’12R2 + nSRS
ny +n2 + Nns

R (6.48)

The newly-formed code R can then be interpreted as a weight-averaged code sur-
vey of R, R, and Rs. The mathematical model of the observable Eq. 6.44 is generally
still valid for R. Denoting the standard deviation of code observable R;as o;(i = 1, 2, 5),
the newly-formed code observation R has the standard deviation of

1
t =m0y + 500 +n30%s) .
(m +ny +n5)

Because of

1, e+,

2 2 2
- ’”1 +15 + .1,
- b
m m

(cf., e.g., Wang et al. 1979; Bronstein and Semendjajew 1987), one has the property of

(n+n, -|~...-|~nm)2 <m(n? +n? +...+n,2n) ,
where m is the maximum index. Therefore in our case, one has
af Zm-mm{of ,032,0'35} , m=2or3

for combinations of two or three code observables.
A general phase-phase linear combination can be formed by

¢: n1¢1 -+ n2¢2 —0—715@55 5 (6.49)
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where the combined signal has the frequency and wavelength
f=mfitnaf+nsfs and A=—. (6.50)
A® means the measured distance (with ambiguity!) and can be presented alternatively as
}“¢:%(”1f1/11¢1 + 1 f,0 @, + 15 f5A5Ds) . (6.51)

Mathematical model of Eq. 6.45 is generally still valid for the newly-formed A®.
Denoting the standard deviation of phase observable 1,®; as o; (i = 1, 2, 5), the newly-
formed observation has a variance of

o —%(nf fiot +nyfioy +nifios) and (6.52)

o’ Zm-min{ol,o%,of} S

with m =2 or 3 for combinations of two or three phases.

That is, the data combination will degrade the quality of the original data.

Linear combinations @, = @, - @, and @y = 2P, - P, are called wide-lane and x-lane
combinations with wavelengths of about 86.2 cm and 15.5 cm. They reduce the first order
ionospheric effects on frequency f, to 40% and 20%, respectively. @ = @, + @, is called
a narrow-lane combination.

6.5.1
lonosphere-Free Combinations

Due to Eqs. 6.44-6.47, phase-phase and code-code ionosphere-free combinations can
be formed by (cf. Sect. 5.1)

2 2
o= IAA S _jieg ppy) and (6.53)
fi=1
2 g2
r=SR SR R; /; ZZRZ . (6.54)
fi=f
The related observation equations can be formed from Eqs. 6.44 and 6.45 as
R=p—(6t; — 0ty )c + Srop + Ode + Orel +&cc and (6.55)
AD= ,0—(5tr — 5tk)C + AN + 5trop + §tide + §rel + Epc> (6.56)
where
c
N=fN,-fiNy, A=——3, (6.57)
=5

& and g, denote the residuals after the combination of code and phase, respectively.
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The advantages of such ionosphere-free combinations are that the ionospheric ef-
fects have disappeared from the observation Egs. 6.55 and 6.56 and the other terms of
the equations have remained the same. However, the combined ambiguity is not an
integer anymore, and the combined observables have higher standard deviations.
Equations 6.55 and 6.56 are indeed first order ionosphere-free combinations.

Second order ionosphere-free combinations can be formed by (see Sect. 5.1.2 for de-

tails)
AD=Ci 4P, + CyAy @, +C5A5@D5 and (6.58)
R=C;R, +C,R, +CsRs (6.59)
where

Rf) o BUh)
C, C,

LEBR e e - - f)+ B,

4

c
ﬂ:c—, N:C4(C1N1+C2N2+CSN5).
4

The related observation equations are the same as Egs. 6.55 and 6.56, with A and N
given above.

6.5.2
Geometry-Free Combinations

Due to Egs. 6.44-6.46, code-code, phase-phase and phase-code geometry-free combi-
nations can be formed by

A A
_RZ - 10n(1) 10n(2)+A5c :—;——;+A£€ > (660)
if
A A
hD = 2,Py = 4\N| = LN, ——+—+Ag, (6.61)
i
4Dy = 2,D; =Agy (6.62)
]“]@] —R] = AJN] 10n(])+A8 and j=1,2,5 5 (6.63)

where

A A
Sion = Oion(1) = o5 (2) :_;__1 . (6.64)

£ R
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For an ionospheric model of the second order, one has approximately

A A A A
ABign = ion(1) = ion(2) =SS+l

R R B
The geometry-free code-code and phase-phase combinations cancel out all other
terms in the observation equations except the ionospheric term and the ambiguity
parameters. Recalling the discussions of Sect. 5.1, 8, is the ionospheric path delay
and can be considered a mapping of the zenith delay 6%, or 6,,,= 6%, F, where Fis
the mapping function (cf. Sect. 5.1). So one has

z
é‘ion(l):A_le:A_lz > (6.65)
oA
where A, and A} have the physical meaning of total electronic contents at the signal
path direction and the zenith direction, respectively. A} is then independent from the
zenith angle of the satellite. If the variability of the electronic contents at the zenith
direction is stable enough, A? can be modelled by a step function or a first order poly-

nomial with a reasonably short time interval At by

Af=g if 1, <t<t;, j=1,2,..,n+l (6.66)
or
Z t_tj—l . .
A :gj_1+(gj—gj_1)A—t it fjy<t<t; j=L2,..,n+l, (6.67)

where At = (t,-ty)/n, and t; and t, are the beginning and ending time of the
GPS survey. At can be, e.g., selected by 30 minutes. g; is the coefficient of the poly-
nomial.

Geometry-free combinations of Egs. 6.60, 6.61 and 6.63 (only for j = 1) can be consid-

ered a linear transformation of the original observable vector L = (R, R, 4, @, 1,®,)"

by
Ry
1 —10 0 0 0 g)(N)) |ae
0 0 1—1-/1;:/11 ~A —g|| Ny |+| Ag, |, (6.68)
11
1010 A 0 dl4A
4@, 1 1 Ag,

where Eq. 6.65 is used and

1 —-10 O
1 1 2
_2__], d:——z and T=[0 0 1 —1],
i 5 fi 101 0

g:
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Equation 6.68 is called an ambiguity-ionospheric equation. For any viewed GPS sat-
ellite, Eq. 6.68 is solvable. If the variance vector of the observable vector is

2 2 2 2
(O'C o, 0y O'P)T ,

then the covariance matrix of the original observable vector is (cf. Sect. 6.2)

6l 0 0 0
0 0 o2 0 0
o o0 o) o’

0 0 0 o

and the covariance matrix of the transformed observable vector (left side of Eq. 6.68)
is (cf. Sect. 6.4)

20'3 0 - O'C2
cov(TL)=TQ,T"=| 0 20} &b |,
~0; o) ol+o}

h+o > —h  2h
1

1 _,
P=(cov(TL)) '==| —-h h+o > —2h|, h=—1" . (6.69)
2 3 oc +o,
2h —2h  4h

Taking all the data measured at a station into account, the ambiguity and the iono-
spheric parameters (as a step function of the polynomial) can be solved by using Eq. 6.68
with the weight of Eq. 6.69. Taking the data station by station into account, all ambigu-
ity and ionospheric parameters can be determined. The different weights of the code
and phase measurements are considered exactly here. Due to the physical property of
the ionosphere, all solved ionospheric parameters shall have the same sign. Even though
the observation Eq. 6.68 is already a linear equation system, an initialisation is still help-
ful to avoid numbers from ambiguities that are too big. The broadcasting ionospheric
model can be used for initialisation of the related ionospheric parameters.

A geometry-free combination of Eq. 6.62 can be used as a quality check of the Dop-
pler data.

6.5.3
Standard Phase-Code Combination

Traditionally, phase and code combinations are used to compute the wide-lane ambi-
guity (cf. Sjoeberg 1999; Hofmann-Wellenhof et al. 1997). The formulas can be derived as
follows. Dividing 4; into Eq. 6.63 and forming the difference for j = 1 and j = 2, one gets

@w_&+&:Nw_ﬂ(L_LJ , (6.70)
A A ¢
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where @, = @, - @,, N, = N, - N,, and they are called wide-lane observable and am-
biguity; c is the velocity of light and A, is the ionospheric parameter. The error term
is omitted here. Equation 6.60 can be rewritten as (by omitting the error term)

2 r2
A, =(R,—R,) ]zclfzz , (6.71)
271

and then one gets

ﬁ(i_LJ:[ﬁ_ R, j o R fi R fi (6.72)
c\h £

Afy Af)ftfi A h+f) A (it f)
Substituting Eq. 6.72 into 6.70 yields
N, =@, —M(ﬁJrﬁj ) (6.73)
fithlAh A

Equation 6.73 is the most popular formula for computing wide-lane ambiguities using
phase and code observables. The un-differenced ambiguity N, can be derived as follows.
Setting @, = @, - @, N, =N, - Ny, into Eq. 6.61 and omitting the error term, one has

ﬂqu_ﬂ/z(Nl_Nw):%_A_;‘F/ll@l_ﬂz(@l_@w) ’
o f

Ny =@ — (@ -Ny) ALy A il
fo ¢ fifa

N, =@, —(®, —NW)L—&£+&L , (6.74)
fo Afw Aty

where f, = f, - f, is the wide-lane frequency.

