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Abstract

The detection and repair of the cycle slip or gross error is a key step for high precision global positioning system (GPS) carrier phase
navigation and positioning due to interruption or unlocking of GPS signal. A number of methods have been developed to detect and
repair cycle slips in the last two decades through cycle slip linear combinations of available GPS observations, but such approaches
are subject to the changing GPS sampling and complex algorithms. Furthermore, the small cycle slip and gross error cannot be com-
pletely repaired or detected if the sampling is quite longer under some special observation conditions, such as Real Time Kinematic
(RTK) positioning. With the development of the GPS modernization or Galileo system with three frequencies signals, it may be able
to better detect and repair the cycle slip and gross error in the future. In this paper, the cycle slip and gross error of GPS carrier phase
data are detected and repaired by using a new combination of the simulated multi-frequency GPS carrier phase data in different condi-
tions. Results show that various real-time cycle slips are completely repaired with a gross error of up to 0.2 cycles.
© 2009 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

High quality GPS carrier phase observations play a key
role in high precision GPS static or kinematic positioning.
However, due to internal tracking problems of GPS recei-
ver or signal interruption of the antenna from the satellite,
the continuous original carrier phase observations are
destroyed, namely generating cycle slips and gross errors
(Seeber, 1993), which directly affect GPS positioning
results. Therefore, accurately detecting and repairing the
gross errors and cycle slips is an important pre-processing
step in high precision GPS carrier phase positioning and
applications (Jin et al., 2006). Traditional detection meth-
ods are based on the gross error theory that the cycle slips

* Corresponding author. Tel.: +86 21 64386191; fax: +86 21 64384618.
E-mail addresses: wu_gps@yahoo.com (Y. Wu), sgjin@shao.ac.cn
(S.G. Jin).

are detected as obvious gross errors from the GPS carrier
phase measurement time series. The remaining residuals
as a random part are much less than the minimal cycle slip.
In practice, it is very difficult to accurately detect and repair
the small cycle slip in original GPS carrier phase measure-
ments because of the clock error, atmospheric refraction
delay and multi-path effect (Jin et al., 2005), especially
for Real Time Kinematic (RTK) GPS positioning. In the
past two decades, many approaches have been developed
to detect and repair the cycle slip in the GPS carrier phase
static and kinematic positioning. For examples, the big
cycle slips can be detected by the polynomial fitting method
or high-order differentiation, and then the smaller cycle is
detected and repaired from the residuals, e.g. using Kalman
filtering technique (Bastos and Landau, 1988). Lu and
Lachapelle (1992) developed the DIA (Detection, Identifi-
cation and Adaptation) algorithm to search multiple cycle
slips simultaneously using two-step Kalman filtering. Han
(1997) developed a combination method of ambiguity
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function with Kalman filtering technique, and so on. How-
ever, all above methods must use many epochs of GPS
observations with a low sampling and complicated algo-
rithms as well as post-processing. Moreover, as the differ-
ence observations are used, it is not able to detect the
real-time cycle slips and gross errors for the original GPS
carrier phase measurements. Therefore, detecting and
repairing cycle slips and gross errors is still a challenge
for the high precision GPS carrier phase positioning even
with a long time observation.

With the development of multi-frequency GPS signals,
such as extending a third civil signal (1176.45 MHz, Ls)
in the GPS Modernization and Galileo navigation system,
it may improve the cycle slip detection and repair through
multi-frequency carrier phase observation combinations.
In this paper, the cycle slip detection and repair are inves-
tigated and evaluated through using a new combination of
the simulated multi-frequency GPS carrier phase observa-
tions in different conditions.

