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　　Abstract　　A new method of adaptive filt ering by selecting the parameter w eight factor is introduced in this paper.Based on the

theoret ical analysis and research , thi s method is first ly used for preci se kinematic GPS positioning w ith single f requency double-differenced

(DD)carrier phase observat ions.Tw o numerical exam ples are given to illust rate the feasibility and validity of the method.The preliminary

result s show that precise posit ioning result s can be obtained by using only the GPS single f requency DD carrier phase measurements for

short baselines w ith the new method.

　　Keywords:　adaptive fil tering , parameter weight factor , precise kinematic GPS positioning.

　　The Kalman filter has been extensively applied in

the area of kinematic geodetic positioning[ 1 ,2] .How-
ever , when the measurements are contaminated or the

dynamic model is disto rted by outliers , the reliability

of the linear filtering results w ill be reduced.There-
fore , many improved Kalman filter models have been

proposed[ 3—6] .However , there are still some aspects

needing to be improved in these methods.For exam-
ple , because the adaptive filtering smoo thes the vari-
ance-covariance matrix in a given time w indow , it

cannot overcome the inf luences of out liers in state

equation[ 3 ,4] ;when bo th the dynamic model and the

measurements are disto rted by outliers , the robust fil-
ter cannot determine the equivalent w eights of both

the measurements and the updated parameters[ 5] ;the

adaptive robust filter does not consider the different

characteristics of the dif ferent updated parameters[ 6] .
Recent studies on the Kalman filter model use either

GPS pseudoranges[ 6] o r the combined data of GPS

w ith other systems[ 3 , 4] , while few studies use only

carrier phase measurements , especially single-f re-
quency ones.However , precise positioning require-
ments canno t be met using pseudo ranges only , and

the combined system is expensive , which limits the

applications of kinematic GPS posi tioning.

In view of this , a new method called adaptive

filtering by select ing the parameter w eight factor[ 7] ,
is int roduced in this paper , and this new method is

applied to GPS high precise kinematic positioning us-
ing only single f requency DD carrier phase observa-
tions.The numerical results show that precise posi-
tioning results may be obtained for short baselines.
Furthermore , because the ambigui ties are not re-
solved epoch-by-epoch but resolved only w hen the

variation of the ambiguity info rmation is detected ,
that is , when cycle slips occur , the computational

costs are considerably decreased in the new method.

1　Adaptive filtering by selecting the parame-
ter weight factor

The new adaptive filter is proposed by Prof.
Ou
[ 7]
.In this method , according to thei r dif ferent

characteristics , the state parameters of the Kalman

filter are classif ied into tw o kinds:the no rmal and ab-
normal ones.Here “normal” means that the updated

parameters are consistent w ith the actual situation of

the moving objects , while “ abnormal” denotes that

the updated parameters deviate from thei r co rrect val-
ues.Fo r each of the state parameters , one adaptive

factor is given.The adaptive factor is determined by

w i =
1 , for no rmal state parameter ,
0 , for abnormal state parameter.

(1)

For all state parameters , the equiv alent weight factor

matrix is constructed by

W =diag(w i), 　i =1 , …, n , (2)
where diag(·)denotes the diag onal matrix.The e-



quivalent weight matrix of the state parameters can be

obtained by

 PX , k+1 =WPX , k+1 W , (3)
where PX , k+1 is the original weight matrix of the

predicted parameters.It is obvious that the rows and

columns corresponding to the abnormal predicted pa-
rameters are all zeros in  PX , k+1 , so effects of the ab-
normal updated parameters can be reduced.The func-
tional model of the new method is as follow s.

