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Method for integer ambiguity resolution in GPS network RTK
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Abstract: A method for integer ambiguity resolution in the
global positioning system ( GPS) multi-reference station network
real time kinematic (RTK) is proposed. First, the barycenter of
the triangle of reference stations for ambiguity resolution is taken
as a reference point. The satellite which has the largest elevation
angle with the reference point is selected as a reference satellite.
The parameters for constructing the weight matrix of carrier phase
observation and the criteria for checking the correctness of integer
ambiguity resolution of a network are obtained. Then, the wide
ambiguity is calculated by a linear combination method of dual-
band observation. And the L1 ambiguity is obtained by a non-
ionosphere combination method. The Kalman filter is introduced
to refine the floating-point solution of ambiguity and estimate the
real-time tropospheric delay. Finally, the cofactor matrix of
ambiguity is de-correlated by Z-transformation to reduce the
searching space of the integer ambiguity solution and improve the
efficiency of the least-squares ambiguity decorrelation adjustment
(LAMBDA) algorithm. The experimental results show that this
method can reliably obtain the integer ambiguity solution among
multi-reference stations with 40 epochs.
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etwork RTK is an effective method for precisely posi-
Ntioning in GNSS, among which the key step is to
quickly determine the integer ambiguity resolution between
reference stations'''. So far, a two-step method has been
widely studied; that is, the long-wavelength characteristics
of the wide-lane combination is used for fixing the wide am-
biguity in the first step, and then the non-ionosphere combi-
nation method is utilized for estimating the L1 ambiguity in
the second step' . In this paper, a new method is proposed
for selecting the reference satellite. Based on the conven-
tional two-step method, the Kalman filter is proposed to es-
timate the float ambiguity resolution, and the LAMBDA al-
gorithm is used to fix the integer ambiguity resolution. The
reliability and efficiency of the method for integer ambiguity
resolution are significantly improved.

1 New Criteria for Determining Reference Satel-
lite

Network RTK processes GNSS data in a unit composed of
multiple reference stations. Because the angles between a
satellite and diverse reference stations are different, the dis-
unity of the reference satellites in a resolution unit can lead
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to some uncertain errors of correction direction. Conse-
quently, the RTK positioning is difficult to be realized.
Furthermore, the determination of the reference satellite is a
key factor for determining the weight matrix in the LAMB-
DA algorithmm. Therefore, a reasonable choice of the ref-
erence satellite is an important step before ambiguity resolu-
tion.

In this paper, a new criterion for determining a reference
satellite is presented. The satellite which has the largest ele-
vation angle to the barycenter of the resolution unit is taken
as a reference satellite. The spatial relationship between the
reference satellite and reference stations is shown in Fig. 1.

Fig.1 The spatial relationship between reference stations
and the reference satellite

In the standard space coordinate WGS-84, the space coor-
dinates of the reference stations R1, R2, R3 are taken as
(X,, Y, Z), (X,, Y, Z,) and (X;, Y,, Z,), respective-
ly. The coordinate of the reference satellite is taken as (X,
Ys, Zg). G is the barycenter of the triangle-net. Then, the
coordinates of G can be written as

X, +X, +X,
G = 3
Y +Y,+7Y.
YG — % (1)
Z, +7Z,+7Z
ZG — 1 32 3
X X X
Z H z N z G
where
—sinB,cosL; —sinBgsinL; cosB
H-= —sinL, cosL, 0 (3)
cosBcosL, cosB sinL,;  sinB,

where B and L, are the latitude and the longitude of the tri-
angle-net’s barycenter, respectively. Then, the elevation
angle between the satellite and the barycenter can be compu-
ted as
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E Zn 4
_arct21n(XZ+YZ)1/2 (4)

According to Eq. (4), the reference satellite can be deter-
mined when maximizing the value of E. It can be ensured
that the reference satellites for all reference stations are con-
sistent in the triangle-net. Moreover, the new criterion for
determining the reference satellite plays an important role in
integer ambiguity resolution between the reference stations,
which can be interpreted as follows:

1) The criterion can be used for checking the accuracy of
the ambiguity resolution between the reference stations. As
shown in Fig. 1, the accuracy of the ambiguity resolution
for a triangle-net can be checked by

AV Nyjgo + AV Nygs + AV Nygy =0 (5)

2) The criterion can be utilized for obtaining the inverse
integer ambiguity solution of the difficult baseline because
of the multipath effect, lower satellite elevation angle, over-
long baseline, etc. If the ambiguity of baseline RIR2 can-
not be fixed, it can be calculated by

Av Nijro = - Av Neogs — AvNR3R1 (6)

2 Integer Ambiguity Resolution
2.1 Wide-lane ambiguity resolution

There are two approaches to resolving the wide-lane am-
biguity, i.e., the double P-code pseudo-range method and
the double frequency linear combination method. The latter
has better precision than the former because of carrier obser-
vation"” . Therefore, the double frequency linear combina-
tion method is applied in this study, and the wide-lane inte-
ger ambiguity can be fixed by

AVTVW—LZM< AVN, < AVN, + ! (7

—Z,

Jn Jn
where AV N, is the double difference (DD) wide-lane inte-
ger ambiguity; AV N, is the DD wide-lane float ambiguity;
n is the number of the epochs; Z_, is the z-score of the hy-

pothesis test. When the confidence level is set at 95%, any
element in Z_,, is 1. 96.

