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Abstract: This paper proposes the derivation of accurate ionospheric total electron contents (TEC) rate data
using GNSS carrier phase measurements without the need of ambiguity resolution. The GNSS measurements
collected at 30-second interval during an ionosphere quiet period (1-2 January 2009) and a severe ionosphere
disturbance period (31 March to 1 April 2001) from the Hong Kong permanent GNSS network SatRef are
used to implement this proposed method. The data analysis results show that the nominal slant TEC rate over
Hong Kong, a low latitude region, is about 0.01 TECU/sec during ionosphere quiet periods and the nominal
slant TEC rate in ionosphere disturbance periods is 0.03 TECU/sec—three times of TEC rate in ionosphere
quiet periods. This paper also analyzes the application of the TEC rate information in the cycle slip detection
and repair for the GPS/GNSS carrier phase measurements. The analysis shows that the use of this information
is very effective in identifying even very small cycle slips (one cycle). This method is particularly useful in
processing high rate GPS/GNSS observations e.g. real-time kinematic surveying. This paper also exemplifies

the interesting and important coupling relationship between the GPS/GNSS and ionosphere research.

Keywords: GPS/GNSS; total electron content (TEC); ionospheric TEC rate; cycle slip

1 Introduction

The signals of the satellite-based navigation systems such
as global positioning system (GPS) and global navigation
satellite system (GNSS) transmit from satellites to receivers
on or near the Earth and these signals inevitably experience
ionosphere-induced error when passing through the iono-
sphere. The ionosphere-induced error is by far the largest
one in satellite-based positioning and navigation (Allain
and Mitchell, 2009). To obtain high precision such as cen-
timeter level positioning solution with GPS/GNSS, the
ionosphere-induced error must be well studied and mod-
eled. On the other hand due to the dispersive property of
the ionosphere and the availability of multiple-frequency
GPS/GNSS signals, the GPS/GNSS in turn is a very useful
tool for the ionosphere studies. This coupling relationship
between GPS/GNSS and ionosphere determines that the
study of ionosphere using GPS/GNSS data is a significant
topic for both GPS/GNSS and ionosphere research.

In the study of ionosphere, an important and fre-
quently used variable to measure and quantify the iono-
sphere is the total electron contents (TEC) — a measure of
the total number of free electrons in a one-squared meter
column from the bottom to the top of the ionosphere. The
ionospheric TEC is used to describe the ionosphere because
it gives a quantitative measure of the total number of elec-

tron contents along the line of sight and because it can be
easily derived from dual-frequency GPS/GNSS data. In the
past, the study of TEC using GPS/GNSS technology has
been carried out by many efforts (Komjathy et al., 1998;
Komjathy and Born, 1999; Skone, 2001; Mitchell and
Spencer, 2003; Mannucci et al., 1999; Bilitza et al., 1999;
Liu and Gao, 2005; Skone and Hoyle, 2005; Chen et al.,
2008; Hernandez-Pajares et al., 2008). Comparatively, the
study of the rate of TEC was less specifically focused al-
though it has been reported in literatures (e.g. Skone and
Hoyle, 2005; Chen et al., 2008). While the absolute value
of the TEC is a very important parameter to represent the
status of the ionosphere, the TEC rate is another important
parameter that characterizes the dynamic change of the
ionosphere. The ionospheric TEC rate is a relative quantity
since it is only concerned with the TEC values of two con-
secutive epochs. While the TEC itself provides a measure
of the magnitude of the ionospheric activities, the TEC rate
provides a measure of the spatial and temporal correlation
of the ionospheric activities (Wanninger, 1993; Stewart and
Langley, 1999; Pi et al., 1997).