Compared with the adjustment method derived in Sect. 6.5.2, it is obvious that the
quality differences of the phase and code data are not considered by using Eqs. 6.73
and 6.74 for determining the ambiguity parameters. Therefore, the method proposed
in Sect. 6.5.2 is suggested for use.

6.5.4
lonospheric Residuals

Considering the GPS observables as a time series, the geometry-free combinations of
Eqgs. 6.60-6.64 can be rewritten as

Rl(t])_RZ(t]):A510n(t])+Agc 5 (6.75)
ADy(t})~ 2@y (t ) = 4Ny — N, ~ Ao (t;) + Ag,, and (6.76)

AI@I(t])_Rl(t]) = ﬂ‘iNi —25i0n(i,tj)+ Agpc N i=1,2,5 5 (677)
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where
Afty) Ay
ASion(t)) = Gion(Lt)) = o (st ) =—1 -1 j=1,2,..,m. (6.78)
h f
The differences of the above observable combinations at the two succeeded epochs ¢;
and f;_; can be formed:

AR (1))~ AR(t)) = AAGion (t)+ A A, , (6.79)
AAD ()~ g ADy ()= AN, ~ AN, = AAS o (t)+ AAs, and (6.80)
ﬂ‘lAtdjl(t])_AtRl(t]):ﬂ’lAtNl_24510n(1’t])+4Agpc N i= 1,2,5, (6.81)

where A, is a time difference operator, for any time function G(t), AtG(tj) = G(tj) - G(tj_l)
is valid.

Because the time differences of the ionospheric effects A,8,,,, and A AJ,,, are gen-
erally very small, they are called ionospheric residuals. In the case of no cycle slips,
i.e., ambiguities N; and N, are constant, AN, and AN, equal zero. Equations 6.79-6.81
are called ionospheric residual combinations. The first combination of Eq. 6.79 can
be used for a consistency check of two code measurements. Equations 6.80 and 6.81
can be used for a cycle slip check. Equation 6.81 is a phase-code combination, due to
the lower accuracy of the code measurements; it can be used only to check for big cycle
slips. Equation 6.80 is a phase-phase combination, and therefore it has higher sensi-
bility related to the cycle slips. However, two special cycle slips AN, and AN, can lead
to a very small combination of §,A,N, - §,A,N,. Examples of the combinations can be
found, e.g., in (Hofmann-Wellenhof et al. 1997). That is, even the ionospheric residual
of Eq. 6.80 is very small; it may not guarantee that there are no cycle slips.

6.5.5
Differential Doppler and Doppler Integration

Differential Doppler

The numerical differentiation of the original observables given in Eqs. 6.44 and 6.45
at the two succeeded epochs #;and #;_; can be formed as

A R: _
(Rj _ Ap _fjAt(é'tr 5tk)+At€c , j=12, and (6.82)
ﬂjAt /IjAt At /1]-At
= j > ]_ &y *
At /'ijAt At /1]-At

where A,/ At is a numerical differentiation operator and At = ;- t; ;.

The left-hand side of Eq. 6.83 is called differential Doppler. Ionospheric residuals
are negligible and omitted here. The third terms of Egs. 6.82 and 6.83 on the right-
hand side are small residual errors. For convenience of comparison, the Doppler ob-
servable model of Eq. 6.46 is copied below:
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d d(ét, — oty)

D;= ﬂjgt_fj TRRREE (6.84)

It is obvious that Eqgs. 6.83 and 6.84 are nearly the same. The only difference is that
in Doppler Eq. 6.84 the observed Doppler is an instantaneous one and its model is
presented by theoretical differentiation, whereas the term on the left-hand side of
Eq. 6.83 is the numerically differenced Doppler (formed by phases) and its model is
presented by numerical differentiation. Doppler measurement measures the instan-
taneous motion of the GPS antenna, whereas differential Doppler describes a kind of
average velocity of the antenna during the two succeeded epochs. The velocity solu-
tion of Eq. 6.83 (denoted by (x y z)T) can be used to predict the future kinematic
position by

jH J j

Yia |=| Yj|*| Yy |- At . (6.85)
Zj+1 Zj Z]

In other words, differential Doppler can be used as the system equation of a Kalman
filter for kinematic positioning. The Kalman filter will be discussed in the next chap-
ter. A Kalman filter using differential Doppler will be discussed in Sect. 9.8.

Doppler Integration

Integrating the instantaneous Doppler Eq. 6.84, one has
lj
ﬂ] f D]dt = AtpiAt(é‘tl‘ — §tk)C + &4 -
tj—l
Using the operator A, to the un-differenced phase Eq. 6.45 and code Eq. 6.44, one
gets

A @ = A p—A(St, — Sty )c+ A, 4N + €, and
AR = A p—A,(St, — Sty)c + £ (6.86)

where the same symbols are used for the error terms (later too). Differencing the first
equation of Eq. 6.86 with the integrated Doppler leads to
g

tj*l

or
g
A[N] = At(D] - Djdt+81 5 j = 1,2,5 . (6.87)

tjfl
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That is, the integrated Doppler can be used for cycle slip detection. Such a cycle slip
detection method is very reasonable. Phase is measured by keeping track of the partial
phase and accumulating the integer count. If any loss of lock of the signal happens
during the time, the integer accumulating will be wrong, i.e., cycle slip happens. There-
fore, an external instantaneous Doppler integration can be used as an alternative method
of cycle slip detection. The integration can be made first by fitting the Doppler with a
suitable order polynomial, and then integrating that within the time interval.

Code Smoothing
Comparing the two formulas of Eq. 6.86, one has
AR; =2,AD; - ;AN +é&, or
AR =L AD; +&; . (6.88)

Equation 6.88 can be used for smoothing the code survey by phase if there are no cycle
slips.

Differential Phases

The first formula of Eq. 6.86 is the numerical difference of the phases at the two suc-
ceeded epochs #jand 1,

ﬂ’]At¢] = Atp_At(é‘tr —5tk)c+ﬂ/]AtN] +8P 5 ] = 1,2 .

All other terms on the right-hand side are of low variation ones except the ambiguity
term. Any cycle slips will lead to a sudden jump of the time difference of the phases.
Therefore, the time differenced phase can be used as an alternative method of cycle
slip detection.

6.6
Data Differentiations

Data differentiations are methods of combining GPS data (of the same type) measured
at different stations. For the convenience of later discussions, tidal effects and relativ-
istic effects are considered corrected before forming the differences. The original code,
phase and Doppler observables as well as their standardised combinations can be re-
written as (cf. Egs. 6.44-6.47)

Rf(j) = pff —c8t; + Oty + Gion () + Sirop + & » (6.89)

AOF(j)= pf —cdt; +cty + ANF ()= Gion () + Sirop + &p » (6.90)

5i0n(j)=%+A—§ and (6.91)
i Ji
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f]d(ét 5tk) &) (6.92)

DE(j =3 pf
/1dt

where j (j =1, 2, 5) is the index of frequency f, subscript i is the index of station num-
ber and superscript k is the id number of satellite.

6.6.1
Single Differences

Single difference (SD) is the difference formed by data observed at two stations on
the same satellite as

SDjj,»(0)=05~0f; , (6.93)
where O is the original observable, and i1 and i2 are two id number of the stations.
Supposing the original observables have the same variance of ¢ then the single dif-

ference observable has a variance of 26°. Considering Egs. 6.89-6.92, one has

SDy 12 (R(j)) = piy = Pl —€tiy + Sty +dSi0n () +dSypop +de, » (6.94)

SDf‘lﬂ(w(m pls = ph —cdtiy + ety + LN~ LNA(j)

(6.95)
1on(J)+d5trop d P
ok _ ok Ot
D ,(D(j)) =2 "2/1 P _ f; d(&’z ; i) +dey » (6.96)

7

where g is the time differentiation of p,and d4,,,(j) and dd,, are the differenced iono-
spheric and tropospheric effects at the two stations related to the satellite k , respectively.

