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ABSTRACT

In this work, we assessed the performance of thleeseslip detection methods:
Turbo Edit (TE), Melbourne-Wiibbena wide-lane ambiggMWWL) and forward
and backward moving window averaging (FBMWA). THe ahd MWWL methods
were combined with ionospheric total electron conteate (TECR), and the
FBMWA with second-order time-difference phase igtere residual (STPIR) and
TECR. Under different scenarios, 10 Global PositignSystem (GPS) datasets
were used to assess the performance of the metbodycle-slip detection. The
MWWL-TECR delivered the best performance in deteriycle-slips for 1 s data.
The relative comparisons show that the FBMWA-TEC&huod performed slightly
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better than its original version, FBMWA-STPIR, dsteg 100% and 73%,
respectively. For data with a sample rate of the, EBMWA-TECR performed
better than MWWL-TECR. However, the FBMWA is suiabonly for post-

processing, which refers to applications wheredtdita are processed after the fact.
Key words: Cycle-Slip; FBMWA; GPS; MWWL; STPIR; TEC.

RESUMO
Este trabalho apresenta uma investigacdo do desbmpims métodos de deteccao
e correcéo de perdas de ciclos: Turbo Edit (TE)lbM&ne-Wibbena banda larga
(MWWL) e forward and backward moving window averagi{gBMWA). Os
métodos TE e MWWL foram combinados com a taxa dega@o do conteudo total
de elétrons presentes na ionosfera (TECR) e o FBMWA Second-order Time-
difference Phase lonosphere Resid(@TPIR) e TECR. Sob diferentes cenarios,
dados GPS de 10 estacdes séo utilizados pararawaliesempenho dos métodos
para deteccdo de perdas de ciclos. O MWWL-TECR septeu o melhor
desempenho na detec¢éo das perdas de ciclo pars cad taxa de observacéo de
1s. As comparacdes relativas mostram que o méBMWA-TECR apresenta
melhores resultados em relagdo com a versdo drigBEIWA-STPIR em que a
taxa de deteccdo foi de 100% e 73%, respectivaméate dados com taxa de
amostragem de 5s, o FBMWA-TECR apresentou mellesemipenho do que
MWWL-TECR. No entanto, o FBMWA ¢ adequado apenasapa0s-
processamento, que se refere a aplicagdes em qgdiados GPS s&o processados
apos o rastreio.
Palavras chave: Perda de Ciclo; FBMWA,; GPS; MWWL; STPIR; TEC.

1. INTRODUCTION

Cycle-slip detection and correction is an impartaspect when using global
navigation satellite systems (GNSSs), e.g., thd@I®ositioning System (GPS), in
any application that needs carrier phase data (BIAN& and LANGLEY, 2013).
Nowadays, single dual-frequency receivers (i.ely one GPS receiver) are used in
many applications, such as the precise point poéitg (PPP) technique for
geohazard monitoring, crustal-deformation monitgyincean tide measuring and,
atmosphere water vapour sensing among others, BSafdmote sensing (see, e.g.,
KHANDU et al., 2011; AWANGE, 2008; GENG et al., 201JIN et al., 2011). In
these examples, the GPS signal could be tempotastydue to the obstruction of
the signal between the GPS satellite and the receantenna. Under such
conditions, the GPS data are subject to a cyqge-sh cycle-slip causes a
discontinuity in the carrier phase, observable loyimteger number of cycles
(LEICK, 2004). Thus, when processing GPS carrieasghdata, the detection and
reparation of cycle-slips is mandatory (DAI, 2012).

Previous works on cycle-slip detection and repmie based on double-
differenced techniques (see, e.g., BASTOS and LANDA998; LI and GAO,
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986 Study on cycle-slip detection and repair methodsifo

1999; BISNATH, 2000; COLOMBO et al., 1999; KIM ab&NGLEY, 2001; LEE
et al., 2003). However, they are not suitable f®PPor other applications that
require single GPS receiver data. Moreover, som¢hads are based on the
integration of the GPS and inertial navigation egst(INS) data (see, e.g.,
COLOMBO et al., 1999; ALTMAYER, 2000; LEE et al.0@3; DU and GAO,
2012). These methods, therefore, significantly trams their feasibility in many
applications due to the cost of the INS system el & the complexity of adding
an INS system to GPS.