Let the linear Kalman filter model be

X k+1 = Υk+1 , kXk +Γk+1 , kw k+1 , (4)
lk+1 = Ak+1X k+1 +ek+1 , (5)

where Υk+1 , k and Ak+1 denote the t ransit ion and de-
sign matrices , respect ively , which are assumed to be

known; Ak+1= [ Ac , k+1 ,0 ,B k+1 ] , in w hich

Ac , k+1 ,0 and Bk+1 co rrespond to the design matrices

of the position , velocity and ambiguity , respectively;
k +1 and k are observation epochs;the vector Xk

consists of n unknown parameters , Xk =

[ X
T
c 　X

· T
c　N

T] T , including position , velocity and

ambigui ty components;l is the sing le frequency DD

observat ion vecto r;the random error components w

and e have zero expectations and are mutually uncor-
related;the covariance matrices of w and e are taken

as w
k +1

and Rk+1 , respectively.

Let δX be the dif ference vecto r betw een the fil-
tering results and their predicted values , which is

formed by

δX k+1 = X k+1 - X k+1 , k. (6)
 V is taken as new information vecto r , and i t has

 Vk+1 = lk+1 -Ak+1 X k+1 , k , (7)
then the results of the adaptive filtering are

 X k+1 = X k+1 , k +δXk+1 = X k+1 , k + K k+1 V k+1 ,

 K k+1 =(A
T
k+1 Pk+1 Ak+1 + PX , k+1)

-1
A

T
k+1 Pk+1 ,

 X
k+1
=(A

T
k+1 Pk+1 Ak+1 + PX , k+1)

-1 , (8)

where  K k+1 is the equivalent gain matrix ,  Pk+1 is the

equivalent weight matrix of the measurements[ 6] , and
 X

k +1
is the variance-covariance matrix of the estimat-

ed state vectors at epoch k +1.

The feature of the new method is that the w eight

factors of the state parameters are selected individual-
ly , which f inally results in a symmetrical equivalent

w eight matrix of the state parameters.In this w ay

the new method can eliminate or decrease the ef fects

of outliers.

2　Application of the new method in precise

kinematic GPS positioning

The key of the new approach is how to find an

index to distinguish whether a state parameter is nor-
mal o r not , which needs to analy ze the dynamic mod-
el and the state parameters of the Kalman f ilter.

The dynamic model of the Kalman filter has been

discussed in many papers[ 8 , 9] , while the feature of

the state parameters is seldom analyzed.For precise

kinematic GPS positioning , in most cases , the mot ion

of a moving vehicle is unstable , i.e.the vehicle may

suddenly accelerate or stop.Therefore , it is very dif-
ficult to accurately describe the actual moving condi-
tion by the state parameters.

In this paper , the state parameters are analy zed.
They are classified into two kinds:time-variant and

t ime-invariant ones.Because the predicted posit ion

and velocity parameters vary w ith measurement

epochs , they are taken as t ime-variant parameters;
while the values of the ambiguity parameters w ill not

change if no cycle slips occur , and in this case they

are time-invariant ones.In most cases , the dynamic

model for a moving vehicle cannot be accurately giv-
en.This causes the variances of the time-variant pa-
rameters to be generally much larger than those of the

ambiguities[ 2] and the t ime-variant parameters to have

minor effect on the filtering results.So the adaptive

factors of the time-variant parameters are all taken as

1.While the variances of the time-invariant parame-
ters(the ambigui ties) are quite small , i.e.their

weights are large.Once the ambiguit ies are fixed ,
precise kinematic positioning results can be obtained.
This paper focuses on discussing the selection of the

adaptive factors of the ambiguity parameters.

To determine w hether a predicted ambiguity pa-
rameter is abnormal or not , we must determine

w hether there are cycle slips in measurements.When

the cycle slips are no t detected or corrected , the

residuals computed using the updated ambigui ty val-
ues will bias from their “ true values”[ 10 , 11] .For tw o

consecutive epochs , the biases are almost identical.
Take

dv k = Vk -Vk-1 , (9)
where V is the residual vector.If there are no cycle

slips , fo r short baselines , the values of dv depend

mainly on the observation noises , but w hen there are

cycle slips at epoch k , the value of dv will vary con-
siderably.So we can present a condi tion to judge
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whether there are cycle slips o r not

|d vk|<α,

where αis a constant wi th the value of 0.012 —
0.015 m.If the above relation is satisfied , it can be

concluded that there are no cycle slips in the measure-
ments;otherw ise , i t can be assumed that the cycle

slips occur.In this w ay we can determine w hether

there are cycle slips or no t.In order to detect in

w hich satellite pai rs there exists the cycle slips , the

method of QUAD
[ 11]

can be applied.The adaptive

factor co rresponding to the updated ambigui ties can

be taken as

w i =
1 , no cycle slip ,
0 , cycle slip.