The most important property of single differences is that the satellite clock error
terms in the model are eliminated. However, it should be emphasised that the satellite
clock error, which implicitly affects the computation of satellite position, still has to be
carefully considered. Ionospheric and tropospheric effects are reduced through differ-
ence forming, especially for those stations that are not very far away from each other.
Because of the identical mathematical models of the station clock errors and ambigu-
ities, not all clock and ambiguity parameters can be resolved in the single difference
equations of Egs. 6.94-6.96.

For the original observable vector of station il and i2,

o:(o,-’;‘ ok ok okl ok o}‘f)T, cov(0)=c’E ,
the single differences
k1 k2 k3
SD(O):(Oil,iZ Oitiz Oil,iZ)T’

can be formed by a linear transformation
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SD(0)=C-O and

-1 0 0 100
c={0 -1 0 01 0|=(-E E). (6.97)
0 0 -100 1

Where common satellites k1, k2, k3 are observed, E is an identity matrix that has the
size of the observed satellite number; in the above example the size is 3 x 3.
The covariance matrix of the single differences is then

cov(SD(0))=C-cov(0)-CT =o?C-CT =26 , (6.98)
i.e., the weight matrix is

el g
20

That is, the single differences are un-correlated observables in the case of a single
baseline. C in Eq. 6.97 is a general form, so Cis denoted by C,= (-E,,,,, E,,,),and nis
the number of commonly viewed satellites.

Single differences can be formed for any baselines as long as the two stations have com-
mon satellites in sight. However, the baselines should be a set of “independent” ones. The
most-used methods are to form the radial baselines or traverse baselines. Supposing the
stations’ id vector is (i1, i2, i3, ..., i(m - 1), im) and the baseline between station i1 and i2
is denoted by (i1, i2), then the radial baselines could be formed, e.g., by (il, i2), (i1, i3),
..., (il, im), and the traverse baselines could be formed, e.g., by (i1, i2), (i2, i3), ...,
(i(m - 1), im). Station i1 is called a reference station and is freely selectable. In some cases,
a mixed radial and traverse baselines have to be formed such as, e.g., by (il, i2), (i1, i3),
(i3, i4), ..., (i3, i(m - 1)), (i3, im). Sometimes the baselines have to be formed by several
groups, and therefore several references have to be selected. A method of forming an in-
dependent and optimal baseline network will be discussed Sects. 9.1 and 9.2.

In case three stations are used to measure the GPS data, the original observable
vector of station i1, i2 and i3 is

o,.:(o}<1 of”)T, cov(0;)=0?E,,, , i=il,i2,i3,

where 7 is the commonly observed satellite number. The single differences of the
baseline (i, j) are

SDi,j(O)=(Off} o,-’jj”.)T, ij=il,i2,i3, i#j.

If the baselines are formed in a radial way, i.e., baselines are formed as (i1, i2) and
(i1, i3), then one has

(OR
SD;1,2(0)) (-E E 0 oll
$D,;5(0)) (-E 0 E 0’2

i3
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-E -E

J(-E E 0 J(2E E
cov(SD)=o E o0 E E 0 |=0c and (6.99)

P =[covisD)] = *F F
= V| = .
s Tleo 362\ -E 2E

If the baselines are formed in a traverse way, i.e., baselines are formed as (i1, i2)
and (i2, i3), then one has

0.
SD1,2(0)) (-E E 0 oll
SDus0)) L0 -E E) 2|’
O;3
-E 0
J(-E E 0 ,(2E -E
cov(SD)=0o E -E|=0 and
0 -E E 0 E —-E 2E

P =[cov(sD)] = *F F
=[cov = .
s 362\ E 2E

It is obvious that the single differences are correlated if the station numbers are
more than two. And the correlation depends on the ways the baselines are formed.
Therefore, a general covariance formula of the single differences of a network is not
possible to be derived. Furthermore, the commonly viewed satellite number #n could
be different from baseline to baseline, so the formulation of the covariance matrix could
be more complicated.

A baseline-wise processing of the GPS data of a network by using single differences
is equivalent to an omission of the correlation between the baselines.

6.6.2
Double Differences

Double differences are formed between two single differences related to two observed
satellites as

DDJ}3*(0) = SDj{’;2(0) ~SDJi.;,(0) (6.100)
or

DDj;;5(0)= (05" ~0}*)~ (0 ~Of) » (6.101)

where k1 and k2 are the two id numbers of the satellites. Supposing the original

observables have the same variance of 6% then the double differenced observables have
a variance of 462, Considering Egs. 6.89-6.92, one has
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DDA (R())= ply = pit’ = pla + Pl +ddB0n(j) +ddS ey +dde, (6.102)
DD (A,0()) = pl - piZ = pl + pi! + 4, (NS () - NiZ(j) i o)
an .
—NE()+ N (j) - dd8on(j)+ddS,,, +dde,
- k2 - k2
Dﬁllgz(D(])) p12 pll pIZ +pll +dd$d , (6.104)

4

where dd§,,,(j) and dd§,,, are the differenced ionospheric and tropospheric effects
at the two stations related to the two satellites, respectively. For the ionosphere-free
combined observables (denoted by j = 4 for distinguishing), the ionospheric error terms
have vanished from above equations.

The most important property of the double differences is that the clock error terms
in the equation (model) are completely eliminated. It should be emphasised that the
clock error, which implicitly affects the computation of the position of the satellite,
still has to be carefully considered. Ionospheric and tropospheric effects are reduced
greatly through difference forming, especially for those stations that are not very far
away from each other. Double differenced Doppler directly describes the geometry
change. Double differenced ambiguities can be denoted by

NEEG)=NEG-NEG)-NEGD+NEG) - (6.105)
The original ambiguities used in Eq. 6.103 are for convenience in case of reference
satellite changing.

For the single difference observable vector

SD(O):(O,.’;{,.2 of%, o,.’f,.z)T and  cov(SD(0))=20"E , (6.106)
the double differences

DD(O Okl k2 Okl ,k3 (6.107)

( ) i1,i2 i1,i2

can be formed by a linear transformation

DD(0)=C, -SD(0) , (6.108)
co=l TN Y, B ) (herem=2) (6.109)
471-1 0 1 T ’ '

where E is an identity matrix of size m X m, I is a 1 vector of size m (all elements of the
vector are 1), m is the number of formed double differences, and m = n - 1. The cova-
riance matrix of the double differences is then

T 2 T 2 2 1
COV(DD(O)) = Cd . COV(SD(O)) . Cd =20 Cd . Cd =20 1 2 . (6 1 10)



6.6 - Data Differentiations

109

For single and double differences
SD(O):(O,-’;},-2 of%, o0&, oi"lj*iz)T , cov(SD(0))=202E and (6.111)

kl,k k1,k k1,k
DD(0) = (Oﬂ}izz 1‘1}1‘23 i1}i24)T > (6.112)

the linear transformation matrix C4 and the covariance matrix can be obtained by

-1100
Cq=|-1 0 1 0|=(-I E) and (6.113)
-10 0 1
211
cov(DD(0)) =Cy4 -cov(SD(0))-C} =26%C4-Cl =26%1 2 1 (6.114)
11 2

For the general case of
SD(0)=(o,.’;}i2 of%, of, .. o,.’;'jiz)T, cov(SD(0))=202E , and

k1,k k1,k k1,k
DD(0) = (Oi1}i22 L i1{i2m)T ) (6.115)

it is obvious that the general transformation matrix C4 and the related covariance
matrix can be represented as

Cy=(-1, E, ) and (6.116)
cov(DD(0)) = C4 cov(SD(0))CY =262C4CY =26 (I n + Epem) > (6.117)
where I, is an m X m matrix whose elements are all 1, and the weight matrix has

the form of

1

P =[cov(DD(O)] ™ =—S—(1E iy ~ L) » (6.118)
20°n

where n=m + 1. Equation 6.118 can be verified by an identity matrix test (i.e.,
P-cov(DD(0)) = E).

In the case of three stations, supposing n common satellites (k1, k2, ..., kn) are
viewed, then the single and double differences can be written as

SD,-,].(O)z(o}fj- oﬁ o,-’ﬁ o,-’j;?)T and

DDi,j(O):(O{f;’kz o . o{j}s"m)T i,j=il,i2,i3, i#j. (6.119)
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Then one has the transformation and covariance

DD;;,12(0)] (Cq 0 |(SDy,i2(0) and
DD;1;3(0)] {0 Cg)|SDj1,i3(0)
Cq 0 c; o) 2E —E\ 4
cov(DD) = cov(SD) = (C4Cq) -
0 Cy 0 C4 —E 2E

Because of the dependency of the cov(SD) on the baselines forming, cov(DD) is also
dependent on the baselines forming. A baseline-wise processing of a network GPS data
using double differences is equivalent to an omission of the correlation between the
baselines.