General cycle-slip detection methods, such asgabade comparison, phase-
phase ionospheric residual, Doppler integration, differential phase of time, have
their own limitations. The phase-code comparisorthodd for instance, is not
effective in repairing small cycle-slips due to thew accuracy of the code
measurements. The phase-phase ionospheric resigitabd, which is essentially
the geometry-free linear combination, has a sharieg of being insensitive to
special cycle-slip pairs and unable to check onctWwhirequency the cycle-slip
happens (XU, 2007). The differential phase of timethod requires polynomial
fittings to interpolate or extrapolate the datatla check epoch (XU, 2007).
However, tests performed by Liu (2010) indicatetthi@e polynomial cannot
guarantee success all the time, particularly, wthersize of the cycle-slip is small.
Further, the Doppler integration method, like phesde comparison, fails to detect
small cycle-slips (LIU, 2010).

The research on cycle-slip detection using SiB receiver data is less than
the research based on double-differencing GPS d&i.work of Blewitt (1990)
was the first effort in cycle-slip detection andpa@ for single GPS data. It
introduced an automatic editing algorithm (TurbatEdTE) which proposed using
simultaneously the wide-lane combination and iohesig combination to detect
the cycle-slip. The wide-lane combination used lavitt (1990) is essentially the
same as the Melbourne-Wiibbena linear combinatidiis €ombination is very
effective for cycle-slip detection because of itswl level of noise and its
insensitivity to ionospheric changes. Incorrect leyslip determination may be
caused when there are rapid ionospheric variaBbEWITT, 1990). De Lacy et
al. (2008) proposed a Bayesian approach to detgcie-slip for single GPS
receivers. The basic assumption of this methotias the original signal is smooth
and discontinuities (i.e., the cycle-slip) can kasonably modelled by a multiple
polynomial regression (DE LACY et al., 2008). HoweyvLiu (2010) pointed out
that this assumption may be valid in most casegieer, it is not valid when the
GPS data are observed under high level ionospheticities. Additionally, Zhang
et al. (2012) proposed a new approach for singlguent cycle-slip detection based
on an autoregressive model by exploiting moderneBean statistical theory.

Dai et al. (2009) proposed a method using tripESGrequencies to detect
cycle-slips. This method, in theory, can be apptediual-frequency GPS signals
although it is designed for triple-frequency GP§nsis. In this method, the
ionospheric residual is ignored, which might be issue when the ionosphere
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undergoes rapid variations (e.g., LIU, 2010). Wuakt(2010) also proposed a
method based on the use of multi-frequency GPSetgohase observations. Liu
(2010) introduced a new automated cycle-slip detecand repair method for a
single dual-frequency GPS receiver. This methodtlpiuses the ionospheric total
electron content (TEC) rates (TECR) and Melbourn@Wéna wide-lane linear
combination to uniquely determine the cycle-slip lwoth L and L, frequencies

(LIU, 2010). However, this approach is effective fiigh sampling rate data such as
1 s. As a matter of fact, many geodetic applicaticequire data with 1s sampling
data, for example, the Gravity Recovery and Clintatperiment (GRACE) satellite
mission.

However, in applications with low sampling datag(e 30 s), the above
mentioned method does not deliver satisfactory li®suro overcome this
shortcoming, Cai et al. (2012) proposed a new esgliedetection method that is
effective for low sampling rate data such as 30hss is an important aspect since
many receivers have a limitation on the storageaciéyp and, for example, many
continuously operating reference stations (COR®)tbe 30-s sample rate. In this
approach, a forward and backward moving window agieig (FBMWA) algorithm
and a second-order time-difference phase ionosphesidual (STPIR) algorithm
are integrated to jointly detect and repair cydipss The FBMWA algorithm is
proposed to detect cycle-slips from the wide-langbiguity of the Melbourne-
Wiibbena linear combination observable. The FBMWgodathm has the advantage
of reducing the noise level of wide-lane ambigsitieven if the GPS data are
observed under rapid ionospheric variations.

Nevertheless, few comparisons of the algorithmsdu® detect and repair
cycle-slips for non-differentiated GPS observatibase been made so far. Further,
we combined the TE and Melbourne-Wubbena wide-tanbiguity (MWWL) with
TECR (i.e., TE-TECR and MWWL-TECR) and FBMWA withECR and with
STPIR (i.e., FBMWA-TECR and FBMWA-STPIR). Additioilg a slightly
modified version of the FBMWA by adding the TECRalso proposed.