2. Simulation of multi-frequency GPS carrier phase
observations

Although dual-frequency GPS code and carrier phase
observations have lots of errors, but the ionospheric delay
is related to the frequency, the tropospheric delay and
clock offset are equal at the same epoch for different fre-
quency, and multi-path and stochastic noises are indepen-
dent. Therefore, some errors can be mitigated or removed
through a certain combination of dual-frequency GPS
observations. In contrast, the third frequency data can be
simulated through their error relations (Wu, 2005). Here
the frequency 1176.45 MHz is used as the third civil signal,
coinciding with the Ls in the GPS Modernization or Gali-
leo navigation system. Fig. 1 shows the GPS carrier phase
observations ¢, ¢4 and ¢} for L;, L, and Ls at epoch ¢,
(i=1, 2), respectively. GPS observation equations for L,
carrier phase at epoch #; and ¢, can be written:

i@l + ANy = p" 4 c(88 — 5¢") + AIY + AT} +¢f (1)

/ll(ptf + Ny = p + (52 — 5P2) + AIY + AT + &7 (2)

where 7, is the carrier phase wavelength, c(o" — d¢'"),
AIl, AT} and &} are clock offset difference between receiver
and satellite, ionospheric delay, tropospheric delay and
noise, respectively, N is the carrier phase ambiguity. The
observation equation between epoch #; and 7, can be written
from Egs. (1) and (2):
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Fig. 1. Sketch map of each frequency phase between tow epochs.

(@ = @) = (p" = p") + cAS™ " 4 AT
+ AT + A )

At the similar way, the equations for L, and Ls between
epoch ¢, and ¢, are obtained as:

(@5 = ¢3) = (p" = p") +cAS" " + AT

AT 4 A" (4)
/15((/7[52 _ (/)tSI) — (pfz _ ptl) + CA(Strtl + A]ngtl
+ ATZ ™" 4 Ae2™" (5)

As the receiver clock offset cor, satellite clock offset co#,
tropospheric delay AT' and geometrical distance p are
equal for the same GPS satellite at one station, the differ-
ences between Egs. (3) and (4) or (5) can be written as:

MAp, — AI*™ = J,Ag, — AI*™" (6)

where Ap; = ¢ — ¢!'(i = 2, 5). Eq. (6) can be further ex-

pressed as:
Ag; = (iAg, — AIF" + AIE )/
fl2 1)
= |hAp, — l—p Al /2 (7)

As the ionospheric delay can be obtained from dual-fre-
quency GPS data, the difference for Ls carrier phase obser-
vations at two epochs can be written as:

o= (1-3) (o000 (757
Aps =—|Ap; — [ 1 == | | Ap; —=A¢g s
Ps s |: Py ( f52 Py f2 ) /1‘22 _f12
(8)
Therefore, the observations for Ls carrier phase at each

epoch can be simulated based on Eq. (8), while the initial
value at the first epoch is arbitrary.

3. Combination of multi-frequency GPS carrier phase
observations

Three-frequency GPS carrier phase observation equa-
tions are as following:

Li=4o,=p— N +T+I1+r+m+¢g 9)
L2:)vz(pz:,07/12N2+T+6[1]+57+WI2+82 (10)
Ls =505 =p— AsNs+ T + g,] + or + ms + &5 (11)

where /; is the carrier phase wavelength (i =1, 2 and 5), N;
is the carrier phase ambiguity (i =1, 2 and 5), 7, I and ér
are the tropspheric and ionospheric delay and arbitrary
errors, respectively, m; and ¢; are the multi-path error and
noise (i =1, 2 and 5), respectively, ¢, is (4,/4;)” and gs is
(2s/21)%. So the multi-frequency carrier phase combination
can be written:

L.=oal,+ pLy + yLs
= (a4 B+7)p — (tAN1 + BlaN2 + 92sN5s)
+ (4 B+ )T +0r) + (e + g, +79:)1
+ (ony + Pny + yns) + (omy + Pmy + yms) (12)
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In order to make geometrical distance p not to be influ-
enced by various combinations, we assume o+ f+y=1,
and therefore Eq. (12) can be written as

Lo=p—IN+(T+0r)+nl+n, +my, (13)

where AN = aliN| + PNy + 94sNs,n = aAN + pg, + vq,,
nyp =oany + fny + yns, and my, = amy + fmy + yms. In order
to keep the integer character of combination observations’
ambiguity, , j, and k, respectively should be the integer and
then a, f and y are respectively written as