6.6.3
Triple Differences

Triple differences are formed between two double differences related to the same sta-
tions and satellites at the two adjacent epochs as

TDA52(0(11,12)) = DDX"52(0(r2)) ~ DDA (0(11))

or

TDE.2(0(11,12)) = O} (12) - OK2(12) - OF) (+2) + Of (£2) 6120)
—0K(11)+ 0K (11) + 08 (1) — O (£1)

where t1 and 2 are two adjacent epochs. Supposing the original observables have the
same variance of 07, then the triple differenced observables have a variance of 852
Considering Egs. 6.102-6.104, one has

TDIEA(R(j,11,62)) = ply (1) — Pl (£2) — pfs (1) + ph (£2) — P (eD)

h . L (6.121)
+PI )+ piy (1) — piy (1) + tde
TDEA2(4,0(),11,12)) = pls (12)— P2 (12) — 3 (12)+ P (¢2)— Pl (11)
o i k1 and (6.122)
+pi” (t)+ pi; (t1)— piy (£1)+ON +tde,
-k2 _-k2 _ -kl -kl

) . J ; . , (6.123)

_/a,-zzm)—pilztt1>;pi£(rl>+pz-f<r1> L tdey

j

where

ON = A;(NEME2(j,2)— NiHA2 (o)) (6.124)
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Ionospheric and tropospheric effects are eliminated. If there are no cycle slips dur-
ing the time, the term of Eq. 6.124 is zero. Therefore, triple differences of Eq. 6.122
can also be used as a check for the cycle slips. Through triple difference forming, the
systematic cycle slip turns out to be an effect like an outlier.

The most important property of the triple differences is that only the geometric
changing is left in the models. Triple differences of Doppler describe the acceleration
of the position.

For double differences

DD(O(r)):(oi’;{;’;z(t) OfS3 () .. o{;{;’;m(t))T , (6.125)
one has

TD(O(t1,£2))=C DD(0(1)) (6.126)

T pD(O(2)) ) '

where

Cr = (- Epsm  Epy) - (6.127)
Then the related covariance matrix can be represented as

cov(TD(0(t1,¢2))) = Cy - cov(DD(0))-C7.

(TD(0(#1,£2))) = C - cov(DD(0))-Cr (6.128)

=Cp-Cgp cov(SD(0))-C,CE =24C;Cy,CL,CE

where Cy, is the double difference transformation matrix of two epochs. Because double
differences are independent epoch wise, Cy, is a diagonal matrix of C, i.e.,

c=|Ca 0 (6.129)
d2 — 0 Cd . .

It is notable that the triple differences formed by epochs (t1, £2) are correlated to
the differences formed by epochs (t0, 1) and (1, £2). Such a correlation makes a se-
quential processing of the triple difference data very complicated. Sequentially using
the above covariance formula indicates an omission of the correlation related to the
previous epoch and the next epoch.

Taking the correlation between the baselines into account, an exact correlation de-
scription of the triple differences of a GPS network turns out to be very complicated.

6.7
Equivalence of the Uncombined and Combining Algorithms

Uncombined and combining algorithms are standard GPS data processing methods,
which can often be found in the literature (cf,, e.g., Leick 2004, Hofmann-Wellenhof et
al. 2001). Different combinations own different properties and are beneficial for deal-
ing with the data and solving the problem in different cases (Hugentobler et al. 2001,
Kouba and Heroux 2001, Zumberge et al. 1997). The equivalence between the undif-
ferenced and differencing algorithms were proved, and a unified equivalent data pro-
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cessing method was proposed by Xu (2002, cf. Sect. 6.8). The question of whether the
uncombined and combining algorithms are also equivalent is an interesting topic and
will be addressed here in detail (cf. Xu et al. 2006a).

6.7.1
Uncombined GPS Data Processing Algorithms

Original GPS Observation Equations

The original GPS code pseudorange and carrier phase measurements represented in
Eqgs. 6.44 and 6.45 (cf. Sect. 6.5) can be simplified as

R]- = Cp + Sion(f) » (6.130)
where
Cp=p— (St — Ot )c + Oprop + Otide + Orel T & > I=6P> (6.132)

. A ’B 2p?
é‘lon(]):_éz_lz :f521: SZIF'
i 5 fi fi

Where symbols have the same meanings as those of Egs. 6.44—6.47. j is the index of the
frequency f and wavelength A. A; and A7 are the ionospheric parameters in the path
and zenith directions; B, and Bf are scaled A, and A7 with f? for numerical reasons.
c denotes the speed of light, index ¢ denotes code. C,, is called geometry and N; is the
ambiguity. For simplicity, the residuals of the codes (and phases) are denoted with the same
symbol €, (and ¢, ) and have the same standard deviations of o, (and o, ) Equations 6.130
and 6.131 can be written in a matrix form with weight matrix P as (Blew1tt 1998)

-1

(6.133)

R 00 I 1N o 0 0 0

Ry | |0 0 ffF 1|4N; o 0 g 0 0 (6.134)
AP | 1 0 —f2f2 1 gl 0 0 o5 0

PD. 2, 42

hP) o —f2 )l e 0 0 0 o

Solutions of Uncombined Observation Equations

Equation 6.134 includes the observations of one satellite viewed by one receiver at one
epoch. Alternatively, Eq. 6.134 can be considered a transformation between the ob-
servations and unknowns, and the transformation is a linear and invertible one. De-
noting

R —f; 11 2
a= b=—12 o= g=gf?, (6.135)
-1 - o
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then one has relations of

l—a=b ——=b,
fi'g
and
00 frfE o1
00 fifE 1
10 —f2f2 1
01 —f2If} 1

S (6.136)
> 8
1—-2a —-2b 1 0
—2a 2a-—1 0 1
= =T. (6.137)
1/q —1/q 0 0
a b 00

Where a and b are the coefficients of the ionosphere-free combinations of the observables
of L1 and L2. The solution of Eq. 6.134 has a form of (by multiplying the transforma-
tion matrix T to Eq. 6.134)

//”lNl 1—261 —2b 1 0 Rl
AN ~2a 2a—1 0 1|| R
L] I B 2 (6.138)
B, 1/q —1/q 0 0| 4,
Cp a b 0 0 ﬂqdjz
The related covariance matrix of the above solution vector is then
AN, 2 0 0 0
LN, 0 o 0 0f .
Q=cov =T T
B 0 0 af, 0
C
P 0 0 0 crf,
o 1—2a+2
(1—2a)* +4b> +-L 4a* —4ab—2a+2b 122426 o2 g2
o; q (6.139)
o 1-4
40> —4ab—2a+2b 8a*—da+1+-L 2 242 42ab—b
_ o; q ?
1—2a-+2b 1—4a i a—b
q q q* q
a—2a*—2b? —2a*+2ab—b a-b a® + b
q

Equation 6.139 can be simplified by using the relation of 1 -a=b and neglecting
the terms of (GP/ 6,)? (because (csp/ G,) is less than 0.01) as well as letting f, = f; (so that
q = 1/b). Taking the relationships of ratios of the frequencies into account (f; = 154f;
and f, = 120f,, f, is the fundamental frequency), one has approximately
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4N, 26.2971 33.4800 11.1028 —15.1943
AN, 33.4800  42.6629 14.1943 —19.2857
B, B 11.1028 14.1943  4.7786  —6.3243
Cp —15.1943 —19.2857 —6.3243  8.8700

cov o’ . (6.140)

The precisions of the solutions will be further discussed in Sect. 6.7.3. The para-
meterisation of the GPS observation models is an important issue and can be found in
Chap. 9 or (Blewitt 1998; Xu 2004), if interested.

6.7.2
Combining Algorithms of GPS Data Processing

lonosphere-free Combinations

Letting transformation matrix

1 -1 0 0
a b 0 0

L = o o a bl (6.141)
/2 0 1/2 0

and applying the transform to the Eq. 6.134, one has

Rl 0 q 0 ﬂlNl
R, 0 0 1|[4N,

T = 6.142
Lo, (12 0 0 1)| C,

The ionosphere parameter in Eq. 6.142 is free in the last three equations, which are tradi-
tionally called ionosphere-free combinations. To solve the ionosphere-free equations or the
whole Eq. 6.142 will lead to the same results. Equation 6.142 has a unique solution vector of

ANy 0 -2 0 2 R

AN 0 2a—1)/b 1/b —2alb R

;2 _ (2a—D/b 1/ al 1aR (6.143)
) 1/q 0 0 0 D,

C, 0 1 0 0 LD,

or (noticing (1—a) = b, cf., Eq. 6.136)

AN, 1-2a —2b 1 0| R

LNy | —2a 2a-1 0 1| R (6.144)
Bl | | 11q -1/g 0 o| 4 ’

Cp a b 0 0 ﬂq@z
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Equations 6.144 and 6.138 are identical. Therefore the covariance matrix of the so-
lution vector on the left side of Eq. 6.144 is the same as that given in Eq. 6.139. This
shows that the uncombined algorithms and the ionosphere-free combinations are
equivalent in this discussed case.