2. DATA SET AND METHODS

2.1 Data Description
In this study, the GPS data at 10 stations wer@l@yad to check the

effectiveness of the cycle-slip detection meth@tstions 1021, TNO2 and USUD
are available to the Institute of Satellite Navigatand Spatial Information System,
School of Earth Sciences and Engineering, Hohaivéfsity. Stations RSBG,

CHAN, HYDE, BHR, and WDC were retrieved from thestitute of Geophysics
and Planetary Physics, University of CalifornianJaiego. Stations MMD and
BJAB were retrieved from the US National Geodetiov8y.The data sets were
collected for different days and under differentells of ionosphere activity. Four
data sets (MMD, WDC, BJAB, and HYDE) are within Bbaging regions, for
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988 Study on cycleslip detection and repair methods for

example, BJAB is under a region where the scititifa effects are strongest |
approximately £10° of ngnetic latitude). It is well known that scintillatis, if
sufficiently intense, cause GPS receivers to stapking the signals from GF
satellites in the soalled “loss of loc” process (e.g., KINTNER et &Q07). The
particular choice of these points due to the fact that they are located wi
regions subject to ionospheric effects, such aptiar cap, auroral, and s-auroral
(Figure 1). In the auroral region, scintillatiorfexts occur mainly when there ¢
geomagnetic storms, while in thejuatorial region their occurrence is m
common due to the intensity of the TEC and equaitariomalies.

Figure 1 -Distribution of GPS stations used for assessing#r®rmance of th
cycle-slip detection and repair methodsditionally, regions of the world with hig
ionospheric activities.
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Table 1 summarizes the information on these 10 G&S sets. Seven d:
sets give 24-hour observations (two data sets Bvghintervals, five data sets wi
30-s intervals). Three other data sets give(r observations with 1s intervi
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Table 1 -Summary of GPS data used in this st

Date Station | Sample Receiver
2012/05/29 1021 ASHTECH Uz-12
2011/03/11 USuD 1s ASHTECH Uz-12
2014/01/01 MMD NOWVAASGII
2014/01/01 RSBG 5 LEICA GRX1200+GNS!
2012/11/30 TNO2 DL-V3:1/L2S
2011/03/11 BJAB TRIMBLE NETRE

CHAN ASHTECH Uz-12
2014/04110 —HypE | 30s | LEICA GRX1200GGPR!
BHR ZY12
2001/03/31 WDC V12

Figure 2 shows the geomagnetic Kp indicessiondays of the test data. T
values of the Kp indices (an integer in the rang®)(change from calm (e.
2012/11/30) to geomagnetic storm (Kp 5; e.g., 208/B/D).

Figure 2 — Estimated Beur geomagnetic Kp indices on six s of the test data.
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In Figure 2 (a) and (b), we can identify two espkdays, 2001/03/31 ar
2011/03/11, respectively. On the first day (2004303 Figure 2 (a)) the maximu
Kp index reached 9 as a strong interplanetary stwake struck the Eartand
produced one of the largest geomagnetic stqBAKER, 2002. The ionosphere
was very active on 31March 2001, and its daily Kp indices (see the maxinand
minimum values in Figure 2 (a)) are the highesthie past 20 years (19-2011)
and the & highest in the past 80 years (193@%1). The ionospheric TEC we
observed to increase to 100 TECU during th& Barch 2001 even(FOSTER et
al., 2002) The second day with a high Kp index is 2011/03Higyure 2 (b)); afte
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four years without any X-flares, the Sun produosd powerful blasts in less than
one month, i.e., ’5February and ©March. On 11 March, the Earth’s magnetic
field was still reverberating from a coronal magscton (CME) strike on 1D
March.

2.2 Cycle-dlip Detection

2.2.1 TE Algorithm and TECR

The TE algorithm provided by Blewitt (1990) is afgorithm for cycle-slip
detection and repair as well as for outlier remawsihg non-differentiated dual-
frequency GPS data. The TE algorithm is based olbvddiene-Wibbena (MW) and
the geometry-free combinations. The well-known MWidevane linear
combination at a given epoch,

fAD, - fAD, fP-fP
L =111 2v2_ 11 2=} N, | (1)
MW f—f, f+f, wi N

can be estimated by considering that at the epeeh ) there was no cycle-slip or
that it has been repaired already. However, aeffteh k there are cycle-slips on
both thel, and L, carrier phase measuremeris(k) and ®,(k). The variables in

Equation (1) are,f, and f, the carrier frequencies), and A, the wavelengths of
thel, and L, signals;P, and P, the pseudo-ranges on the and L, frequencies.
The wide-lane ambiguityN,,, , is

NWL - _MW :q)l_q)z_ flRL+ f2P2 .
AWL AWL(fl + f2)

)

As long as the phase observations are free of -figls, the wide-lane ambiguity
remains quite stable over time (CAl et al., 2012).