When using GPS/GNSS carrier phase measurements,
the derivation of TEC rate is comparatively easier and more
accurate than derivation of TEC. Since the TEC rate is re-
lated with only two consecutive epochs, the GPS/GNSS
carrier phase measurements can be easily employed to de-
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rive the TEC rate without the necessity of resolving the
carrier phase ambiguities. When the measurements of two
adjacent epochs are used, the constant carrier phase ambi-
guity can be cancelled. Even if the frequently encountered
cycle slip problem occurs, it will be easily detected and
corrected based on the existing information. The cycle slip
detection and correction method will be elaborated more in
the paper later. For the study of TEC, the ambiguities of the
carrier phase measurements must be resolved in order to
derive the absolute value of TEC. Currently, the correct
resolution of carrier phase ambiguity is still not a guaran-
teed work although significant progresses have been made
in the past decades (Wei and Schwarz, 1995; Teunissen,
1999; Ge et al., 2008; Feng, 2008; Teunissen and Verhagen,
2008). From this point of view, the TEC rate values should
be more precise than the TEC data since they are not af-
fected by potential ambiguity resolution error or cycle slip.

This study will focus on the analysis of the GPS data
in Hong Kong region. Hong Kong is located at the low
latitude region (geomagnetic latitude 12 degrees North)
(Chen et al., 2008). The GNSS observations at low latitude
regions are particularly affected by the ionosphere
(Vladimer et al., 1999). The GNSS is widely accepted and
used in Hong Kong. In Hong Kong’s aviation industry
alone, the survey indicated that about 80% of the aircrafts
to/from Hong Kong are equipped with GNSS equipment
and this percentage was expected to increase (APEC, 2004).
With the installation of GNSS satellite network (SatRef),
much of the landing surveying work is done using the
GNSS technology. Considering the multiple factors, e.g.
the severe ionospheric effect due to its low latitude, and the
wide application of GNSS technology including the safety
critical aviation industry, the study of ionosphere in Hong
Kong becomes a particularly important research subject for
the GPS/ionosphere researchers.

2 Method of Deriving TEC Rate from
Carrier Phase Data

This section presents the method of deriving the iono-
spheric TEC rate from dual-frequency GNSS data. With
the carrier phase measurements recorded at two frequencies,
the carrier phase based TEC can be computed as (Liu et al.,
2005):

TEC. = flz[()’]j] _iZjZ)_(}']Nl _lzNz)_bi ~bp]
’ 40. 3x10"°(y-1)

@)

where TEC,, is the TEC derived from carrier phase meas-
urements, in unit of TECU; f; is the frequency of the L1
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frequency, in unit of Hz; @, and @, are the carrier phase
measurements on L1 and L2 frequencies respectively, in
unit of cycle; A; and A, are the wavelength of L1 and L2
frequencies respectively, in unit of meter/cycle; N; and N,
are the integer ambiguities of measurements @; and &, are
the carrier phase measurements on L1 and L2 frequenc
respectively, in unit of cycle; b; bp and b® are the receiver
inter-frequency bias and satellite inter-frequency bias, re-
spectively, in unit of meter; v is the squared ratio between
the frequencies of L1 and L2, v=(f,/f,)%. To get the absolute
TEC,, are value, the carrier phase ambiguities N; and N, in
Eqg. (1) must be first determined. The precise determination
of the ambiguities is still a challenge although significant
progress has been made in the past decades. Therefore the
direct calculation of TECsis still not an easy work and the
TEC rate subsequently cannot be calculated directly. Con-
sidering the invariability property of the ambiguities during
a continuous signal tracking when the signals are free from
cycle slips, the epoch-wise differencing method can be
employed to derive the TEC rate. Assuming that at two
consecutive epochs t; and t;.; , the TEC,are computed fol-
lowing Eq. (1), the TEC rate at epoch t; thus can be readily
derived as:

TEC,(t,)—TEC,(t, )

TECR,(t,) =
ti _tH

@

If the TEC rate calculation is performed in
post-mission, a more accurate TEC rate can be derived
using the TEC data one epoch prior to and post- the current
epoch to determine the TEC rate at current epoch. Thus the
Eg. (2) can be slightly modified as:

~ TEC,(t,.,)=TEC,(t,)

TECR,(t,) = 2t —t) ;
TEC, (t,)—TEC,(t, ,) ©
2 (ti _tH)

Normally the interval between the consecutive epochs
is the same (i.e. t,, —t, =t, —t,_, =At), Eq. (3) can be
further simplified as:

TEC,(t.,,)—TEC,(t.) TEC,(t.)—TEC,(t. )
TECR,(t,) = —— T AL A
2At AL @
_ TEC,(t,.,)—TEC, (¢ )
2At