Geometry-free Combinations

Letting transformation matrix

a b 0 0
o (6.145)
>lo 0o 1 1|’ '
-1 0 1 0
and applying the transformation to Eq. 6.134, one has
R, 0 0 0 1\( 4N,
R, 0 0 q 0| A,N,
T = 6.146
Hayo | |1 -1 —q 0| B (6.146)

Lo, (1 0 —2f21f2 o)l Cp

The geometric component in Eq. 6.146 is free in the last three equations, which are
traditionally called geometry-free combinations. The geometry-free equations must
be solved or Eq. 6.146 will lead to the same results. Equation 6.146 has a unique solu-
tion vector of

AND) o 2/(f2g) o

—

Ry

AN2 | o 209 -1 -1 lr, R, , (6.147)
B, 0 1/q 0 of [Ah®
Co 1 0 0 0o (h?

or (noticing 1/(f;2g)=b, cf., Eq. 6.136)
ANy} (26—1 —2b 1 0| R
ANy| f2b-2 1-26 0 1| R 6.148)
B | | 1/1qg -1q 0 0| A4d ’

Taking the relations of Eq. 6.136 (i.e., b=1—a) into account, Eqs. 6.148 and 6.138
are identical. Therefore the covariance matrix of the solution vector on the left side of
Eq. 6.148 is identical with Eq. 6.139. This shows that the uncombined algorithms and
the geometry-free combinations are equivalent in this discussed case.
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lonosphere-free and Geometry-free Combinations

Letting transformation matrix

1 0 00
0 1 00
;= o -1 1 ol (6.149)
0 -1 0 1
one then has
1 0 0 O0f1 -1 0 O 1 -1 0
0 0 0| a b 0 0 a b 0
T,T, = = (6.150)
0 -1 100 0 a b —a -b a b
0 -1 0 1){1/2 0 1/2 0 1/2—a —b 1/2 0

Applying the transformation 6.150 to Eq. 6.134 or applying the transformation 6.149
to Eq. 6.142 leads to the same results, and one has

Rl 0 q 0 /IINI
R 0 0 1{|4N
Ll 2 | = 272 or (6.151)
/’ifldal a b 00 Bl
L, (12 0 0 o) C,
aRl + sz . 0 0 0 1 /12N2 (6 152)
aﬂldjl + bﬂz@z — aRl — bR2 B a b 0 0 Bl ’
(4@, + R)/2—aR —bRy ) (1/2 0 0 0] C,

The ionosphere and geometry are both free in the last two equations, which are
called ionosphere-geometry-free combinations. Solving the ionosphere-free and ge-
ometry-free equations or directly solving Eq. 6.152 will lead to the same results. Eq. 6.152
has a unique solution vector of

ANy 0 0 0 2 R
N 0 0 1/b —2alb R
ANz _ nhl 2|, (6.153)
C, 0 1 0 0 AL,®,
or (noticing (1-a)/b=1, cf., Eq. 6.136)
ANy (1—2a —2b 1 0) R
LNy | —2a 2a-1 0 1| R (6.154)
Bl | | 1/q -1/g 0 o| 4 ’
Cp a b 0 0)|4L,
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Equations 6.154 and 6.138 are identical. This shows that the uncombined algorithms
and the ionosphere-geometry-free combinations are equivalent in this discussed case.

Diagonal Combinations

Letting transformation matrix

100 0
>0 0 (6.155)
7o 0 1 —2a|’ :

000 1

one has
100 0 1 —-10 0 1 1 0 0
rpp |0 100 a b 00 | a b 0 0 6.156)
307001 —2a|| —a —b a b| | —2ab b2a—1) 0 b|
000 1 \1/2—=a —b 1/2 0] (1/2—=a b 1/20

If applying the transformation 6.156 to Eq. 6.134 or applying the transformation
6.155 to Eq. 6.151, one has the same results of

Rl 0 q 0 ﬂ’lNl
R, 0 0 1[N,
T,TsT, = 6.157
T e, 0 b 0 0| B (6.157)
L®,) /2 0 0 o) Cp

In the above equation, the ionosphere and geometry as well as the ambiguities are
diagonal to each other. Such combinations are called diagonal ones. The solution vec-
tor of Eq. 6.157 may be easily derived:

AN, 0 0 0 2 R,

AN 0 0 1/b 0 R

2= T, 2 (6.158)
(o 0 1 0 0 A,®,

or

Z’INI 1—2a —2b 1 0 Rl

/12N2 . —2a 2a—1 0 1 R2 (6 159)
Bl | |19 -1/q 0 0|49 ’
C,D a b 0 0 ﬂq@z
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Equations 6.159 and 6.138 are identical. This shows that the uncombined algorithms
and the diagonal combinations are equivalent in the discussed case.

General Combinations

For arbitrary combinations, as soon as the transformation matrix is an invertible one,
the transformed equations are equivalent to the original ones based on algebra theory.
Both the solution vector and the variance-covariance matrix are identical. That is, no
matter what kinds of combinations are used, neither different solutions nor different
precisions of the solutions will be obtained. The different combinations lead to an easier
dealing of the related special problems.

Wide- and Narrow-lane Combinations

Denoting
0 0 0 2
0 0 1/b 0
Ty = (6.160)
1/g 0 0 0
0 1 0 0
and letting transformation matrix
1 -1
— — 0 0
b A
1 1
T,=|— — 0 0f, (6.161)
b A
0 0 0
0 01

one may form the wide and narrow lanes (Petovello 2006) directly by multiplying
Eq. 6.161 to Eq. 6.158 to obtain the related wide- and narrow-lane ambiguities

N, — N, R,
Mt i) | 2. (6.162)
B 4Py

Indeed, there is T;T,T;T, = T. Because of the unique property of the solutions of
different combinations, any direct combinations of the solutions must be equivalent to
each other. None of the combinations will lead to better solutions or better precisions
of the solutions. From this rigorous theoretical aspect, the traditional wide-lane ambi-
guity fixing technique may lead to a more effective search, but not a better solution and
precision of the ambiguity.
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6.7.3
Secondary GPS Data Processing Algorithms

In the Case of More Satellites in View

Up to now, the discussions have been limited for the observations of one satellite viewed
by one receiver at one epoch. The original observation equation is given in Eq. 6.134.
The solution vector and its covariance matrix are given in Eqgs. 6.138 and 6.139, respec-
tively. The elements of the covariance matrix depend on the coefficients of Eq. 6.134,
and the coefficients of the observation equation depend on the way of parameterisation.
E.g.,if instead of B;, B is used, then Eq. 6.134 turns out to be

R (k) 0 0 FffE 1| 4Nk
Ry(k) 0 0 FEf2If} 1| 4Nk
A2®| |1 o —Rf2R 1| B
A0E) o 1 g2 1)l G0
where k is the index of the satellite. Ionospheric mapping function F, is dependent on

the zenith distance of the satellite k. The solution vector of Eq. 6.163 is then similar to
that of Eq. 6.138:

> (6.163)

ANI(K)) (1—2a —2b 1 0) Ryk)

AN | —20 201 0 1| Ry(k) ok 6160
Bf g g 0 Ol 4@ k)|’ ’ '
C,(k) a b 0 0)| L2,k

where g, = gF, and Q(k) is the covariance matrix, which can be similarly derived and
given by adding the index k to q in Q of Eq. 6.139. The terms on the right-hand side can
be considered secondary “observations” of the unknowns on the left-hand side. If
K satellites are viewed, one has the observation equations of one receiver

AN 120 2 10 . 0 0 00) R()
AN 2 2a-101 . 0 0 00| R()
Bf /g, —1/q 0 0 ... 0 0 00| 4®0
C,(1) a b 00 .. 0 0 00| A4d0)
: = min : (6.165)
AN, (K) 0 0 00 . 1-2a —2b 1 0| R(K)
2,N,(K) 0 0 00 ... —2a 2a—1 0 1| Ry(K)
B? 0 0 00 .. 1/gx —1/qx 0 0|l 4@, (K)
C,(K) 0 0 00 ... a b 0 0)|4,(K)

and variance matrix
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Q1) ... 0
Qr =| @ mm HE (6.166)
0 Q(K)