In utilizing the MW combination to detect cyclapd, a recursive averaging
filter can be used as follows (BLEWITT, 1990):

E[Nu (0] = Ny (9= Ty (ke )+[ Ny (B= T (ke ) 3)

with the standard deviation o, (k) as:

1
:0'2

Ny (k-1) +E|:(NWL(k) - NNL(k_l))z _UﬁWL(k_l)], . ..(4)

2
TN (0

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 204np.984-1004, out-dez, 2014.
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whereN,, (k) is the mean value ofN,, (k), k and k-1) are the present and

previous epochs, respectively. The calculatiorhefrhean is exact and the standard
deviation has the diminishing error tern1/k?) ; however, an initial value of 0.5

cycles is necessary for the standard deviatioheafitst epoch (LIU, 2010).
When a cycle-slip occurs, the conditions are Batisas follows:

[Ny (k) = N(k=1)| = 4o (K) )

and
[Ny (k+1)= N(K)[ < 1. (6)

Additionally, the method can be complemented vitte TEC and its rate
(TECR, mathematically defined byEC') as proposed by Liu (2010). If the TEC
estimated at epoctk() is differentiated with that of epoct ¢1), the TECR can be
computed using the backward difference operator as:

TECK)- TECK- 1)

TEC k)= At

)

whereAt is the time interval between epochs)(@and (k -1).
From a practical point of view, thdEC (k) is estimated based on the

measurements of the previous epochs in relati@ptezhk as:

TEC k)= TEC k- 1 TEC k- LAt @®

where the TEC acceleratiomEC"; i.e., the second derivative of TEC) at epoch
(k— 1)is estimated as:
TECKk-1)-TEC k- 2)

TEC' k-1)= m o

The cycle-slip can then be estimated as (LIU, 2010

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 804, p.984-1004, out-dez, 2014.



992 Study on cycle-slip detection and repair methodsifo

40.3x10 {/— IMOTECK )

2
ALD,(K) - D, (kD] - (10)
AP, (K) - D, (k-1)]

[ALN,(K) = 1,AN,(K] =

wherey = f?/f2 is the ratio of the squared frequencies of the GPSand L,
signals.

2.2.2 Melbourne-Wubbena Wide-Lane and TECR Comiginat

The Melbourne-Wibbena wide-lane (MWWL) algorithnor f cycle-slip
detection was first proposed by Blewitt (1990) asntioned in sub-section 2.2.1.
However, Liu (2010) proposed a joint combinationMdVWL and the TECR, i.e.,
MWWL-TECR for detecting and repairing the cyclepsli Therefore, Liu (2010)
proposed an improved variance estimation as:

G0 = E[ (N ()7 | =( R (W) a

where the variance in TE is provided by (4) andiWWL-TECR by (11). The
E[(NWL (k))z} in Equation (10) is the mean squared valudNgf (K), and it can be

calculated recursively as (LIU, 2010):

E[(NWL (k))z] - E[( Nuw (k= 1))2}%{( N ()" E[( e 1)2]} (12)

The mean and variance, at epoé&), (©Of the wide-lane ambiguity can be
estimated based on all the data prior to epé¢hMoreover, Equations (11) and
(12) do not require initial value to be given at first epoch as in (4).

If the cycle-slip term,

[AN, () -AN,(K] = Ny (k=2)= N, (B, (13)

is within four times the standard deviation, thpeh is most likely to be free of
cycle-slip (BLEWITT, 1990). When a cycle-slip ocsphowever, the conditions are
satisfied as indicated by (5).
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2.2.3 FBMWA Algorithm

The FBMWA filter algorithm was proposed by Caiagt (2012). In FBMWA,
the wide-lane ambiguity is smoothed in both forwandl backward directions with
a specified size of smoothing window in each dicect This differs from the
regular TE algorithm where only backward smoothigerformed and the window
size continuously grows with the number of epodtste that the use of a forward
smoothing algorithm implies that the FBMWA methaladnly suitable for post-
processing GPS data while TE and MWWL can be usecetll time applications.

