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Abstract. Poor observation environment and other factors lead to the whole cycle slips of carrier
phase observation value, which affects the positioning accuracy. There are detection loopholes in
the traditional cycle slips detection methods, especially the small value cycle slips, equivalent cycle
slips and special value cycle slips are difficult to detect. A method combining Total Electron Contents
Rate (TECR) and Doppler Value Reconstruction is proposed to solve the deficiency of cycle slip
detection. Based on Doppler observations and Doppler detection method, the Doppler observations
are reconstructed. This method improves the accuracy of Doppler observations. The proposed
method has been verified that the reconstructed Doppler observations can improve the detection
accuracy of small cycle slips, and can accurately detect any large value, small value of 1 cycle, Both
frequency equivalent cycle slips and special value cycle slips can be accurately detected.

Keywords: Reconstructed Doppler Integral, TECR, Cycle Slip Detection, Dual Frequency, Detection
Accuracy.

1. Introduction

In order to achieve high accuracy positioning of the Global Navigation Satelite System (GNSS),
the cycle slip values due to poor observation environment will have a great impact on the whole
circumferential ambiguity solution [1] and the final positioning results if they are not repaired.
Currently, the following methods are commonly used: literature [2] uses the high order difference
method to obtain the data after the best-fit order difference for cycle slips detection; literature [3]
extrapolates the carrier phase observation of the next epoch by fitting the carrier phase observation
with a polynomial, and combines the Doppler method to detect the single-frequency cycle slips. In
the literature [4], the Doppler observations are fitted and then the Doppler integration method is
performed to detect the cycle slips. In [5], Doppler observations are smoothed with pseudorange
observations and then differenced between ephemeris elements to detect dynamic single-frequency
cycle slips, the shortcoming is that only cycle slips of about 3 cycles can be detected. The literature
[6] improves the detection performance by estimating the threshold value of the cycle slips test
through the inter-star single difference method. The literature [7] both combine MW method and
ionospheric residual method to detect the equivalent cycle slips. The paper [8] proposes an altitude
angle exponential filtering algorithm based on TurboEdit to detect the cycle slips, and the accuracy
is affected by the satellite altitude angle. The ionospheric residual method [9] requires stable
ionospheric variation during the sampling interval; TurboEdit method [10] uses a combination of
dual-frequency pseudorange, so it is noisy and will not be detected at equivalent cycle slips of more
than 6 cycles. And the separate dual-frequency cycle slips detection method cannot separate the cycle
slips values generated by the respective frequency points.

A new method for combined detection of dual-frequency cycle slips is proposed to address various
shortcomings of the traditional dual-frequency cycle slips detection method. In this paper, the method
uses only carrier phase observations with high data accuracy to process the data, and uses the total
electron content change rate (TECR) method [11] based on high sampling rate can effectively reduce
the effect of ionospheric variations. Based on the Doppler detection cycle slips method, the Doppler
observations are reconstructed to effectively improve the data accuracy of the Doppler values. Later,
the two are combined to detect the cycle slips. Through the experimental analysis, it can be seen that
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this method can accurately detect the position where the cycle slips is generated by joining the
simulation, and can calculate the magnitude of the cycle slips value and separate the cycle slips of
two frequency points by solving the equation, and it is very effective for the detection of small cycle
slips, equal cycle slips and special value cycle slips.

2. Basic Method of Cycle Slip Detection
2.1 The TECR method

In a region of space, the rate of change of ionospheric electron content in a short period of time is
relatively stable, so the rate of change of electron content can be used as a method of cycle slips
detection, and the total ionospheric electron content can be calculated from the dual-frequency carrier
phase observations Eq.
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between calendar elements for T, (i) yields the rate of change of the electron content at the epoch of
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where At is the time interval between calendar elements.

After processing the observations before thei calendar element without cycle slips generated, the
T r value of the i calendar element is estimated by the 7, values of the i—1 calendar element and
thei — 2 calendar element with the following equation.
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Let the Cycle slips generated on carrier L, be AN,(i)s AN,(i), respectively, and set the detection

value generated by the cycle slips to be calculated by the difference between the calculated and

estimated values of T, . Based on the above equation, the cycle slips detection value can be
calculated as follows eq.

