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Abstract

The CGCS2000 (China Geodetic Coordinate System 2000) reference framework, which has been employed since July 1, 2008 is based
on the ITRF97 reference framework and only meets the application requirements of China's regional. With the sustained development
of China's economy and society, and the globalization of the applications of BeiDou navigation satellite system (BDS), there is a need
to establish global CGCS2000 reference framework. This paper studies mathematical method for construction Global CGCS2000
reference framework, the theory and algorithm of two-step method with the inner constraints theory is analyzed. The constraint
conditions of coordinate reference are redefined according to the minimum standard of frame transition parameters and rate variation.
As a result, the adjusted network enjoys the highest degree of fitting to the shape of the initial network and maintain the inherent purity
of the coordinate network using different observation technologies, this research result can improve the basic theory of terrestrial

reference framework determination, and provide scientific methods for the globalization of the CGCS2000.

1. Introduction

The CGCS2000 (China Geodetic Coordinate System 2000)
reference framework, which has been employed on July 1, 2008,
is based on the ITRF97 reference framework and only meets the
application requirements of China's regional coordinate reference
framework. With the global expansion of the BeiDou Navigation
Satellite System, there is an increasing demand to establish an
independent global coordinate reference framework for China.
Although domestic scholars have extensively studied the
establishment of international and regional reference frameworks,
systematic research on the underlying theory of reference
framework construction has not been conducted, nor have the
implementation methods for a global CGCS2000 coordinate
reference framework been thoroughly investigated. This paper
research on renewal theory and method for the CGCS2000
Reference Framework, the research result can improve the basic
theory of terrestrial reference framework determination, and
provide scientific methods for the globalization of the
CGCS2000.

2. Establishment of the Mathematical Model for ITRF

The mathematical model for constructing the ITRF (International
Terrestrial Reference Frame) should possess a sound theoretical
foundation while also being numerically feasible. The ITRF
construction model primarily encompasses three aspects
(Dermanis, 2014):

1.Coordinate Time Series Model: A mathematical model for
determining the parameters a; from the extensive valid data of
ITREF stations, expressed as X;(t)=F(a;t). This model represents
the coordinates x; of any ITRF station i as a function of time ¢,
through station-specific parameters a;.

2.Coordinate Frame Construction Model: This model realizes the
combination processing of station coordinates x7(k) obtained
from various observation techniques 7 at different observation
epochs k. It accomplishes the inter-technique combination and
performs the transformation of ITRF parameters between the

instantaneous epoch frame Sk, the different observational
technique frames S7, and the final ITRF frame Si7rr.

3.Inner Constraints Algorithm: This involves selecting constraint
conditions to eliminate the influence of rank deficiency in the
frame transformation equations, thereby establishing an
"optimal" ITRF.

The construction of a Terrestrial Reference Frame (TRF)
typically employs two mathematical models. The one-step
method model synchronously combines the valid time series
from different space techniques (synchronous combination). The
two-step method model involves, in its first step, the separate
combination processing of the valid time series from different
observation techniques (intra-technique combination), yielding
the initial TRF parameters (initial station coordinates and linear
velocities) for each technique. The second step combines the
effective parameter estimates obtained from the first step for all
observation techniques, achieving the joint processing of results
between techniques (inter-technique combination) to produce the
final TRF results.

Due to space limitations, this paper focuses solely on the two-
step method model. The advantages of the two-step method over
the one-step method analysed in the final section.

3. Two-Step Method for Frame Construction

3.1 Intra-Technique Combination Model

The intra-technique combination model processes the time series
of different observation techniques separately, it estimates the
initial coordinate and velocity values of the reference framework
stations from the coordinate time series respectively. The
processing model is independent of any specific observation
technique and can be expressed in a general form (Golub et al.,
1979).