(10)

Thus the equivalent w eight factor matrix is fo rmed ,
W =diag(I3 I3w 1…wm), where m is the number of

DD integer ambiguities.

3　Experimental results and analyses

3.1　Dynamic model

The constant-velocity model of the Kalman f ilter

w as employed in Ref.[ 2] .The transition matrix is

taken as

Υk+1 , k =

I 3 Δt · I 3 0

0 I3 0

0 0 I m

,

w ith initial variance of 0.2 m2 for positions ,
9×10

-6
m

2
·s
-2

fo r veloci ties.The variances of the

initialized DD inter ambiguities are taken as 10
-4

m
2
.

The covariance matrix of the dynamic model for time-
variant parameters is chosen as

1
3
QX
·Δt

3 1
2
QX
·Δt

2

1
2
QX
·Δt 2 1

2
QX
·Δt

,

where QX
· deno tes the spect ral density fo r velocities

w ith the value of 0.2 m
2
·s
-3
, Δt is the sampling

time interval w ith the value of 1s.The variance is

taken as 0 m2 for the ambiguity noise , and the vari-
ance is taken as 0.0022 m2 for carrier phase measure-
ments.

3.2　Processing schemes

The following three schemes were used to pro-
cess the experimental data.The ambiguities were

fixed w ith the LAMBDA method[ 12] in all schemes.

Scheme 1:Least-Squares(LS)estimation with

dual-frequency DD carrier phase and P code measure-
ments.The solutions w ere used as “ true values” fo r

comparing the results with o ther schemes.

Scheme 2:the classical Kalman filter using only

L1 DD carrier phase measurements.

Scheme 3:the adaptive filtering by selecting the

parameter w eight factors using only L1 DD carrier

phase measurements.This method is called the new

method in the follow ing sect ions.

3.3　Experiment 1:simulated data

Eighty epochs' measurements w ere chosen from

a kinematic GPS experiment.Totally four satellite

pairs were formed , they were 10-8 , 24-8 , 4-8 and 6-
8 in turn.According to the resolved results of Scheme

1 , there were no cycle slips during this observat ion

span.In order to test the perfo rmance of the new

method , one cycle slip was added to the satellite pair

24-8 from the 21st epoch , and three cycle slips w ere

added to the 6-8 from the 50th epoch.Parts of the

resolved results are given as follow s.

The estimated values of dv at epochs 20 and 21

using Scheme 3 are (0.0005 , -0.0017 , -0.0007 ,
-0.0009 )T , (0.0365 , -0.1222 , -0.0535 ,
-0.0679)T.It is obvious that there were cycle slips

at epoch 21.Using the QUAD method[ 11] , we can

find that the cycle slip occurred on the satellite pair

24-8.Accordingly , the adaptive factor of this satellite

pair was taken as zero.The corresponding equivalent

weight facto r matrix w as taken as

w =diag(I6　1　0　1　1). At this t ime , the

equivalent weight submatrix of the updated ambiguity

parameters is

10000.1448 0.0000 -0.0227 0.0490

0.0000 0.0000 0.0000 0.0000

-0.0227 0.0000 10000.0036 0.0077

-0.0490 0.0000 0.0077 10000.0166

.

This submatrix show s that the w eight of the ambigui-
ty of the satellite pair 24-8 is zero in  PN , which

means that the predicted information of this satellite

pair has no effect on the final solution.The part re-
lated to the ambigui ties of the equivalent gain matrix

is

0.0000 -0.0000 -0.0000 -0.0000

-5.0683 5.2550 0.7848 1.7237

-0.0000 0.0000 0.0000 0.0000

-0.0000 -0.0000 0.0000 0.0000

.