Substituting Eq. (1) for TEC terms at the right hand
side of Eq. (4), the following Eqg. (5) can be obtained:
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_TEC, (1)~ TEC,(t, )
2At

TECR,(t,)
f12

740 3%10°(y - 1)x 2At

—(A,N,(t,,))=4,N,(t,.,)-b(t, )-b(t. )]

14,4t D= 2,8,(t))

(ANt )= AN, ()= b (8, ) -b°(t, DI}

{[(4 X, (tm)_ j'2¢2(ti+1 )

®)

Since the ambiguities N; and N, are invariable over
time if they are free of cycle slips and the biases b; and bP
are nearly constant over such a period as short as At (At
normally does not exceed a few minutes), the Eq. (5) can
be rewritten as:

f {qG ()
40. 310 (y —1)x 24t -
N }”2¢2(t1+1) )7[( l1¢1(ti71) - /12¢2<t1—1) )]}
fZ

= 1 s B
40. 310" (v — 1) x 2At {44t )¢ (t, )

4 2(¢2(t1+1) - ¢2(t1—1)]}

TECR ,(t,) =

©)

From Eg. (6), it can be seen that the carrier phase
based TEC rate can be calculated even if the ambiguities
and inter-frequencies biases are unknown. Unlike the deri-
vation of the TEC data as in Eq. (1), the ambiguities and
inter-frequency biases don’t affect the TEC rate derivation
at all and the resolution of them is completely unnecessary.
This is obviously an advantage of using TEC rate over us-
ing TEC data to describe the ionosphere.

3 Data Analysis

The data used in the analysis are obtained from the Hong
Kong SatRef network. The SatRef is a permanent network
consisting of 12 Continuously Operating Reference Sta-
tions (CORS) that were developed by the Lands Depart-
ment of Government of Hong Kong Special Administrative
Region (HKSAR).

Two datasets are analyzed in this paper. One dataset
was collected during 1-2 January 2009, which corresponds
to an ionosphere quiet period. The geomagnetic Kp index
of this dataset is illustrated in Figure. The three GNSS sta-
tions, HKFN, HKMN and HKOH, in the SatRef network
are selected for this dataset analysis and they are depicted
in the Figure. The distribution of the three stations basically
covers the whole Hong Kong region and fairly represents
the ionospheric condition of the each district in Hong Kong
region. The second dataset was collected during 31 March
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to 1 April 2001, which represents a time with severe iono-
spheric disturbances and of which the Kp index is plotted
in Figure. Figure and Figure clearly indicate that the iono-
spheric conditions of the two datasets are
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Figure 1. Geomagnetic Kp index for Jan. 1-2, 2009

Figure 2. The selected GNSS stations in the SatRef
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Figure 3. Geomagnetic Kp index for March 31-April 1, 2001
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significantly different. This paper exactly intends to study
the TEC rate information of Hong Kong region under
various ionospheric conditions — both quiet and active.

The GNSS data collected by the SatRef network are
recorded at an interval of 30 seconds. During the data
analysis, this interval of 30 seconds is kept unchanged and
cutoff angle of 15 degrees is used. Although both GPS and
GLONASS observations are available in the data files of
the SatRef network, only the GPS data are analyzed in this
paper considering the quality of the GPS data are much
more stable and accurate than that of GLONASS data. It
should be mentioned that the TEC rate calculated with Eq.
(6) is a quantity in the slant direction. No mapping function
is used in this study to project the slant TEC rate to the ze-
nith direction. The use of slant TEC rate has two benefits.
One is that it eliminates the uncertainty brought by the
mapping function. Second, this slant TEC rate can be di-
rectly used in GPS/GNSS cycle slip detection and repair, as
to be discussed in the following section, without any further
reduction. If zenith TEC rate is derived, it has to be con-
verted into slant direction when it is used in assisting
GPS/GNSS cycle slip detection and repair.