MAND-2AN (0= [ ()~ (—D] -2, [ ()~ (—1)]

403*10°(y—D)A o T, i)
f1‘2
Where T,,(i) is represented by eq.(3); The error of the detection value is expressed as

8, =+(4’+4,*)o, Take the threshold value of 3, If the detected value is less than the given

threshold, it is considered as general error; if the detected value is greater than the threshold, it is
considered as generating cycle slips.

This method only uses the carrier phase observation, so the error is very small and can detect small
circumferential hops. The disadvantage is that the magnitude of the circumferential hop value cannot

)
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be determined, the location of the circumferential hop ephemeris cannot be determined, and when
AN, /AN, = f,/ f, =77/60 this method cannot detect the generation of cycle slips.

2.2 Methods for Reconstructing Doppler Integrals

Doppler observations are the result of receiver carrier loop measurements and are not affected by
the environment. It can be detected by the relationship between the integration of the Doppler number
over a short interval and the instantaneous rate of change of the carrier phase approximately equal to
whether a cycle slips is generated, due to the large error in the direct use of the observations, the
method of reconstructing the Doppler integration [12] is used to detect a dual-frequency cycle slips.

The reconstructed Doppler value f, is calculated as:

(vl
Ja= A

r

(6)

Where v _is the receiver velocity vector; \Z is the satellite velocity vector; 7 is the unit

observation vector; the direction is pointed from the receiver to the satellite; A, is the reconstruction
wavelength; and °.” is the vector dot product.
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Where ¢~ @, is the carrier phase observation; N~ N, is the whole-period ambiguity; ¢ is the
speed of light, At is the receiver clock difference; At is the satellite clock difference; A~ A,is
the carrier wavelength; AT, is the tropospheric delay; AION,. AION,is the ionospheric delay;

&~ &, 1is the other term error.
Differentiating between equations (7) and (8) yields:
(Dr(i) = ((01 + Nl)_(¢72 + N2)+A[ON1 _A[ONz
11 ®
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The difference between adjacent ephemerides of (9), the satellite clock difference and receiver
clock difference are basically the same, and the ionospheric error changes in a short interval are very
small and close to the same, resulting in:
@ (i+1)—@. (i)=AN, - AN, + Ag, - Ag, (10)

From the Doppler value versus carrier phase: AN = Ago—fw Dd,+¢ . From the reconstructed
Doppler value to detect the cycle slips, the detection value is expressed as follows:
i+1
AN, =AN, =@, (i+1)-0,()~ [ /.d, (1)

The error of the detection value is expressed as:
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Where: O, is the error size of the carrier phase observation; O, is the error size of the Doppler

observation; At is the sampling time interval. When the detection value is greater than a given
threshold, it is considered that the cycle slips occurs.

The method will be combined wavelength instead of the original wavelength, making the noise
weakened, detection accuracy improved, but the drawback is that the occurrence of the equivalent of

the Cycle slips AN, = AN, will not be detected.
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2.3 Combined TECR method with reconstructed Doppler

For the TECR method can not determine the location of the Cycle slips and the special value of
the Cycle slips can not be detected; Doppler integration method can not detect the equivalent Cycle
slips; the combination of two detection methods, theoretically accurate detection of arbitrary value of
the Cycle slips and determine the Cycle slips occurred in the calendar element.

At the same epoch moment, the two equations of (5) (11) are combined, because the right side of
the equation is known, respectively set to a, b, there are:

MAN, —A4AN, =a
AN,-AN, =b
By solving the equation and then rounding to the nearest whole number, we can find the AN,» AN, ;

and then subtract the original carrier phase observation from the calculated cycle slips value to fix the
cycle slips.