5 =) = 1+ s)REO)x,+ (4 ~1,)v,]+d, +ef (1)

Where sk, 6k dr are the transformation parameters from the
reference frame Sr of observation technique T to the original
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observation frame Sk at epoch #. After linear approximation, it
can be expressed as the following formula:

)sz =X+ (6 — 1)V, + 85, X0+ [X,0 X160, +d, + eik 2)

Using the approximate values x;7 , vi¥ (57 =0,67 =0,d,” =0)
and 6x =xf- GOY =x} —[x¥ +(t, —1,)v*] , the corrections
oxio, ovi. The observation equation can be written as:

ap
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The observation equation above can be transformed into the
compact form:

Oxt=A.a + Az +é 4

OX,
Here, a, = {5 ’0} represents the ITRF parameters for station 7,
Vi

namely Jxio, ovi. Zk contains the transformation parameters from
the reference frame Sr of observation technique 7 to the
coordinate frame S at the independent observation epoch f,

0,
where z,=d, |, 4,=[] (,-1)], 4, :[[xfg x] 1 xng =E,.
Sk

The parameters to be estimated comprise the corrections to the
approximate values of the initial coordinates and station
velocities, dxio, dvi as well as the transformation parameters from
the ITRF to the reference frame at the observation epoch, namely
the rotation angle 6k translation parameter di, and scale
parameter sk.

The estimation of frame transformation parameters should
account for the differences between epochs #, which forms the
basis of the combination processing procedure. In practice,
within each space technique, processing results differ across
various epochs # (e.g., day, week, session) within a time cycle.
During the time cycle at f#, the unknown parameters x;, Earth
Orientation Parameters (EOPs), etc., within each technique are
assumed to be constant.

The covariance matrix of the input coordinates xx at each epoch
tris givenby ¢ =¢é, =870, ,where &; is the variance factor,
and the cofactor matrix @, is a submatrix of the cofactor
matrix Ok for all parameters. If the correct O, is obtained, it
should be a singular matrix, and the weight matrix P, =Q;_:

cannot be obtained through direct inversion. Therefore, prior

coordinate information (prior covariance matrix C fi”"r = G;,WI )
is typically utilized to obtain an invertible Q, , and subsequently

-1
RA :ka .
uncorrelated, the stacked weight matrix is a block-diagonal
matrix of P, . By assembling observations from all stations in

Since observations at two different epochs are

each epoch, the observation equation for Ni stations at epoch £ is
obtained as follows (same epoch, different stations).

k k
59:‘1 X9, v || & a
6x,=| Ox/ |= Xoi [+(t—ty) Vi 1 H Ez Z,+H e )
Y : : : :
5)CN‘ xO.NA VNA ENA eNA
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where xon and v represent the collection of initial coordinates
xo and velocities v for all N stations at epoch #.

Cases where stations lack data at individual epochs can be
handled using the accompanying matrix Lr. The NxXN matrix Lx
is an identity matrix corresponding to the valid stations at epoch
tx. Thus, the observation equation at epoch # is expressed as the
following formula:

Ox, =Lxy+(t, —t,) Ly,

w TLEZ, +e (6)

Finally, the combination processing equation for the first step is
obtained by combining M epochs, each containing N stations.
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The weight matrix is expressed as follows:

B0 0
P= Q :.: 13{ :.f (:) )
0 -« 0 - P,

The normal equation is Nx =u, where N=A"PA and u=A"Pb.
Since the normal equation matrix N is singular, it does not have
a unique solution. N and u are expressed as follows:

=
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Here, B, =L BI, isa weight matrix of size NxN . When a
station lacks observations at epoch f, zero elements must be
added to the k-th row and k-th column of Px. The matrix N in the
normal equation Nx =u is singular. The rank deficiency arises
because the transformation parameters of the coordinate frame
are undefined. The infinite number of solutions to the normal
equation corresponds to the infinite choices of the reference
frame. Additional minimum constraints must be applied to obtain
unique parameter estimates and thus define a specific reference
frame.

3.2 Solution of the Combined Normal Equation

The solution of the normal equation requires the joint estimation
of transformation parameters. Based on Equation(7), Equation

(12)is obtained.
Na Naz &T\T _| Ua
|:Nza Nz :||:2T\T]_|:uz:| (12)

It should be noted that the subscripts 7|7, such as V|V, S|S, G|G,
D|D, C|C represent VLBI, SLR, GPS, DORIS, and
COMPASS/BeiDou, respectively. The separator | indicates that
the parameter estimation occurs only within one specific
technique 7], based on the observations from that particular
technique |7.