B=jilla, y=ki]%s (14)
Substituting Eq. (14) into o +  + y = 1, the wavelength of
combination observations can be expressed by
L hidals

i~ Jods+j-ds+ k-l

o= l'/l/)vl,

(15)

Assuming o; = A/1s, i.e. combination wavelength scale
coeflicient, it reflects the scale change of combination wave-
length relative to As. As the signal frequency fis ¢/ 4, where
¢ is the velocity of light, the frequency of combination
observations can be written from Eq. (15):

f=ifi +jf+kf (16)

and multi-frequency carrier phase combination observa-
tion can be written as:

Piji = 1Py + oo + ks (17)

According to Eq. (15), long-wave combinations can be cal-
culated. For example, Table 1 lists the part of long-wave
combinations.

4. Method of cycle slips detection using pseudo-range/carrier
phase combination

GPS pseudo-range and carrier phase observation equa-
tions can be written, respectively:

R=p+Izg+Tr+m +e, (18)
dp=p+IN+1,+T,+m,+e, (19)

where R is the pseudo-range observation, ¢ is the carrier
phase observation, A is the wavelength of carrier phase, N

Table 1

Combinations characters of long-wave combinations

i J k / (MHz) A (m) o,

-9 2 10 40.92 7.33 28.75
-3 1 3 30.69 9.77 38.33
-3 2 2 81.84 3.66 14.38
-1 8 -7 10.23 29.31 115.00
-1 9 -8 61.38 4.88 19.17
—1 10 -9 112.53 2.66 10.45
0 1 -1 51.15 5.86 23.00
1 -7 6 40.92 7.33 28.75
1 -6 5 92.07 3.26 12.78
3 0 —4 20.46 14.65 57.50
7 -8 -1 30.69 9.77 38.33
-7 9 0 20.46 14.65 57.50

is the integer ambiguity, I and I,, T and T,, m, and
m, & and ¢, are the ionospheric delay, tropospheric delay,
multi-path error and noises of pseudo-range and carrier
phase observations, respectively. Through the difference
above two equations (18) and (19), the ambiguity can be
written as

[Ap — R — (I, — Ig) — (my — mg) — (&, — &g)]
A

The estimation of cycle slip can be determined via differ-
ence between epoch 7, and ¢;:

N =

(20)

R(t) — R(t1)
2

From Egs. (20) and (21), it can be seen that the precision of
cycle slip estimation mainly relies on the change of iono-
spheric and multi-path errors between two epochs, the noise
of pseudo-range and carrier phase observations, and the
wavelength of carrier phase. Under the same observation
condition, the longer wavelength has the higher precision
of cycle slip estimation. For the current dual-frequency
GPS observation combinations, the error correlation to
the time will be enlarged with the increase of observation
sampling, and therefore the ability of the traditional cycle
slip detection will be greatly degraded.

AN = N(t2) = N(1) = o(t2) — (1) — (21)

5. Cycle slip detection using multi-frequency carrier phase
combinations

5.1. Combination of multi-frequency carrier phase
observations

Cycle slips can be amplified in long-wave observation
combination when the original carrier phase observations
have cycle slips. Given that the three groups of cycle slips
in each original carrier phase observation between two
epochs are Ny, N, and N3, and the three-group combination
cycle slips (ny, ny, n3) can be written as a; Ny + b N, + ¢ V3,
ale + b2N2 + C2N3, (13N1 + b3N2 + C3N3, respectively,
namely

aiN1+DiNs+ N3 =my
ale + szz + 02N3 =N (22)
azN| + 3N, + ¢3N3 = n3

According to the combination of multi-frequency carrier
phase observation in Section 3, the three groups of long-
wave uncorrelated combinations, ¢o1.—1, ¢-31.3, P—1.8.-7
are chosen in this test, seeing Table 1. Here, the simulated
third frequency observation data with the sampling of 15 s
are used to evaluate the cycle slip detection.