10 0 0 ... 0 0 0 0
0 1 0 0 e 0 0 0 0
0 0 1/K 0 ... 0 0 1/K 0
00 O 1 ... 0 0 0 0
rw=| T (6.167)
0 0 0 .. 1 0 0
0 ... 0
0 ... 0 0 1

to Eq. 6.165, one has the solutions of GPS observation equations of one station

AN, () 1-2a —2b 10 .. 0 0 00) R(®)
AN, (1) —2a 2a-101 ... 0 0 00| R
B /¢y 1/ 00 ... 0 0 0o 49,0
L a b 00 .. 0 0 00| 420
C,()
=T(K)| : Toronnmn : , (6.168)
' 0 0 00 ... 1-2a —2b 10| R/(K)
AN 0 0 00 ... —2a 2a—1 0 1|| Ry(K)
AN, () 0 0 00 ... 1/qx —1/qx 0 0| 4,®,(K)
Cp(K) 0 0 00 . a b 00| L5EK
and the related
Q = T(K)Qg (T(K))" (6.169)

where mapping function is used to combine the K ionosphere parameters into one. Simi-
lar discussions can be made for the cases of using more receivers. The original obser-
vation vector and the so-called secondary “observation” vector are

R(R) | (AN

Ry(k) | | 42Ny (k)
4D, (k) ’ By (k)
Lo, k)] | Cpk)

(6.170)

Both vectors are equivalent as proved in Sect. 6.7.2 and they can be transformed
uniquely from one to the other. Any further data processing can be considered process-
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ing based on the secondary “observations”. The secondary “observations” own the
equivalence property whether they are uncombined or combining ones. Therefore the
equivalence property is valid for further data processing based on the secondary “ob-
servations”.

GPS Data Processing Using Secondary “Observations”

A by-product of the above equivalence discussions is that the GPS data processing can
be performed directly by using the so-called secondary observations. Besides the two
ambiguity parameters (scaled with the wavelengths), the other two secondary obser-
vations are the electronic density in the observing path (scaled by square of f,) and the
geometry. The geometry includes the whole observation model except the ionosphere
and ambiguity terms. For a time series of the secondary “observations”, the electron
density (or, for simplicity, “ionosphere”) and the “geometry” are real time observations,
whereas the “ambiguities” are constants in case no cycle-slip occurs (Langley 1998a, b).
Sequential adjustment or filtering methods can be used to deal with the observation
time series. It is notable that the secondary “observations” are correlated with each other
(see the covariance matrix Eq. 6.139). However, the “ambiguities” are direct observa-
tions of the ambiguity parameters, and the “ionosphere” and “geometry” are modelled
by Egs. 6.132 and 6.133, respectively. The “ambiguity” observables are ionosphere-ge-
ometry-free. The “ionosphere” observable is geometry-free and ambiguity-free. The
“geometry” observable is ionosphere-free. It is notable that some algorithms may be
more effective; however, the results and the precisions of the solutions are equivalent
no matter which algorithms are used. It should be emphasized that all the above dis-
cussions are based on the observation Model 6.134. The problem concerning the
parameterisation of the GPS observation model will not affect the conclusions of the
discussions and will be further discussed in Chap. 9.

Precision Analysis

If the sequential time series of the original observations are considered time indepen-
dent as they traditionally have been, then the secondary “observations” and their pre-
cisions are also independent time series. From Eq. 6.140, the standard deviations of
the L1 and L2 ambiguities are approximately 5.12810, and 6.53170,. The standard de-
viation of ionosphere and geometry “observations” are about 2.18600, and 2.97830,,
respectively. That is, the precisions of the “observed” ambiguities are worse than that
of the others at one epoch. If the standard deviation of the P code is about 1 decimetre
(phase smoothed), then the precisions of the ambiguities determined by one epoch are
worse than 0.5 meters. However, an average filter of m epoch data will raise the preci-
sions by a factor of sqrt(m) (square root of m). After 100 or 10000 epochs, the ambigu-
ities are able to be determined with precisions of about 5 cm or 5 mm. “Ionosphere”
data are observed with better precisions. However, due to the high dynamic of the elec-
tron movements, ionosphere effects may not be easily smoothed to raise the precision.
The “Geometry” model is the most complicated one compared with the others, and dis-
cussions can be found from numerous publications for static, kinematic and dynamic
applications (cf., e.g., ION proceedings, Chap. 10).
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6.7.4
Summary

The equivalence properties between uncombined and combining algorithms are proved
theoretically by algebraic linear transformations. The solution vector and the related
covariance matrix are identical no matter which algorithms are used. Different combi-
nations can lead to a more effective and easier dealing with the data. The so-called iono-
sphere-geometry-free and diagonal combinations are derived, which own better prop-
erties than that of the traditional combinations. A data processing algorithm using the
uniquely transformed secondary “observations”is outlined and used to prove the equiva-
lence. Because of the unique property of the solutions of different combinations, any
direct combinations of the solutions must be equivalent to each other. None of the com-
binations will lead to better solutions or better precisions of the solutions than that of
the others. From this aspect, the traditional wide-lane ambiguity fixing technique may
lead to a more effective search of ambiguity, but it will not lead to a better solution and
precision of the ambiguity.

6.8
Equivalence of Undifferenced and Differencing Algorithms

In Sect. 6.6 the single, double and triple differences as well as their related observa-
tion equations are discussed. The number of unknown parameters in the equations is
greatly reduced through difference forming; however, the covariance derivations are
tedious, especially for a GPS network.

In this section, a unified GPS data processing method based on equivalently
eliminated equations is proposed and the equivalence between undifferenced and
differencing algorithms is proved. The theoretic background of the method is given.
By selecting the eliminated unknown vector as a vector of zero, a vector of satellite
clock error, a vector of all clock error, a vector of clock and ambiguity parameters,
or a vector of user-defined unknowns, the selectively eliminated equivalent obser-
vation equations can be formed, respectively. The equations are equivalent to the
zero-, single-, double-, triple-, or user-defined differencing equations. The advan-
tage of such a method is that the different GPS data processing methods are unified
to a unique one, whereas the observational vector remains the original one and
the weight matrix keeps the un-correlated diagonal form. In other words, by using
this equivalent method, one may selectively reduce the unknown number; however,
one does not have to deal with the complicated correlation problem. Several special
cases of single-, double-, and triple-difference are discussed in detail to illustrate
the theory. The reference-related parameters are dealt with using the a priori datum
method.

6.8.1
Introduction

In GPS data processing practice, the commonly used methods are so-called zero-
difference (un-differential), single-difference, double-difference and triple-differ-
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ence methods (Bauer 1994; Hofmann-Wellenhof et al. 1997; King et al. 1987; Leick
1995; Remondi 1984; Seeber 1993; Strang and Borre 1997; Wang et al. 1988). It is
well-known that the observation equations of the differencing methods can be
obtained by carrying out a related linear transformation to the original equations.
As soon as the weight matrix is similarly transformed according to the law of co-
variance propagation, all methods are equivalent, theoretically. A theoretical proof
of the equivalence between the un-differential and differential methods can be found
in Schaffrin and Grafarend (1986). A comparison of the advantages and disadvantages
of the un-differential and differential methods can be found, e.g., in de Jong (1998).
The advantage of the differential methods is that the unknown parameters are fewer
so that the whole problem to be solved becomes smaller. The disadvantage of the dif-
ferential methods is that there is a correlation problem, which appears in cases of
multiple baselines of single-difference and all double difference as well as triple dif-
ference. The correlation problem is often complicated and not easy to be dealt with
exactly (compared with the un-correlated problem). The advantages and disadvan-
tages reach a balance. If one wants to deal with a reduced problem (cancellation of
many unknowns), then one has to deal with the correlation problem. As an alterna-
tive, we use the equivalent observation equation approach to unify the un-differential
and differential methods, while keeping all the advantages of the un-differential and
differential methods.

In the next sections, the theoretical basis of the equivalently eliminated equations
will be given based on the derivation of Zhou (1985). Several detailed cases are then
discussed to illustrate the theory. The reference-related parameters are dealt with us-
ing the a priori datum method. A summary of the selectively eliminated equivalent
GPS data processing method is outlined at the end.

6.8.2
Formation of Equivalent Observation Equations

For the convenience of later discussion, the method to form an equivalently eliminated
equation system is outlined here. The theory is given in Sect. 7.6 in detail. In practice,
sometimes only one group of unknowns is of interest; it is better to eliminate the other
group of unknowns (called nuisance parameters), for example, because of their size.
In this case, using the so-called equivalently eliminated observation equation system
could be very beneficial (Wang et al. 1988; Xu and Qian 1986; Zhou 1985). The nui-
sance parameters can be eliminated directly from the observation equations instead
of from the normal equations.