The FBMWA algorithm is described as follow (CAladt, 2012):

k-m

N2 (k-D)== 3 Ny (i)
m.
i=k-1 , (14)

1 k+n-1

N\'/:\IL (k):E Z Ny (1)

i=k

where N&, (k—1)is the backward smoothing wide-lane ambiguity onerepochs

prior to epochk and N}, (K) is the forward smoothing wide-lane ambiguity over
n epochs at and after epogh.
The difference betweeN!, (k) and N{, (k—1), which provides:

ANWL(k) = N;L (W- T\EL( k=1), (15)

can be used to detect the cycle-slip in the wide-labservation (CAl et al., 2012).
The standard deviationgega (K), of the FBMWA algorithm can be
estimated as:

UEBMWA (k) = U;:Z(k) + Ug( k-1), (16)

Where the termgr? and o can be computed by using Equation (4).
When a cycle-slip occurs, the conditions are Batisas follows:

|NWL (k_l)_ NNL (k)| 2 AO;ZBMWA (k) (17)
Based on the FBMWA algorithm (14) and the mettmdailculate the value of

the standard deviation in the MWWL equation, a rfiedi FBMWA is proposed.
The variances? and g7 can be estimated based on Equation (11) as:

Bol. Ciénc. Geod., sec. Artigos, Curitiba, v. 804, p.984-1004, out-dez, 2014.
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o2 = €[ (N 0 ][]

2 (18)
7% = E[ (N (k=)" | =(Ne)
2.2.4 The Second-Order Time-difference Phase IdrergpResidual Algorithm
In the FBMWA algorithm, the cycle-slip in the widene observation can be
determined from (15). However, Cai et al. (2012)nped out that how large the
cycle-slips are and in which frequency they ocaer still unknown. Hence, Cai et
al. (2012) recommend the use of an additional égudbr cycle-slip detection, for
example, by using the STPIR method.
The phase ionospheric residual (PIR) method isr¢isdly a scaled geometry-
free combination, which is defined as follows (Gilal., 2012):

Dge =/1ch1_/12¢2 :AlNl_/]ZN .t (y-1I (19)

wherel is the ionospheric range delay in metres lgn The PIR combination is
defined as follows (CAl et al., 2012):

P A
SF = Nl__2 N2+ Ire-:
/11 /11 i

(20)

wherel . is the residual ionospheric error in cycles calted as(y—1)! /A, .

The cycle-slip at epockk), if any, can be estimated by differentiating BN&®
combinations at epochis andk -1 as (CAl et al., 2012):

|:AN1 _%AN2:| =[CDPIR(k) —Po( k_l)] _[ e K) = Iregk_l)] : (21)

Equation (21) is called the first-order time di#ace of the PIR combination.
To minimize the impact of ionospheric disturbandee STPIR algorithm is
proposed. The STPIR algorithm is defined as (CAllgt2012):

|:N1 & NZ} :[CDF’IR(k) =20 (k=1 +® (k- 2)] o

P (22)

[IYES(k)_ZIYS(k_l)—'-I ES(k_Z)]
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In the STPIR (22), the ionospheric residual isiigantly smaller than in the
first-order time-difference PIR (21).

To detect the cycle-slip at epodt),(however, the mean variance ®f, data

prior to epoch K) are recursively calculated using a similar apphoas shown in
Equations (3), (11) and (5).

2.3 Combination of Algorithmsto Detect Cycle-dips
If we use any cycle-slip detection algorithm alpime some cases it cannot
detect cycle-slips. For example, the MWWL cannatede cycle-slip pairs when

AN, =AN,, e.g., (1,1) and (2,2), where the first numberinitthe brackets is the
number of cycles on the, and the second number the cycles onlthearrier phase
measurements. The STPIR algorithm cannot detecte-sjip pairs where
AN, =,/ AAN,, e.g., (77,60) and (18,14). Further, when cydiessire detected it
is impossible to tell whethdsor L, or both frequencies have the cycle-slips. That is
why the combination of two algorithms is needed.

The cycle-slip pairdAN,, AN,) can be uniquely determined by combining:

AN, -AN, = a

(23)
and
AAN, - AAN, = b (24)
or
AN, —iAN2 =b
A (25)

That is, combing Equations (23) and (24) or comi§z®) and (25).
3. RESULTSAND DISCUSSIONS

3.1 Detection Cycle-dlip for 1-second Data

Table 2 shows the results of the comparisons mguke methods TE-TECR,
MWWL-TECR, FBMWA-TECR, and FBMWA-STPIR for sateHlitpseudo range
noise (PRN) 9 tracked at station 1021 with a data of 1 s.