It can be seen that except for the row related to the

satellite pair 24-8 , the others are all close to zeros.
This means that the satellite pair wi th cycle slips

needs to gain new information f rom the measurements
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through the equivalent gain matrix.The float solu-
tions of the ambiguities are [ 0.0000 　0.9604 　
-0.0000　-0.0000] T.They are very close to thei r

true values [ 0　1　0　0] T.The co rresponding vari-
ance-covariance matrix is

N =

0.0001 0.0001 0.0000 0.0000

0.0001 128.3312 -0.0000 -0.0000

0.0000 -0.0000 0.0001 -0.0000

0.0000 -0.0000 -0.0000 0.0001

.

Fig.2.　The residuals and the differences of the residuals betw een

tw o consecut ive epochs calculated by the Kalman filt er.

Fig.1.　Comparisons of the differences betw een the “ true values”

and the posi tioning resul ts calculated by the Kalman filt er and the

new method in X component.

Obviously , it is a nearly diagonal matrix , so the am-
bigui ties can be easily fixed by simply rounding the

float solutions.Because the results of the 50th epoch

are similar , they are not given here.The comparisons

of the dif ferences betw een the t rue values and the po-
sitioning results calculated by the new method and the

classical Kalman filter are show n in Fig.1.In this

figure , DX means the difference in X component.
The residuals and the difference of the residuals be-
tween the tw o successive epochs of the satelli te pai r

24-8 are show n in Fig .2 and Fig.3 , respectively.

Figures of the remaining satellite pairs are similar to

that of 24-8 , so they are omitted here.

Fig.3.　T he residuals and the di fferences of the residuals betw een

two consecutive epochs calculated by the new method.

Fig.1 show s that there exist obvious “ jumps” in

the posi tioning results of the Kalman filter at epochs

21 and 50 , and they deviate f rom the true values.It

denotes that the classical Kalman filter cannot resist

the ef fect of the cycle slip , while the posi tioning re-
sults of the new method fit the t rue values well.That

is to say , the new method can resist the inf luences of

the cycle slips.Figures 2 and 3 illust rate the residuals

and their differences betw een tw o successive epochs of

the satellite pair 24-8 , which was resolved by the

classical Kalman filter and the new method , respec-
tively .Both cycle slips are clearly ref lected in Fig.2.
Because the cycle slip is not detected , the residuals

increase obviously at the epoch , and the cycle slip can

be seen clearly from the difference of the residuals.
This proves that it is reasonable to detect the cycle

slips by the difference of the residuals of the adjacent

epochs.Figure 3 demonst rates that af ter detecting

and repairing the cycle slips , the residuals and the dif-
ferences all have zero expectations with random distribu-
tion , which can be used as one remark to test whether the

cycle slips have been correctly repaired or not.

3.4　Experiment 2:real data

One close-loop duorail system w as installed on

the building of Wuhan Insti tute of Geodesy and Geo-
phy sics , Chinese Academy of Sciences.The duorail
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sy stem is formed by linear and annular t racks.The

leng th of the linear t rack is 10 m.The diameter of

the annular track is 6.5 m.The distance is 5.5 m be-
tween the inner t racks , and 0.8 m betw een the inner

and outer t racks of the same side.A receiver can be

mounted on the vehicle w hich moves along the t rack.
A kinematic experiment w as carried out on this sys-
tem w ith tw o Javad Legacy dual-frequency receivers

on M arch 31 , 2000.The rover station w as mounted

on the vehicle , and the reference receiver w as fixed at

a site about 50 m away from the init ial vehicle loca-
tion.The vehicle firstly stayed at the known point fo r

about half a minute to initialize the ambiguities , then

moved back and fo rth along the linear t rack , and at

last moved along the w hole closed-loop t rack.The

moving t ime w as about 20 minutes , and the data of

one thousand successive measurement epochs were

chosen.The sample interval was 1s , and the cut-of f
elevation angle w as 15°.Five GPS satellites w ere ob-
served all together and the number did not change fo r

all the observation epochs.The observed satellite

pairs w ere 10-4 , 24-4 , 26-4 , and 6-4 in turn.