The cycle slip detections of various combination condi-
tions are investigated, such as small cycle slips (L; — 1,
L, — 1)in Fig. 2a, (L; — 1, L, — 5) in Fig. 2b, and big cycle
slips (L — 60, L, — 130) in Fig. 2¢. The detected values are
then substituted into Eq. (22). Results show that the cycle
slip for each original observation at each epoch can be cor-
rectly obtained. Fig. 3 shows various gross errors at levels
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Fig. 2. Detection of various cycle slips using multi-frequency carrier phase combinations.
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Fig. 3. Detection of various gross errors (cycle) using multi-frequency carrier phase combinations.
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of 0.5, 0.3, and 0.2 cycles using multi-frequency carrier
phase combinations. It can be seen that the gross error
above 0.2 cycles is well detected. Even the sampling is
30 s and 60 s, and the gross error and cycle slip are still suc-
cessfully detected and repaired.

5.2. Baseline cycle slip detection using multi-frequency
carrier phase combinations

In order to further check the cycle slip detection capabil-
ity using multi-frequency carrier phase combinations in
Section 5.1, we tested a pair of GPS baseline, where one
of GPS stations is under the slightly bad observation

0.4
0.3
0.2
0.1
0.0
-0.1 o
-0.2

Residual (cycle)

o
w

condition. Observation data of PRN20 are chosen to check
the gross error in this test using the simulated third fre-
quency data. Here the three groups of long-wave uncorre-
lated combinations, ¢o 1.1, ¢3,0.—4, ¢—7.9,0, are used, seeing
Table 1, as their combinations use only two frequency
observations, and therefore it will easily check the gross
errors at epochs of one by one. Figs. 4-6 show the test
results of each combination, respectively. It has been seen
that there is no gross error in the observation data of L,—
Ls in Fig. 4, but there are obvious gross errors at some
epochs for L; combinations with L, and Ls (Fig. 5 and
6), respectively, indicating a gross error in L; carrier phase
observations. This test shows that the quality of original
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Fig. 4. Near-real-time gross errors detection (cycle) of the L,—Ls observations using pseudo-range/carrier phase combination (0, 1, —1).
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Fig. 5. Near-real time gross errors detection (cycle) of the L;—Ls observations using pseudo-range/carrier phase combination (3, 0, —4).
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Fig. 6. Near-real time gross errors detection (cycle) of the L;—L, observations using pseudo-range/carrier phase combination (-7, 9, 0).
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Fig. 7. The double-difference residuals (meter) of baseline for the satellite pair of PRN1-16.
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Fig. 9. The double-difference residuals (meter) of baseline for the satellite pair of PRN20-16.

GPS carrier phase observation can be real-timely checked
using characters of multi-frequency carrier phase
combinations.

In addition, to check the reliability of above tested
results, the double-differenced observation residuals in L,
are further calculated with respect to the reference satellite
PRNI16. Figs. 7 and 8 show the residuals of PRN1-16 and
PRN25-16, respectively. It can be seen that qualities of
PRNI1 and PRN25 observations are quite good at ampli-
tude of +1 cm. The larger residuals in PRN20 are found
in Fig. 9 with amplitude of £3 cm at some epoch, which
is consistent with Figs. 5 and 6 at the epoch of gross error
detection. It again indicates the reliability and superiority
using multi-frequency  carrier phase  observation
combinations.

6. Conclusions

A new approach of cycle slips and gross errors detection
for the original GPS carrier phase observation is presented
using multi-frequency carrier phase combinations. Testing
results show that the real-time cycle slip and gross error
can be well detected and repaired under the long sampling
condition with up to the level of 0.2 cycles. The baseline

results also show a larger advantage that it is able to check
the gross error for each original carrier phase observation
at each epoch using three groups of uncorrelated dual-fre-
quency observation combinations, and the residuals again
prove the reliability and superiority of this method. In
the future, it is needed to further test with real observation
data.
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