Additionally, it is important to mention that stat 1021 is located in the
auroral region (Figure 1) and the raw data werdectdd under levels of
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996 Study on cycle-slip detection and repair methodsifo

ionospheric activity from quiet to active. From woins 2 and 4, it can be seen that
TE-TECR cannot detect almost all cycle-slip pawbjle FBMWA-TECR cannot
detect small cycle-slip pairs, i.e., (-1,-1), (0,00,-1), (1,0), and (-1,0). It is also
noted that the TE-TECR fails to detect the cycip-phir (77,60). Thus, it is clear
that FBMWA-TEC performs better than TE-TECR undgs particular condition.

Table 2 —Results of cycle-slip detection for PRhbServed at station 1021 (1 s).

M ethod
Cycle-dip MWWL- FBMWA- | FBMWA-
pairs TE-TECR TECR TECR STPIR
Cycle-dlip detected?
(77,60) no yes yes yes
(9,7) no no yes yes
(68,53) no yes yes yes
(18,14) yes no yes yes
(59,46) no yes yes yes
(5,4) yes yes yes yes
(-1,-1) yes yes yes no
(0,2) no yes no no
(0,-1) no no no no
(1,0) no no no no
(-1,0) no no no no
(1,2) no yes yes no
(1,3) no yes yes yes

Table 3 shows exactly the same results as Tafde fation 1021, but for the
satellites PRN 12, 18, 22, 25, and 31 while Tabkh@ws only PRN 9. For these
particular satellites, one can see that only thebioation of MWWL-TECR and
FBMWA-TECR detected 100% of the cycle-slip pairbieTTE-TECR presents a
better performance in comparison with Table 2, h@reit could not detect the pair
(77,60). Furthermore, as shown in Tables 2 anHe88TECR detects all small cycle-
slip pairs while STPIR failed to detect them. Thimsthis particular experiment,
TECR was better than STPIR in detecting small cgtife pairs.

The difference between Tables 2 and 3 is thelgeseIPRN 9 for the former
and PRNs 12, 18, 22, 25 and 31 for the latter. férgormance of the STPIR in
Tables 2 and 3 is different from the TECR basecdhoekt Therefore, with regard to
PRN 9, the reason for these results is clear. el known that, for low elevation
angles, the tropospheric effects on the signallmaisevere and difficult to model
accurately. Figure 3 shows the mask for the obsesegellites at station 1021 and
there is correlation between elevation and erréeealimn. Further, PRN 9’s pseudo-
range is larger than the others (from 1500 km 12038n).
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Table 3 — Results of cycldip detection for PRNs 12, 18, 22, 25 and 31 okeskat
station 1021 (1 s).

M ethod
Cycle-dip MWWL- FBMWA- | FBMWA-
pairs TE-TECR TECR TECR STPIR
Cycle-dlip detected?

(77,60) no yes yes yes
(9,7) yes yes yes yes

(68,53) yes yes yes yes

(18,14) yes yes yes yes

(59,46) yes yes yes yes
(5,4) yes yes yes yes
(-1,-1) yes yes yes no
(0,1) yes yes yes no
(0,-1) yes yes yes no
(1,0) yes yes yes no
(-1,0) yes yes yes no
(1,2) yes yes yes no
(1,3) yes yes yes yes

Figure 3 —Elevation angle of the satellites observed atatati021 over hour on
2012/05/29.
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Table 4 shows the comparisons for station USUDafoPRNs on 2011/03/1.
It can be seethat all combinations failed to detect the smaltle-slip pairs. The
reason is the effect of the strong geomagnetiarstm 2011/03/11 (Figure 2 (a
thus the cycleslip detection ability of the TECR method is reddicEhe situation i
the worse for STPIR and better for MWWIECR, and FBMW/STPIR can detect
the pair (1,2) while FBMWA-TECR failed.
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Table 4 — Results of cycle-slip detection for &Nk observed at station USUD
(1 s).
M ethod
Cycle-dip MWWL- FBMWA- FBMWA-
pairs TE-TECR TECR TECR STPIR
Cycle-dip detected?
(77,60) no yes yes yes
(9,7) yes yes yes yes
(68,53) yes yes yes yes
(18,14) yes yes yes yes
(59,46) yes yes yes yes
(5,4) yes yes yes yes
(-1,-1) no yes no no
(0,1) no no no no
(0,-1) no no no no
(1,0) no no no no
(-1,0) no no no no
(1,2) yes yes no yes
(1,3) yes yes yes yes

Table 5 shows the comparison results of cycle-ditection for all PRNs of
station MMD (1 s). Although the Kp value is mediysee Figure 2 (e)), station
MMD (geomagnetic latitude 80.26°) is located neathe centre of the polar cap
region. Hence, not all small cycle-slip pairs cobéddetected.