The normal equation can be decomposed into two parts:
N,y +N 2 =u, , N_dp,+N_ 2, =u. . First, by evaluating the
redundant parameters Z;,, , we can extract Z,, from the second

equation and substitute it into the first equation to obtain the
single-difference normal equation.

N, a,, =i, (13)
where N, =N,-N_N_'N_, i,=u,-N_N.'u,

N, G +N,

aZrr Uy NzaaT\T+NzZT\T=uz
A N A a1 S 1
NzZT\T_uz_NzuaT\T’ ZT\T_M:N: _NzaaT\TN:
A B A SN
NuaT\T+Naz( uzNz _NzaaT\TNz )_ua

Naﬁr\r +NazuzN:-l_NazNzudT\TNz-lzu

(14)

a

This simplified normal equation possesses the same rank
deficiency as the original equation. A unique solution for the
parameters can only be obtained through a least squares solution
involving only the parameters a. Once the unique solution is
obtained, the corresponding parameters z can be estimated using
the following formula:

ET\T:NZ-IM:_N;INza&T\T (15)

The inter-technique combination processing model utilizes the

initial station coordinates and  velocity  values
(0%, )0V gt =17,2p,000,mp,  for  each  observation
technique 7, and the transformation  parameters

G )rrskr =17,27,---m;  from the observational technique

frame St to each observation epoch o sty s st frame Sk,

which were obtained during the intra-technique combination
stage. These serve as observations in the combination processing
stage for the joint estimation of the global CGCS2000 frame
model parameters 6X,,,0¥, and the transformation parameters.

= _ ap ap
(0%0))rir = O0X; +[ X, X105 +Sor X, Tdor + €51,

)rir
Oor
=%y +[[X0x] T X3 | dor |+ €5, (16)
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=ov+[[xx] 1 xP | d; |+ey,, (A7)
S

=0V, +E pr+egy,,» 1=11,20,n;
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(ZA,{)T‘T Represents the transformation parameters from

reference frame B of observation technique 7 to reference frame
C at observation epoch # (where the transformation from frame
B to frame C is known). To estimate the transformation
parameters zxr from the ITRF reference frame (4) to reference
frame C at observation epoch #, the relationship among the
transformation parameters of the three frames is utilized:

R4~>C = R4~>B + [)E%C > Where R4—>C = ZA,T > R4~>B = PT(tA) >

Pe= (2/:)T\T > Zk,T=(2k)T\T+})T(tk) and P.(t,)=F, + (tk'to)Pr .

The resulting observation equation is:
(Z}()T\T=Z/¢,r'Por'("‘k""0)‘1:)T'~_e(z*A - (18)

Each observation technique inherently possesses a specific
spatial datum and temporal datum. For observations from a single
technique, the datum can be considered unified. However, the
datums across multiple observation techniques are often
inconsistent. This datum inconsistency inevitably affects the
results of observational data fusion. Therefore, the issue of datum
unification must be addressed in the integrated processing of
different types of observables. Different space observation
techniques form different observation networks. The subscripts
V, S, G, D, and C represent VLBI, SLR, GPS, DORIS, and
COMPASS/BeiDou, respectively; i represents the station, and &
represents the epoch. The sequence numbers /7, 27, ir, ..., nr
represent the transformation from the specified epoch frame
sequence to the ITRF.

Based on Equations (16), (17), and (18), the observation
equations are established using all fundamental stations from all
observation techniques. This allows for the final estimation of the
unknown parameters oxo;, ovi, Zk,1 (4 to C), and the "redundant”
parameters p,, , p, (transformation parameters from the
global CGCS2000 reference frame (4) to the observation

technique frame (B) and their rates 6,,,6,,d,,,dy,So,S; ).

The observations consist of the initial coordinates (5%,,)z7»
velocity values (67,),, , and transformation parameters (2,)

(B to C) for station i. During the combination processing stage of
different observation techniques, independent inner constraints

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-X|-4-2026-37-2026 | © Author(s) 2026. CC BY 4.0 License. 39



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume XI-4-2026
XXV ISPRS Congress 2026 “From Imagery to Understanding”, Commission IV, 4—-11 July 2026, Toronto, Canada

are selected to define the distinct coordinate frame parameters for
each technique, namely (6%,)r> (6V)prs )y -

The unknown parameters are the corrections Jxop;, Jdvi for the
stations in the integrated frame network, which represent the joint
solution derived from the observation network of each technique
and the transformation parameters Zir. Here, Zir denotes the
transformation parameters from the ITRF reference frame to all
observation epochs # within each observation technique 7. All
unknown parameters collectively define the new common ITRF
reference frame. Furthermore, the parameters Zir are not
"redundant" parameters; they enable the transformation of Earth
Orientation Parameters (EOPs) from the initial ITRF frame to the
observation epoch # frames of all techniques T.