2.2 L1 ambiguity floats resolution

The float ambiguity AV N, can be resolved by a non-iono-
sphere combination'” of L1 and L2; that is,

f 5
A _
(ﬁ o T

AVp - AVO - AV 8p,, - AVM) -

DYN, =3-(A,

n

AV ¢2 -

f
fi =1

where A is the narrow-lane combination wavelength; A is
the wide-lane combination wavelength; f, and f, are the fre-
quencies of L1 and L2, respectively; AV ¢, and AV ¢, are
the DD carrier observations of L1 and L2, respectively;
AV p is the DD distance between the reference station and
the satellite; AV O is the DD multipath; AV &p,,,is the DD
troposphere delay; AV M is the DD orbit error. The impact

AYN, (8)

of the ionosphere can be effectively eliminated by Eq. (8).
Since the orbit error O and the multipath effect are usually
ignored'!, the main error effect on the accuracy of AV N, is
the tropospheric delay error'™ .

With respect to the troposphere mapping function'”, Eq.

(8) can be rewritten as

S 5 LA,
A A - A - Np- AVN, =
w(f‘l +f‘2 v¢l f‘1+f‘2 v¢2 p f‘]_f‘z w
DQ
[Athp(aQ) AFu-op(ap) An] Dp + £ (9)
AV N,

where 6, and 6, are the satellite elevation angle of P station
and Q station, respectively; AF  (+) are the single differ-
ential (SD) mapping function; D, and D, are the tropo-
spheric zenith delay of P station and Q station, respectively;
¢ is the residual error.

In order to solve Eq. (9) to obtain the tropospheric zenith
delay and the L1 float ambiguity resolution, the Kalman fil-
ter is introduced when considering the main delay error of
the zenith direction as a random walk process'® . The initial
value of the state transition noise variance o , is set as 10 to

troj
90 cm’/h which is obtained by the Niell model”’, and that
of the ambiguity state transition noise variance ¢ is set as
zero'™ . Then, the state equation of the corresponding dis-

crete system can be established as

D(t)) =D(t,_) +W,(t,)

W,(1,) ~N(O, Ato,,)
AVN, (1) = YN, (1, ) + W,(t,) }

W,(1,) ~NO, Atay)
(10)

Combining Egs. (9) and (10), the Kalman filter equation
can be established as

X =X,_,+W, W ~NO, U,) (11)
L,=BX, +V, V,~NQO, Q) }
where
B, =[AF(6,) AF(6,) A,]
Xn:[DP DQ AVNI]T
fl fZ
L =), AV @, - AV ) -
fl +f2 ¢l fl +fz ¢2
LA
AV p - =~ AV N

Pog-n

where U, is the state noise variance matrix; @, is the obser-
vation error variance matrix.

The tropospheric zenith delay and the float ambiguity can
be estimated by the above filter, and then the integer ambi-
guity can be fixed by the LAMBDA algorithm based on the
float ambiguity and the cofactor matrix. The comparison re-
sults between the Kalman filter and the single-epoch algo-
rithm show that the error between the tropospheric delay es-
timated by the Kalman filter and that calculated by the pos-
terior data is less than 2 cm (see Fig. 2). The L1 ambiguity
becomes stable after 80 epochs by the Kalman filter while it
keeps fluctuating by the single-epoch algorithm (see Fig.3).
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Fig. 2 Comparison of DD tropospheric delay error
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Fig. 3 Comparison of DD ambiguity

2.3 L1/L2 integer ambiguity resolution

To apply the LAMBDA algorithm for fixing the integer
ambiguity, a cofactor matrix for the DD ambiguity is con-
structed” . The weight matrix is constructed by the satellite
elevation, which can be expressed as

r. sinE, ! 1 7
+
sink,
sinE
1 Le—= 1
P= SinE, (12)
sinE
1 1 T T
L sinE,
where E, is the reference satellite elevation; E,, ..., E,_,

are the other n — 1 satellite elevations. According to the er-
ror propagation law''”", the cofactor matrix of the float am-
biguity can be calculated by

0 =n () e ()

Therefore, the integer ambiguity can be obtained by integer
searching, where the searching space is defined as

(13)