(12)

3. Experimental Analysis

In order to verify the effectiveness of the cycle slips detection, static and dynamic data with a
sampling interval of 1s and an observation duration of 600 epochs are used. According to the
characteristics of the two methods, the simulated bounce values are added to the carrier phase values
of two frequencies. The added cycle slips are shown in Table 1, and the special values of cycle slips
are shown in the 250th and 350th epochs.

Table 1. Information Of Adding Cycle Slip In Simulation
Add cycle slips value(Cycle)

epoch

fi f2
100 15 8
200 5 3
250 77 60
300 -3 -2
350 1 1
400 1 -1

Based on the MATLAB platform, two methods, TECR method and reconstructed Doppler
integration method, were used to detect the joined Cycle slips, and the results are shown in Fig. 1,
respectively.

(a) (b)
Figure 1. Cycle Slip Detection By TECR Method(a) And Cycle Slip Detection By Reconstructed
Doppler Integral Method(b)
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The single detection method found that the TECR method was unable to detect the cycle slips
value of AN,/AN, =77/60 at the 250th epoch, and the Doppler integration method was unable to

detect the cycle slips value of AN, = AN, at the 350th epoch.

After the comparison between the original Doppler observations and the reconstructed Doppler
values in this paper, the reconstructed Doppler values are more accurate for the detection of small
cycle slips, so small hops are added to the simulations, and the added hops are shown in Table 2 and
the experimental results are shown in Figure 2(a)(b).

Table 2. Compare The Original / Reconstructed Doppler Simulation And Add Cycle Slip

Information
epoch Add cycle slips value(Cycle)

fi f2
100 -1 )
200 2 1
250 2 3
300 -1 -2
400 1 3

-0.5

, e Soamr fog % sy e sttt s

detection
detection

.

. . . | 2 . .
0 100 200 300 400 500 600 0 100 200 300 400 500 600
epoch/s epoch/s

(a) (b)
Figure 2. Comparison of original Doppler observations(a) and reconstructed Doppler values(b) for
cycle slips detection experimental results

The results shows that if the original Doppler value is used, the detection of the cycle slips at the
250th epoch is influenced by the selection of the threshold, if the threshold is too large or too small,
the cycle slips will not be detected or will be misjudged in the front and back epochs. If the
reconstructed Doppler value is used to detect the cycle slips, the threshold of the selected area can be
approximately 0.3 cycles smaller than the original Doppler value, which can avoid this problem. This
comparison shows that the reconstructed Doppler value has the advantage of less noise than the
original Doppler value, and is more accurate for detecting small values of cycle slips.

Finally, the combined method proposed in this paper is used to conduct receiver static detection
experiments and receiver dynamic detection table 1 cycle slips experiments, the experimental
detection results are shown in Figure 3(a) and Figure 3(b), respectively.
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Figure 3. Experimental results of combined static(a) and dynamic(b) methods to detect cycle slips

The test threshold is set to 3 times the error, and the experimental results show that the joint
detection of the two methods can detect every joined simulated Cycle slips, and there is no missed
detection and wrong detection. Then, by substituting the ephemeral points, the values of the
corresponding frequency hops can be calculated by the equation. Finally, the original carrier phase
observation value is added to the calculated hop value to fix the cycle slips.

4. Conclusions

In this paper, we propose a combined TECR and reconstructed Doppler integration method to
detect and repair the cycle-slip values of the carrier phase observation data, which makes the
localization results more accurate, in view of the shortcomings of the traditional cycle-slip detection
method that cannot determine the location of cycle slips occurrence and separate the cycle slips of
two frequency points:

(1) In this paper, the experimental method has been developed to accurately detect any value of
the hop, and to determine the ephemeris from which the hop is generated, separate the two frequency
points and calculate the hop value. (2) The TECR method is not affected by the difference between
the satellite and receiver clocks and the geometric distance between the ground and the star, and the
reconstructed Doppler value method improves the detection accuracy of the original Doppler
observations. (3) Although the method in this paper is applicable to any cycle slips value, the
shortcoming is that the cycle slips generated by all epochs cannot be repaired at the same time, but
the cycle slips value of the previous epoch needs to be repaired before the detection of the next epoch.
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