The combined observation equation for all stations in observation
technique 7 is as follows:

(65&0.1)T\T ] 5-).5()1 El 6(5}0.1 )i
(5)%0[)T\T = (5)20.1')7'\T = 53:‘01' + E! P+ Cotgnr (19)
(5)%();1)T\T_ 5x0’1r E”T e(ﬁm, )it
=0%r +E By + €50y
(5V1)T\T ] o E, €
(§ﬁ)T\T = (é‘vzé)T\T = 5\}1 + Ez })T + e(ﬁf’s )rir (20)
(5vn)T\T_ 5V"T E”’T e(ﬁf’n )rir

=0vr +EpPr e,

After combining Equations (19) and (20), it is expressed as:

a _ (5)%0)T\T — 5x07" n Exr 0 PQT n e{a‘io)”,
=iy | TLov L0 El | BT e, @D

=a;+E,; P +e;

ar|r

To facilitate the implementation of the Inner Constraints
Algorithm, a separate observation equation encompassing all
epochs is constructed specifically for the parameters ET‘T .

€ )T\T Zir 1 (t, -‘IO)I e(fy_)m

e =| G |=| 20 |- T ol [ B[+ s |
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The inter-technique combination processing observation

equation, which includes all observation techniques, is as follows:

. G
ayy | ey | |Epy 0 0 0 || B vy
. _lags | _|a 0 Es 0 0|5 Cags | _
dpp = | oo | = az + g (‘)’T Fo 0 Pf; + o S l=a+E,p+ 6‘&7_ (23)
s GG
app ap 0 0 0 Eup || Pp Cinn

P Cyy
Bl | caimpie,  (24)
%66
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Zpw
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5 | %ss |2
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The inter-technique combination processing observation
equation is expressed in compact form as:

o)l }HH - xeey (25)

“rlp

The corresponding form of the weight matrix is:

— PﬂT RITZT
B {P;ZT PZ,} 26)
where
2,00 0
lor 00
Eq 0 0p, 0
000P,
(P, 000
Jor 00
P20 om0 27
000P,
P, 0 0 0
= 0 RISZS O 0
L0 0'p. 0
L 0 0 O R‘DZD

During the inter-technique combination stage, the results from
various space observation techniques must be integrated through
a combined adjustment to obtain the global CGCS2000 frame
parameters for the observing stations. However, the observation
networks of different space techniques lack common observation
points, and the observation equations do not contain common
unknowns. The current common approach utilizes co-location
sites, which involves selecting stations from two or more
different observation techniques that are in close proximity. The
vector values between stations of different techniques 77, T,
obtained through high-precision measurements, are referred to as
local ties (Z Altamimi, 2007).

dy 1, (1) = X, () = 2, () =[x, = Xop ]+ (-20)[vy, vy ] (28)

By performing repeated observations at different time epochs ¢,
the initial value and rate of change of the local ties can be

. 0 _ v
estimated, d;, ; =Xy =X, dy . =V, — vy .
The observation equation for local ties is:
be = Acyay + Aesas + Acga + Acpap +ec
ay
— as —
_[ACV Acs Ace ACD] a, +tec=Aca+ec

ap

29

Normal equations are independently established for each
observation technique a,,,,dg,@q>Ap,y : Nrx=ur. The normal

equation for co-location sites bc is Ncx=uc. The observation
equations should include the transformation parameters z, p.

bC=ACa+eC:[AC 0 0] Z :[AC 0 O]x+ec (30)
p

From Formula (25), the normal equation composed of different
space observations is obtained as NT)A( =(AIP.A, )X =AIP.b,=u, .