(N-N'Q;'(N-N)<y* NeZ' (14)
where N is the float ambiguity; N is the integer ambiguity.
The searching space is an n-dimensional ellipsoid centered at
N, whose shape and size are determined by Q v and y’. With
the increase in the ambiguity space, the searching space ex-
pands and the search time extends''". In order to improve
the efficiency, the searching space is transformed into an
approximate round ball by the Z-transformation matrix,

which can be expressed as
QZ = ZTQ}VZ9

The spatial distributions of the cofactor matrix before and
after transformation are shown in Fig. 4. The peak of the el-

$=Z'N (15)

lipse in Fig. 4(a) is smaller than that in Fig. 4(b), indica-
ting that the correlation of the cofactor matrix is significantly
reduced by Z-transformation.

x 00
(b)

Fig. 4 Spatial distribution of cofactor matrix. (a) Before

Z-transformation; (b) After Z-transformation

After Z-transformation, the searching space can be de-
fined as

(2-2"0.'Z-2<y zeZ (16)

Since Q, makes the searching space close to spherical, its
search tree is less than that before transformation. There-
fore, the searching efficiency of the integer ambiguity is im-
proved. After the integer resolution of z is obtained by Eq.
(16), the integer ambiguity can be resolved by inverse
Z-transformation.

When AV N, is fixed by the LAMBDA algorithm, AV N,
can be calculated by

AYN, = AVN, - AV N, (17)

3 Case Study

A case study is presented for checking the proposed meth-
od, and a triangle-net is established by using four reference
stations in a Tianjin continuous operational reference sys-
tem. The location information for the four reference stations
is shown in Fig. 5.

wQ

48.2 HC

XQ

Fig. 5 Distribution of reference stations( unit: km)

3.1 DD ambiguity resolution

The results of the DD ambiguity resolution of PRN 08 are
shown in Fig. 6. It can be seen that the DD ambiguity reso-
lution converges gradually and is close to an integer after 60
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to 80 epochs for the three midrange baselines, BC-WQ,
BC-XQ and HC-BC. The proposed method is proved to be
efficient in quickly and accurately obtaining the integer am-
biguity resolution. However, for the long baseline XQ-HC,
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i —— LAMBDA algorithm
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(e)

it is difficult to obtain the integer ambiguity resolution in a
short time. For this case, Eq. (6) is applied for solving the
integer ambiguity of the difficult baseline.

-12
"""" Kalman filter

-3 ——— LAMBDA algorithm

DD ambiguity/cycle
I
=

6 L . ) L ) ) L L L L .
0 10 20 30 40 50 60 70 80 90 100 110 120
Epochs
(b)
"""" Kalman filter
— LAMBDA algorithm

Moo woLo

DD ambiguity/cycle
SEBRRERER

"0 10 20 30 40 50 60 70 80 90 100 110 120
Epochs
(d)

Fig. 6 DD ambiguity of PRN 08. (a) BC-WQ; (b) BC-XQ; (¢) HC-BC; (d) XQ-HC

3.2 Quality checking

The validity of the DD ambiguity is checked by Eq. (5)
for describing the relationships between the baselines in the
network. Tab. 1 shows the closure error of the double inte-
ger ambiguity of the network II in Fig. 4. Considering
PRN 28 as a reference satellite, the integer ambiguity reso-
lution is calculated with 30 epochs by the Kalman filter and
the LAMBDA algorithm. Meanwhile, the correct DD inte-
ger ambiguity solutions are obtained by the professional
GPS software Bernese for comparison.

Tab.1 Closure error of DD ambiguity in network I[  cycle
Satellite DD ambiguity
Error
number BC-XQ XQ-HC HC-BC
11 ~15( - 15) 23(23) ~8(-8) 0
20 _33( -33) 26(26) 7(7) 0
08 ~14( - 14) 24(25) —11( -11) -1
27 -23( -23) 9(10) 13(13) -1
17 -2(-2) 16(16) —14( - 14) 0

Note: The data in the parentheses are the correct DD ambiguity solutions ob-
tained by the professional GPS software Bernese.

As shown in Tab. 1, the closure error of PRN 08 and
PRN 27 are equal to zero due to the false DD ambiguity of
the long baseline XQ-HC. If the integer ambiguity of two
shorter baselines in a unit is correctly resolved, the longer
baseline can be determined by the integer ambiguity resolu-
tions of the other baselines according to Eq. (5). For ex-
ample, the DD integer ambiguity resolution of PRN 08 can
be corrected to 25 by the true integer ambiguity resolution
of BC-XQ and HC-BC. The rest may be deduced by analo-
gy. So the DD ambiguity of the long baseline can be deter-
mined quickly and accurately.

4 Conclusion

Integer ambiguity resolution is regarded as the key tech-
nology of the GPS network RTK. Based on the convention-

al two-step method, the Kalman filter is proposed to esti-
mate the float ambiguity resolution and the LAMBDA algo-
rithm is used to fix the integer ambiguity resolution. The
reliability and efficiency of the method for integer ambigui-
ty resolution are significantly improved. And the proposed
method has been already applied in the network RTK sys-
tem self-developed by Southeast University.
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