The linearised observation equation system can be represented using the matrix:

X

V=L-(A B)(X

] and P, (6.171)
2

where L is an observation vector of dimension n, A and B are coefficient matrices of
dimension 1 X (s - r) and n X 1, X; and X, are unknown vectors of dimension s - rand r,
Vis residual error, s is the total number of unknowns, and P is the weight matrix of
dimension n X n.
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The related least squares normal equation can be formed then as:

X
(A BfP(a B{lez(A BY' PL or (6.172)
2
M, X, +M;,X, =B, and (6.173)
My X, +MyX, =B, , (6.174)
where

B=A"PL, B,=B"PL and

A"pA ATPB) (My My, (6.175)
B'PA B'PB) \M; My) .

After eliminating the unknown vector X;, the eliminated equivalent normal equa-
tion system is then

MyX, =Ry, (6.176)
where
M, =—MyM;;'M;, + M,, = B'PB— BT PA M;;'ATPB and (6.177)
Ry=B,— My M;'B,. (6.178)

The related equivalent observation equation of Eq. 6.176 is then (cf. Sect. 7.6; Xu
and Qian 1986; Zhou 1985)

U=L—(E—])BX2 , P, (6.179)
where
J=AM;ATP . (6.180)

E is an identity matrix of size n, L and P are the original observation vector and weight
matrix, and U is the residual vector, which has the same property as V in Eq. 6.171.
The advantage of using Eq. 6.179 is that the unknown vector X, has been eliminated;
however, L vector and P matrix remain the same as the originals.

Similarly, the X, eliminated equivalent equation system is:

U =L—(E-K)AX, and P, (6.181)
where

K=BM,)B"P, M,,=B"PB,
and U, is the residual vector (which has the same property as V).

We have separated the observation Eq. 6.171 into two equations, Egs. 6.179 and
6.181; each equation contains only one of the unknown vectors. Each unknown vec-
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tor can be solved independently and separately. Equations 6.179 and 6.181 are called
equivalent observation equations of Eq. 6.171.

The equivalence property of Egs. 6.171 and 6.179 is valid under three implicit as-
sumptions. The first one is that the identical observation vector is used. The second is
that the parameterisation of X, is identical. The third is that X; could be eliminated.
Otherwise, the equivalence does not hold.

6.8.3
Equivalent Equations of Single Differences

In this section, the equivalent equations are formed to eliminate the satellite clock
errors from the original zero-difference equations first, then the equivalency of
the single differences (in two cases) related to the original zero-difference equations
is proved.

Single differences cancel all the satellite clock errors out of the observation equa-
tions. This can also be achieved by forming equivalent equations where satellite clock
errors are eliminated. Considering Eq. 6.171 the original observation equation and X,
the vector of satellite clock errors, the equivalent equations of single differences can
be formed as outlined in Sect. 6.8.2.

Suppose n common satellites (k1, k2, ..., kn) are observed at station i1 and i2. The
original observation equation can then be written as

Vi Ly (E By) (X 1(E 0
= — . and P=— , (6.182)

Vi Lp) \E Bj)\X, o"\0 E
where X is the vector of satellite clock errors and X, is the vector of other unknowns.
For simplicity, clock errors are scaled by the speed of light ¢ and directly used as un-

knowns; then the X;-related coefficient matrix is an identity matrix, E.
Comparing Eq. 6.182 with Eq. 6.171, one has (cf. Sect. 6.8.2)

(E _(Ba [ Ln (Va
A= , B= , L= and V= ,
E By Li £

E =1 E-E d
—J== an
2nx2n 2| —E E

2

1(By — By
Eypoy — J)B == .
Favan =) (Biz — By
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So the equivalently eliminated equation system of Eq. 6.182 is

U; L, B;, - B; E 0
i |_ |+ 1 biy=bip X,, P :LZ , (6.183)
Uin) \Liz) 2\Bi—By o"\0 E

where the satellite clock error vector X; is eliminated, and the observable vector and
weight matrix are unchanged.

Denoting B, = B, - B;;, the least squares normal equation of Eq. 6.183 can then be
formed as (cf. Chap. 7) (suppose Eq. 6.183 is solvable)

1( 1 o1 -B, T T Ly

—\-B B, |P- -X,=\-B B, )P or

2( s s ) (Bs ] 2 ( s s ) Li2

BIB,-X,=Bl(L,-Ly) . (6.184)

Alternatively, a single difference equation can be obtained by multiplying Eq. 6.182
with a transformation matrix C,

C,=(-E E),
giving
v, L E By (X
V; Ly E B,)\X,
Vi, =Viy =(Lj; —Lyy)—(Bj, — By))X, (6.185)
and
ofE 0 1 2 1
cov(SD(0))=C,o C; =20°E and P =—E, (6.186)
0 E 20'2

where P, is the weight matrix of single differences, and cov(SD(0)) is the covariance
of the single differences (SD) observational vector (0). Supposing Eq. 6.185 is solv-
able, the least squares normal equation system of Eq. 6.185 is then

(Bi,—B;) (B, ~B;)X, =(B;, —By) (L~ Ly) - (6.187)

It is obvious that Egs. 6.187 and 6.184 are identical. Therefore in the case of two
stations, the single difference Eq. 6.185 is equivalent to the equivalently eliminated
Eq. 6.183 and consequently equivalent to the original zero-difference equation.

Suppose n common satellites (k1, k2, ..., kn) are observed at station i1, i2 and i3.
The original observation equation can then be written as

Vi Ly [E B E 00

1
V,l|=|L,|-| E B, [ IJ and P=—1|0 E 0. (6.188)
Vis Lz) \E Bj; ? o 0 E
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Comparing Eq. 6.188 with Eq. 6.171, one has (cf. Sect. 6.8.2)

E B, Ly Vi
A=|E|, B=|B,|, L=|L,| and V=|V,|,
E Bj; L Vis

and

T 3
My =A"PA=—E,

o
) E E E
o T 1
J=A—EA'P=—|E E E|,
3 3
E E E
2E -E -E
1
Eypan—J=3| - 2E | and
-E —-E 2E
) 2B;; —B;; —Bj3
(Espssn —J)B =3 —B; +2B;; - B3
—B;; —Bj; +2B;3

So the equivalently eliminated equation system of Eq. 6.188 is

Un| (La ) 2B; —Bj; - B ) E 00
Uy |=| L |-=| -By+2B, By |'X,, P=—|0 E 0], (6.189)
U;s L —B;; —B;;, +2B;3 0 0 E
and the related least squares normal equation can be formed as
T T
2By =B, =83 | ( 2By —B;—Bj3 2By =B, =Bj3 | ( Ly
—| =By +2B;,—B;; | | =B +2B;, —B;3 |X,=| =B +2B;,—B;5 | | L;, | . (6.190)
—Bj =B, +2B;3 ) \~Bj; —Bj; +2B;3 — By~ B +2B;3) (L

Alternatively, for the Eq. system 6.188, single differences can be formed using trans-
formation (cf. Sect. 6.6.1):

E E 0
C,=
0 -E E

and

B, =[cov(sD) =L [2F
=[cov = .
s 362\ E 2E
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The correlation problem appears in the case of single differences of multiple baselines.
The related observation equations and the least squares normal equation can be writ-
ten as

Vi,~Vy) (L,—Ly\ (B,—B:
{ i2 lljz[ i2 zlj_[ i2 11JX2 , Ps and (6.191)
Vis—=Via) \Liz—Liz) \Biz—Bp

1

T T
[Biz _BilJ (ZE E J(Biz - B JX _(Biz _BilJ (ZE E J[Liz _LilJ (6.192)
)= . .
Bi3—Bj) \E 2E)\Bjz—5 Bi3=Bjp) \E 2E\Liz—Lp
Equations 6.190 and 6.192 are identical. This may be proved by expanding both
equations and comparing the results. Again, this shows that the equivalently eliminated

equations are equivalent to the single difference equations, however, without the need
to deal with the correlation problem.

6.8.4
Equivalent Equations of Double Differences

Double differences cancel all the clock errors out of the observation equations. This
can also be achieved by forming equivalent equations where all clock errors are elimi-
nated. Considering Eq. 6.171 the original observation equation and X, the vector of
all clock errors, the equivalent equation of double differences can be formed as out-
lined in Sect. 6.8.2.