Here, Nr and ur are expressed as:
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The normal equation for co-location sites is:
T A T ~
c a AP A- 0 0 a
OPC[ACOO]Z: 0 0 0}z
0 p 0 0 0fp (33)
T T
Ac A. Fb,
= 0 |Pb.=| O
0 0

The two-step method combined processing normal equation we
derived is:

Na+Nz‘ Naz Nap

a u,+u
N, N. N, ||Z|=] u (34)
N, NI N,|P u,

Where N, = A PA.,u, =APb,.

3.3 Solution of the Combined Normal Equation

The solution of the normal equation can begin by eliminating the
"redundant" parameters z or p. For instance, when first
eliminating parameter z, the process shares similarities with the
combination stage of the two-step method. The normal equation
in (34) is decomposed into three subsets:

(N,+N)a+N_z+ Napf? =u, +u,
T A A A
N, +NZZ+Npr =u_, (35)

T A T A A
N,a+N,z+N,p=u,

Solve for Z from the second equation and substitute it into the
other two equations, obtaining the single-difference normal

equation:
N, +N. N, [[a]_[u,+u
S e

Where N, =N, -~ N_N.'N’ p Ve

N,=N,—-N_N'N,

The single-difference normal equation possesses the same rank
deficiency as the original normal equation, corresponding to an
infinite number of solutions for different coordinate reference
frames. Minimum constraints must be applied to obtain a unique
solution. Since the single-difference normal equation contains
only parameters a and p, once the unique estimates for

parameters & and p are obtained, parameter Z can be

estimated using the following formula:

z

2=Nu,~N'NLa-N.'N_p (37

The parameter p can be further eliminated by using the double-
difference normal equation. Decomposing equation (36) yields:

_ - e
(N, +NJa+N,=u,+u,N,a+N,p=u, (38)

Parameter p can be solved from the second equation and

substituted into the first equation, resulting in the following
double-difference normal equation:

(39

. = _ T AT A= AT = = xT A7r—-1—
In the above equation, N,=N,—-N, NN, , u,=u,—N,/ N u,.
By applying minimum constraints involving only the unknown

parameters a, the double-difference normal equation
(N, +N,)a=u,+u, is solved to obtain the unique estimate for

parameter d. Using equation (39), the estimates for the other
parameters are then sequentially obtained:

2=Nu.-N:'N_a-N_'N_p (40)

4. Inner Constraints Algorithm

The coordinate frame transformation equation, formed by the
two-step mathematical models, possesses a coefficient matrix
whose column rank deficiency equals the number of
transformation parameters to be solved. The set of all least
squares solutions for the coordinate frame network shares the
same "network shape" but lacks uniqueness (Blewitt and
Lavallée, 2002; Sillard and Boucher, 2001; Williams and Willis,
2006). The traditional approach to this problem involves
imposing a set of external constraints (where the number of
independent constraints equals the rank deficiency) to define the
frame. For example, this could be the coordinates of two stations
in a triangulation network, or one station coordinate and one
azimuth in a traverse. For space observation techniques, prior
coordinate values for at least three stations are typically required.
By applying strong constraints to the known station positions and
velocities, a unique network solution for the rank-deficient
normal equation can be estimated. However, if the constraints are
not appropriately chosen, they can distort the network shape and
introduce bias into the parameter estimates. The inner constraints
method is based on the minimization condition of the global
CGCS2000 frame parameters and the three transformation
parameters (translation, rotation, and scale) along with their rates.
This approach ensures the numerical stability of the results,
preserves the intrinsic purity of reference frames derived from
different observation techniques, and fully exploits the strengths
of each technique (e.g., the geocenter information from SLR, the
scale from VLBI, etc.).

Model for

4.1 Inner Constraints

Combination

Intra-Technique

To determine the inner constraints matrix, the functional
relationship between the frame station parameters and the
variations in the frame transformation—namely the rotation
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angle w(t)=y,+(t-t,)y , the scale parameter A(f)=A4, +(t—to)i,
and the displacement g(¢)=g,+(¢-7,)¢ —must be established

based on the CGCS2000 parameter transformation model
X=x+Ep (Sillard, 2001).