Table 5 — Results of cycle-slip detection for &Nk observed at station MMD

(1 s).
M ethod
Cycledip MWWL- FBMWA- FBMWA-
pairs TE-TECR TECR TECR STPIR
Cycle-dip detected?
(77,60) no yes yes yes
(9,7) yes yes no yes
(68,53) yes yes yes yes
(18,14) yes yes no yes
(59,46) yes yes yes yes
(5,4) no no no no
(-1,-1) no no no no
(0,1) no no no no
(0,-1) no no no no
(1,0) no no no no
(-1,0) no no no no
(1,2) no no no no
(1,3) no no no no
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3.2 Detection Cycle-dlip for 5-second Data

In Table 6 the comparisons of the cycle-slip diwecmethods are presented
for stations TNO2 and RSBG. Both stations are kdtat the sub-aurora region and
the data sets were collected on 2012/11/30 and/@DDA for RSBG and TNO2,
respectively. The value of the Kp index at the tiofeeach data set was medium
(mean value of 4.0), the stations stayed in theaaubra region, and had no solar
flare when the data sets were collected. Thuspadth the rate of the data (5 s) is
not small, all cycle-slip can be easily detecteduish situations. The combination
of FBMWA-TECR detected all cycle-slip pairs for hotstations while the
combination MWWL-TECR could not detect the smaltleyslip. Thus, it can be
seen that the combination FBMWA-TECR is better tltammbination MWWL-
TECR for these two stations under their environmlecdnditions. Additionally, the
calculated cycle-slip values are exactly the saond6th methods and there are no
cycle-slip noises.

Table 6 — Results of cycle-slip detection for PRNs21 and 32 observed at station
TNO2 and for PRNs 1, 28 and 18 observed at st&BBG (5 s).

Method
Cyde | MWWL- [ FBMWA- | MWWL- | FBMWA-
sip | TECR | TECR TECR TECR
pairs TNO2 RSBG
Cycle-dlip detected?
, es es es es
(77,60) y y y y
: es es es es
(9.7) y y y y
, es es es es
(18,14) es es es es
y y y y
(59,46) es es es es
y y y y
(5,4) es es es es
y y y y
(-1,-1) es es es es
y y y y
(0,1) no yes yes yes
(0,-1) no yes no yes
(1,0) no es no es
y y
(-1,0) no es no es
y y
(1,2) es es es es
y y y y
(1,3) es es es es
y y y y
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3.2 Detection Cycle-dip for 30-second Data

Table 7 shows that the same size of cycle-sliprhae prominent impact on
the TECR when the data interval is smaller. Whea oycle-slip occurs on data
with an interval of 30 s for example, it causes BECR change of only
-0.017TECU/s. This magnitude is very close to tbmimal TECR value in the quiet
ionosphere period and is even smaller than theevaluder active ionosphere
conditions, which implies that detecting small eglwith a low data rate is a
challenge (LIU, 2010).

To demonstrate the results in Table 7, stational€ldnd BHR located in the
mid-latitude region, stations HYDE and WDC locatddthe polar cap and station
BJAB located at the equator were analysed with 88ta. The Kp indices for these
five stations range from medium to very high (Fey@). The data sets of stations
BHR and WDC were collected during a strong geomagretorm and station
BJAB during a strong solar flare. The results ofleyslip detection for stations
CHAN, HYDE, BHR and WDC are presented in Tablet8cdn be seen that the
results for all data sets are the same and therdif€es in the Kp index values only
affect the small cycle-slip detection ability.

Table 7 — The effect of cycle-slip on TEC and TECR.