The trajectories of the moving vehicle are show n

in Fig.4 , and the cycle slips during the observation

span are show n in Fig.5.The statistical characteris-
tics of the differences between the results of Schemes

2 and 3 with the “ t rue values” are listed in Table 1.

The results of the ambiguity solutions by dif ferent

schemes are listed in Table 2 , where the ambiguit ies

were resolved epoch-by-epoch.

Fig.4.　Moving t rajectories of the vehicle relat ive to the f ixed station.

Fig.5.　The cycle slips during the observation span.

Table 1.　The stat istics of the dif ference between the result s of Schemes 2 and 3 with the “ t rue values” (unit:mm)

Minimum difference

(absolute value)
Maximum dif ference

(absolute value)
Mean dif ference

　 Ex ternal precision σ＊

X Y Z X Y Z X Y Z σx σy σz

Scheme 2 0 0 0 23 390 253 4 295 -195 11 84 46

Scheme 3 0 0 0 6 47 33 1 3 -1 2 6 3

　　＊Taking X component as an example:σx = ∑
s

i=1

(xe , i - x t , i)2 s , w here xe , i i s the estimated X value at epoch i by the Scheme 2 or 3 , x t

is the “ true value” , s is the number of totally processed epochs.

Table 2.　Com pari sons of the success rate of the ambiguity solutions by

dif ferent schemes

S cheme 1 Scheme 2 Scheme 3

Total epochs 1000 1000 1000

Number 1＊ 1000 1000 9

Number 2＊ 948 21 1000

Number 3＊ 0 979 0

Number 4＊ 52 0 0

　　Number 1＊:the number of epochs at w hich the ambigui ties are
newly resolved;

Number 2＊:the number of epochs at w hich the ambiguit ies are

f ixed correctly;
Number 3＊:the number of epochs at w hich the ambiguit ies are

f ixed w rongly;
Number 4＊:the number of epochs at w hich the ambiguit ies can

not be fixed.

From Fig .4 w e can see that the moving trajec-
to ry coincides wi th the actual track w ell.It was ob-
tained under the condition of that the velocity of the

vehicle alw ay s changed when the vehicle moving a-
long the closed-loop track , which can demonst rate

that the results calculated by the new method are not

affected by dynamic model errors.The positioning

precision of the new method is in the magni tude of

mm (see Table 1), which means that it can be used

in precise kinematic positioning.When Scheme 3 was

performed , the number of epochs at which the ambi-
guities w ere new ly resolved is nine (see Table 2),
though the cycle slips only occurred at 22 and 163
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(see Fig.5).This is because bo th the cycle slips and

the out liers affect the ambiguity resolut ion.Howev-
er , the number of epochs needed to resolve ambigui-
ties w ith the new method is much less than that of

the o ther schemes.The new method resolves the am-
bigui ties with the highest success rate and decreases

the computation loads considerably.

4　Conclusions and suggestions

The classical Kalman filter canno t resist the in-
f luences of cycle slips.If the cycle slips cannot be de-
tected or repaired , the positioning results w ill deviate

from thei r true values.Based on the analyses of the

state parameters themselves , the new method is first-
ly used in precise kinematic GPS positioning.The

new method can eliminate or decrease the inf luences

of the updated model erro rs , and it is mo re suitable

for actual kinematic cases.In the new method the

ambigui ties are resolved only w hen the given condi-
tion is not satisfied.At this time the ambiguity f loat

solut ions are close to their t rue values and their co-
variance is nearly diagonal.All of these virtues make

i t easy to fix the ambiguities , and the computation

loads decrease considerably.For sho rt baselines , the

new method may achieve precise results using only

single f requency DD carrier phase measurements.It

may be used in precise kinematic GPS posit ioning.
However , the experiments in this paper w ere carried

on the low-dynamic vehicle , and the cycle slips oc-
curred just in one satellite pair.For the case of high-
dynamic , where cycle slips occur in several satellite

pairs at the same time , further theoretical analyses

and application research are needed.
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