The transformation equation for each station can be combined
and expressed as:

G = |:§)~‘~0[:| | O%oi +[x67 X Iy o + AoXc! + o
LoV OV +[x Xy + AxY + &

(o o1 1 x5 0 0 04
[&,}*[ 0 0 0 [xPx] [ x @0

:a[+E{1,p

To estimate the variations of the so-called redundant parameters
Py during the coordinate frame transformation, we establish the
reverse frame transformation equation:

Oxy, = 0%y, — [xo7 Xy, — iox(()lzp — &
oV, = 0V, =[xy ]l// ﬂx“”

(42)

Substituting the above into Equation (3) yields:

Sxf =6x, +(t, —t‘,)é)'v + 5,50 +[xPx16, +d, +ef

= A = g+ (0 - 1) {8V, = [xiy <y — A — &
+5, X0 + [x} ><]¢9,{ +d, +ef (43)
=0%,; + (1, -1,)00, + x&’f’x][& -y, — (1, -to)l/'/]

+|:S/< R U —t(,)ﬂ:lx(, [dA -g - 't1))g]+9

= 0%, —[x5/

Transforming the above equation gives:
Sxt = 8%, +(t, -1,)00, +[xTx10, + 5, X +d, +e'  (44)

Comparing Equations (43) and (44), the relationship between
the different transformation parameters is identified.

O, =y, — (G -1y,
=d, —g,—(t,-4,)8&, (45)
§k=sk— Ay —(t, -t)A

S ™

According to Equation (22), the functional relationship between
the frame transformation parameters is expressed in matrix form:

61« 0w (4,7t | [0,
dk—dk go—(t,~ty) gl=|d,|+
Sk =2 —(t,—ty) VIRE!
Yo
g, (46)
10 0—(t,—t) 0 o %
0-10 0 —(t,—t) 0 =7, +E,p
00-1 0 0 —(t—1) ‘é’
y)

By applying Equation (41) to combine each station and Equation
(46) to combine each observation epoch #, the inner constraints
matrix for the intra-technique combination is obtained as follows:
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The inner constraints are expressed as:
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The inner constraints above can be divided into six parts:

Three rotation inner constraints
N M
Z[x;‘?x]é‘xm +Zek =0

i=1 k=1

Three translation inner constraints

N M
D 5%y~ d,=0
i=1 k=1
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Three scale inner constraints

Z(Xm) OXy; — Zsk (55)

i=1
Three rotation rate inner constraints
N M
=D IXPXOV, = Dt —1,)0,=0 (56)
i=1 k=1

Three translation rate inner constraints

S5v,~ 31, ~1,)d, =0 (57)

k=1

Three scale rate inner constraints
N
Z(Xol) ov, Z(t —y)5,=0 (58)
i=1

The full set of inner constraints is equivalent to the minimum

norm solution.
2 T
a alla
= =a'a+z"z
z z z

= Z(axfo S X0+ OVEOV,) (59)

+Z(9,€0k +d]d, +s;)=min
k
Two sets of partial inner constraints can be derived separately
from the above equations.Considering only the partial inner

constraints for coordinates and velocities, £ a —Z
i=1

a =0,

uz:

satisfying the condition Z(éxméx,(,+ SVi6v,,) =min , which

takes the following form:

Z[X 'x]ox,; =0 Zé‘xm =0 Z(x ) X,y =

N

[XPx]5v, = o,Zav[ = o,Z(xg'j)Tav, =0.

i=1 i=1 i=1

(60)

The first three constraint conditions in Formula (60) apply to
observation networks of rigid blocks, while the second column
applies to observation networks with linear time-varying
deformation.

Considering only constraints for the

the partial inner

M
transformation parameters, E.z =;EZT’ z, =0 satisfying the
condition ) (6,6, +d;d, +s;)=min , which takes the
k

following form:

M M M
>6,=0,>4d,=0>5=0,
k=1 k=1 k=1

(61)
M M M

Z(tk _to)ek :O=Z(tk _to)dk :O’Z(tk
k=1 k=1 k=1

—1,)s, =0.

We have established the most complete set of Inner Constraints
Algorithms for rank-deficient free networks caused by unknown

parameters (scale, translation, rotation). In some cases, if scale or
translation parameters are effectively estimated from valid data
(for example, when establishing a geocentric coordinate frame
using SLR), the corresponding inner constraints need to be
removed.