Effect on TECR (TECU/s)
AN, (K) = AN, (K Effe_lszltzgrLlJTEC Data sample rate

( ) 1.0s 5.0s 30.0s
1 -0.506 -0.506 -0.101 -0.017
2 -1.017 -1.017 -0.203 -0.034
3 -1.518 -1.530 -0.306 -0.051
4 -2.024 -2.043 -0.409 -0.068
5 -2.530 -2.556 -0.511 -0.085

Table 8 — Statistical results of cycle-slip detewctior all PRNs for stations: CHAN,
HYDE, BHR and WDC (30 s) for all PRNs observedtatisn BJAB (30 s).

M ethod
Cyde MWWL- FBMWA- MWWL- FBMWA-
dlip TECR TECR TECR TECR
pairs CHAN, HYDE, BHR and BJAB
WDC
Cycle-dip detected?

(77,60) Yes Yes Yes Yes
(9,7) Yes Yes No No
(68,53) Yes Yes Yes Yes
(18,14) Yes Yes No No
(59,46) Yes Yes Yes Yes
(5,4) No Yes No No
(1,3) No No No No
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In Table 5, for station MMD, located in the poleap region and observed
with a high data rate (1 s), the cycle-slip pai4j5vas not detected. In Table 8,
however, stations HYDE and WDC, far from the cemtfehe polar cap region (in
terms of geomagnetic coordinates), were observéd the low data rate (30 s) and
cycle-slip pair (5,4) was detected. Thus, the @itésilocation plays a crucial role in
cycle-slip detection rather than the level of tla¢adrate (the values of the interval).
However, the results of the FBMWA-TECR combinat&imow many small cycle-
slip noises which are not present in the resultshef MWWL-TECR. Thus, the
MWWL-TECR combination is still the best method gtte-slip detection. Despite
the properties of the data sets being differenhlds6 and 8 show that not all small
cycle-slips were detected.

4. SUMMARY AND CONCLUSIONS

In this work we assessed the performance of teteeslip detection methods
TE; MWWL,; and FBMA and the combination of the fitsto methods (i.e., TE and
MWWL) with ionospheric TECR, and the FBMWA with SIFP and TECR.
Additionally, we modified the estimation of the iarce in the original FBMWA
method. Overall, the results showed that the algoriworked well even in the case
of intensive cycle-slips and it seems that therisity of the cycle-slips did not
affect the performance of the methods. Howeveryiaay was slip-size dependent
since different cycle-slip sizes, i.e., (77,60),7/§9(68,53), (18,14), (59,46), (5,4), (-
1,-1), (1,1), (0,1), (0,-1), (1,0), (-1,0), (1,21,3), and (1,5) were tested. The
MWWL-TECR delivered the best performance in detegttycle-slips for 1s data.
However, the method failed in detecting small cyallp pairs for a station located
in the mid-latitude region under a strong geomagrstorm occurring onfiMarch
2011. Furthermore, it is worth mentioning that tiipe of event that occurred on
11" March 2011 is rare. Overall, the method showedery Wigh detection ratio,
with higher accuracy in the case of large cyclpssliachieving approximately a
67% detection ratio. The almost 43% of undetectgcles slips is due to the
combinations of small cycle-slips with station MM@rated in a very active region
in terms of ionosphere and USUD under a geomagstetion.

The relative comparisons show that the FBMWA-TE@Rthod performed
slightly better than its original version FBMWA-SIRPfor 1s data. For data with a
sample rate of 5 s, the FBMWA-TECR performed battan MWWL-TECR which
makes sense since MWWL-TECR was ideally designed 8PS data rate of 1 s or
higher (i.e., >1 Hz). For low-rate data, because éffect on rate (TEU/s) is
significantly reduced, all small cycle-slip pairsutd not be detected. Because the
FBMWA-TECR combination method creates many smatleglips; the MWWL-
TECR combination is the only method which is usddullow-rate data. For post-
processing purposes, the combination FBMWA-STPI&&d good performance.

The FBMWA method is effective for detecting cyclass when AN, AN, #0
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while STPIR is effective wheml AN, —A, AN, Z0. In all conditions, all cycle-slip

pairs were detected, except pair (1,1) when theevaf the second time difference
noise was over 0.287 cycles. The errors in theutatled cycle-slips are region
dependence, data rate sample, sensitivity to dtdaes and geomagnetic storm
activity. The error from the low-rate data is abOub4 cycles while for the high
ionospheric activity it is about 1.42 cycles. Theoefrom the polar cap (or equator)
region is over one cycle. In many cases, the neigtibg cycle-slips affected the
cycle-slips; hence, in such a situation it is resmnded to run the algorithm again.
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