In the case of two stations, supposing n common satellites (k1, k2, ..., kn) are
observed at station i1 and 72, the equivalent single difference observation equation is
then Eq. 6.183. Denoting B, = B,, - B;;, the station clock error parameter as dt;, - t;,
(cf. Egs. 6.89-6.92), and assigning the coefficients of the first column to the station
clock errors, i.e., Bg; = (1,4 By), Eq. 6.183 turns out to be

nx1

U; L 1{-1 -B, [ X 1(E 0
il _ il |1 nx1 s c and p=—— , (6.193)

UiZ Li2 2 Inxl Bs X3 0'2 0 E
where X_ is the station clock error vector, X; is the other unknown vector, B; is the
X;-related coefficient matrix, I, is a 1 matrix (where all elements are 1), and clock

errors are scaled by the speed of light.
Comparing Eq. 6.193 with Eq. 6.171, one has (cf. Sect. 6.8.2)

-1 -B L. U.
A:l( nXlJ, B:l( SJ’ Lz[ ll] and V:( IIJ ’
2 In><1 2 Bs Li2 Ui2
and

1 T T 1(E O _In><1 n
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-1 X 2 1 I X -1 X
J= m O-_(_I;xl I;xl)'P:_ o e and
I, )2n 2n\ -1 L.,
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So the equivalently eliminated equation system of Eq. 6.193 is

1
B, +—I
U L. 1 nxn nxn 1(E O
R R n " BX; and P=—; , (6.194)
Ui L) 2 E _11 o"\0 E

nxn nxn

n

where the receiver clock error vector X_ is eliminated, observable vector and weight
matrix are unchanged. The normal equation has a simple form of

1 1
T T
Bs (Enxn _;InxnstXS = Bs (Enxn _;Inxnj(LiZ _Lil) . (6.195)

Alternatively, the traditional single difference observation Eqs. 6.185 and 6.186 can
be rewritten as

XC
Vip =V =(Lj, _Lil)_(lnxl B or

X3
VoV |_(Lo-Ly| [ 1 B|X
P ol I k| x (6.196)
Vio=Va L —Ly Ipa B 3
and
ofE 0) r 2 1
cov(SD(0))=C,o C, =20°E and h=—E,
0 E 20

where m = n - 1, and the superscript 1 and k denote the first row and remaining rows
of the matrices (or columns in case of vectors). The double difference transformation
matrix and covariance are (cf. Sect. 6.6.2, Egs. 6.116-6.118)

Cd = (_IWIXI mem) >
cov(DD(0)) = C4 cov(SD(0))C =262C4CY =26 (Im + Epsn)  and

1
0'21’1 ("mem _Imxm) .

P, =[cov(DD(O))] " = ;

The double difference observation equation and related normal equation are

v —vi -1 1 BX
Cd{ 1}3 1}1]:Cd( ;(2 ;{1 _Cd ]S( c
Vi2=Va L —Ly Ipa B X3
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or
1 1 1 1 1
Cd[‘/iZ _‘/il} — Cd(LiZ _Lilj_cd(BS JX_%
k 1k k 7k k >
Via—V; L — Ly By
ie.,
Cq(Viy = Vi) =Cy(Liz — L) — Cy B X5 (6.197)
and
BIclp,cyB.X; =BICIP,C4(Li, —Lyy) (6.198)
where
1
Cgpdcd :E(_Imxl mem)T(nmem = Lm )(_Imxl mem) > (6.199)
(_Imxl mem)T(nmem _Imxm): (_Imxl nEme _Imxm)T and (6'200)
(T 7E, =Ly | et By )= 1 =L - (6.201)

The above three equations can be proved readily. Substituting Eqs. 6.199-6.201 into
Eq. 6.198, then Eq. 6.198 turns out to be the same as Eq. 6.195. So the equivalency be-
tween the double difference equation and the directly formed equivalent Eq. 6.193 is
proved.

6.8.5
Equivalent Equations of Triple Differences

Triple differences cancel all the clock errors and ambiguities out of the observation
equations. This can also be achieved by forming equivalent equations where all clock
errors and ambiguities are eliminated. Considering Eq. 6.171 the original observation
equation and X, the parameter vector of all clock errors and ambiguities, then the
equivalent equations of triple differences can be formed as outlined in Sect. 6.8.2.

It is well-known that traditional triple differences are correlated between adjacent
epochs and between baselines. In the case of sequential (epoch by epoch) data pro-
cessing of triple differences, the correlation problem is difficult to be dealt with. How-
ever, using the equivalently eliminated equations, the weight matrix remains diago-
nal. The GPS observables remain the original ones.

6.8.6
Method of Dealing with the Reference Parameters

In differential GPS data processing, the reference-related parameters are usually con-
sidered known and are fixed (or not adjusted). This may be realised by the a priori
datum method (for details cf. Sect. 7.8.2). Here we just outline the basic principle.
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The equivalent observation Eq. system 6.179 can be rewritten as

_ X
U=L-(D, D,) and P, (6.202)
X22

where

X
D=(D, D,) and XZ[X“].
22

Suppose there are a priori constraints of (cf. e.g. Zhou et al. 1997)
W=X,,-X,, and P,, (6.203)

where X, is the “directly observed” parameter sub-vector, P, is the weight matrix with
respect to the parameter sub-vector X,,,and W is a residual vector, which has the same
property as U. Usually, X,, is “observed” independently, so P, is a diagonal matrix. If
X,, is a sub-vector of station coordinates, then the constraint of Eq. 6.203 is called a
datum constraint. (This is also the reason why the name a priori datum is used). We
consider here X,, a vector of reference-related parameters (such as clock errors and
ambiguities of the reference satellite and reference station). Generally, the a priori
weight matrix P, is given by covariance matrix Q,, and

P=Qy . (6.204)

In practice, the sub-vector X, is usually a zero vector; this can be achieved through
careful initialisation by forming observation Eq. 6.171.

The least squares normal equation of the a priori datum problem of Egs. 6.202 and
6.203 can be formed (cf. Sect. 7.8.2). Compared with the normal equation of Eq. 6.202,
the only difference between the two normal equations is that the a priori weight
matrix P, has been added to the normal matrix. This indicates that the a priori datum
problem can be dealt with simply by adding P, to the normal equation of observation
Eq. 6.202.

If some diagonal components of the weight matrix P, is set to zero, then the related
parameters (in X,,) are free parameters (or free datum) of the adjustment problem
(without a priori constraints). Otherwise, parameters with a priori constraints are
called a priori datum. Large weight indicates strong constraint and small weight indi-
cates soft constraint. The strongest constraint is to keep the datum fixed. The refer-
ence-related datum (coordinates and clock errors as well as ambiguities) can be fixed
by applying the strongest constraints to the related parameters, i.e., by adding the stron-
gest constraints to the datum-related diagonal elements of the normal matrix.

6.8.7
Summary of the Unified Equivalent Algorithm

For any linearised zero-difference GPS observation Eq. system 6.171

v=L-(A B)(;(‘J and P, (6.205)
2
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the X, eliminated equivalent GPS observation equation system is then Eq. 6.179:
U=L-(E-J)BX, and P, (6.206)
where
J=AM;A"P, M, =A"PA,

E is an identity matrix, L is original observational vector, P is original weight matrix,
and U is residual vector, which has the same property as V.
Similarly, the X, eliminated equivalent equation system is Eq. 6.181

U =L-(E-K)AX, and P, (6.207)
where
K=BM,;B"P, M,,=B"PB,

and U, is the residual vector (which has the same property as V).

Fixing the values of sub-vector X,, (of X,) can be realised by adding the stron-
gest constraints to the X,,-related diagonal elements of the normal matrix formed
by Eq. 6.206. Alternatively, we may apply the strongest constraints directly to the nor-
mal equation formed by Eq. 6.205 first. In this way, the reference-related parameters
(clock errors, ambiguities, coordinates, etc.) are fixed. And then we may form the
equivalently eliminated observation Eq. 6.206. In this way, the relative and differen-
tial GPS data processing can be realised by using Eq. 6.206 after selecting the to be
eliminated X,.

The GPS data processing algorithm using Eq. 6.206 is then a selectively elimi-
nated equivalent method. Selecting X, in Eq. 6.205 as a zero vector, then the algo-
rithm is identical to the zero-difference method. Selecting X, in Eq. 6.205 as the
satellite clock error vector, the vector of all clock errors, the clock error and ambigu-
ity vector, and any user-defined vector, then the algorithm is equivalent to the single-
difference method, double-difference method, triple-difference method, and user-
defined eliminating method, respectively. The eliminated unknown X; can be solved
separately if desired.

The advantages of this method are (compared with un-differential and differential
methods):

= The un-differential and differential GPS data processing can be dealt with in an
equivalent and unified way. The data processing scenarios can be selected by a
switch and used in a combinative way;

= The eliminated parameters can be also solved separately with the same algorithm;

= The weight matrix remains the original diagonal one;

= The original observations are used; no differencing is required.

It is obvious that the described algorithm meanwhile has all the advantages of all
un-differential and differential GPS data processing methods.