Model for

4.2 Inner Constraints

Combination

Inter-Technique

The inner constraints are:

0= ETM =[E! Ef]m =ETq+E'z
i -i[xgvx](sxw —,’Zi:e,h ]
Z<x ) 5xm Z% 62)
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The full set of inner constraints is equivalent to the minimum
norm solution.

HEHHEEEE

= Z(5x§,5xm+ v o)) (63)

+2(omem+dm o +52, 1010, +dld, +52)

= m1n

5. Comparison of the Two-Step Method and the One-Step
Method for Implementing Coordinate Reference Frames

The one-step method employs a synchronous combination
algorithm: it first constructs the normal equations from the time
series data of different observation techniques separately, then
synchronously combines these technique-specific normal
equations to form an overall normal equation. The optimal
solution for the ITRF parameters is obtained by solving this
overall normal equation (Jiang, et al., 2018).

The two-step method for establishing a global terrestrial
reference framework, in the first step, using an intra-technique
combination algorithm to separately solve the normal equations
composed of time series data from different techniques,
estimating the initial values of the ITRF parameters. In the
second step, an inter-technique combination algorithm is
employed to jointly construct and solve the normal equations
using the initial values of the ITRF parameters obtained in the
first step, thereby deriving the optimal solution of the ITRF
parameters.

The preceding sections have researched and analyzed the
fundamental theory and implementation method for the renewal
of the global CGCS2000 coordinate reference framework using
the two-step method model. The adoption of the two-step method
model for realizing the globalized CGCS2000 reference
framework is recommended for the following reasons: 1)
Currently, the international IGS organization has not
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incorporated BeiDou data into the integrated adjustment for ITRF
determination, and the latest released ITRF does not include
BeiDou stations as fundamental stations. 2) The currently
published CGCS2000 framework results do not utilize globally
distributed VLBI, DORIS, and SLR data; the data processing
stage only uses IGS data from domestic and surrounding stations.
3) BeiDou station data were not used during the initial
establishment of the CGCS2000 coordinate framework, and
furthermore, BeiDou receiver stations currently lack a globally
uniform distribution.

Adopting the two-step method model also offers the following
advantages: 1) It allows for the separate estimation of global
CGCS2000 frame parameters from the results of different space
techniques. Comparative analysis can reveal inter-technique
systematic biases, such as scale bias, accuracy differences, and
observational outliers. 2) Variance component estimation can be
performed on the frame parameters from different space
techniques obtained in the first step, enabling independent weight
determination. Utilizing co-located site observation results and
applying inter-technique combination processing methods allows
for the scientific estimation of global CGCS2000 coordinate
frame information that includes BeiDou observation station data.
3) Since the previously described regional CGCS2000 frame
processing has already incorporated global IGS results, the
loosely constrained solutions of the regional CGCS2000 frame
stations from prior computations can be directly integrated into
the two-step method model for processing. Through combined
adjustment with other observation results, the final global
CGCS2000 coordinate reference frame results can be obtained
(Jiang, et al., 2018).

6. Conclusion

Based on the current status of China’s regional CGCS2000
coordinate reference framework and the urgent demand for
global services from the third-generation BeiDou Navigation
Satellite System (BDS-3), this paper establishes a mathematical
model for the construction of a global CGCS2000 coordinate
reference framework, develops a fusion processing algorithm
integrating multiple space geodetic techniques, and resolves the
issue of effective connection between the regional CGCS2000
framework and the international terrestrial reference frame. A
two-step method is proposed for the realization of the global
CGCS2000 reference framework, which offers the advantage of
estimating ITRF parameters separately from the solutions of
different space techniques and assigning appropriate weights to
the frame parameters derived from various techniques via
variance component estimation. The inner constraints theory is
investigated, and the constraint conditions for coordinate
reference are redefined based on the minimization of frame
transformation parameters and their rates of change. As a result,
the adjusted network achieves the highest degree of fit with the
initial network geometry while preserving the intrinsic purity of
reference frameworks established from different observation
techniques. The findings of this study contribute to the
refinement of the fundamental theoretical system for China’s
coordinate reference framework establishment and provide
scientific methodologies for the globalization of CGCS2000.
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