3.1 TEC Rate Results of Quiet lonosphere

This section presents the results obtained from the dataset
one that was collected during the quiet ionosphere condi-
tion. The two-day GPS-derived TEC rate results for the
three stations are presented in Figure 4 to Figure 9. In each
figure, the y-axis represents the TEC rate, the x-axis de-
notes the UTC time and local time. The top row of numbers
is the UTC hours and the bottom row of numbers is the
local time hours. The slant TEC rates observed by each
individual satellite are represented by different colors and
different symbols in each figure. The six figures show that
under quiet ionosphere condition, the TEC rates observed
by all the satellites at all the three stations are about 0.01
TECU/sec during the 48-hour data session. These six fig-
ures demonstrate that the ionosphere over the entire Hong
Kong region is very stable during the ionosphere quiet pe-
riods. The only slight TEC rate perturbation occurs slightly
before 11 hour local time but this perturbation is very small
and only observed by a few satellites. Generally the iono-
spheric structure of Hong Kong on the quiet period is very
stable spatially (in every azimuth) and temporally. The
TEC rate of 0.01 TECU/sec means that, if the GNSS data
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Figure 4. The GPS-derived TEC rate observed at HKFN station on
1% January 2009
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Figure 5. The GPS-derived TEC rate observed at HKFN station on
2" January 2009
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Figure 6. The GPS-derived TEC rate observed at HKMW station
on 1* January 2009

are recorded at a rate of 1 Hz, the TEC change between two
consecutive epochs will be about 0.01 TECU - translating
into distance of 1.6 mm on GPS L1 signal. When the data
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~ Satellite-wise TEC Rate for HKMW Station on 02 Jan. 2009
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Figure 7. The GPS-derived TEC rate observed at HKMW station
on 2" January 2009
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Figure 8. The GPS-derived TEC rate observed at HKOH station on
1% January 2009
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Figure 9. The GPS-derived TEC rate observed at HKOH station on
2" January 2009

are recorded at an interval of 30 seconds, the ep-
och-by-epoch TEC change will be approximately 0.3
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TECU - equivalent to 4.9 cm in distance on GPS L1 signal.
This TEC change is well smaller than the wavelength of the

L1 signal (19 cm), thus it will be easy to distinguish carrier
phase cycle slip from TEC change. It will be shown later in
this paper this representative TEC rate, 0.01 TECU/sec, is a
very useful threshold for pre-processing and cleaning the
GNSS data at Hong Kong region on ionospheric quiet
days.

3.2 TEC Rate Results of Active lonosphere

On the 31 March 2001, a severe geomagnetic storm oc-
curred (Foster et al., 2002). On this day the Kp index
reached the highest level of 9, as depicted in the top panel
of Figure. On 1% April 2001, the geomagnetic storm be-
came weaker than the previous day but its Kp index was
still as high as 5~6, as indicated in the bottom panel of
Figure. These two days represent a typical active iono-
sphere situation. The section’s analysis of the SatRef data
will give us a representative measure of the TEC rate in
Hong Kong during ionosphere active period. Please note
that HKMW and HKOH stations used in the first dataset
are not used here. This is because there was no data collec-
tion at these two stations in 2001.

The following Figure 10 to Figure 15 illustrate the sat-
ellite-wise TEC rates for three stations (HKFN, HKKT,
HKKY) over the geomagnetic storm period. Compared to
the results of ionosphere quiet period shown in dataset one,
the TEC rates of this dataset are significantly larger. It is
common for satellites to have TEC rate of 0.05 TECU/sec,
which is nearly 5 times higher than that during ionospheric
quiet period. For some satellites such as PRN 28 on 31
March at about 23 UTC, the TEC rate can even be as high
as 0.15~0.20 TECU/sec. Due to the effect of this severe
geomagnetic storm, the GPS signals suffered outages dur-
ing the observations, e.g. slightly before 12 UTC at the
three stations, as confirmed by Figure 10 to Figure 12.
During the 02~08 UTC, the main storm phase was present
when the northward interplanetary magnetic field (IMF)
turned south, neglecting occasional of reverse in which the
IMF returned to north (Metatech, 2001). Please note com-
mencing approximately at 02 UTC, the IMF turned south.
But it then turned north again. At about 03 UTC, the IMF
turned south with larger value of Bz component of the IMF
than at 02 UTC. Therefore, in this paper the southbound Bz
commencement line is marked at 03 UTC.
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Figure 10. The GPS-derived TEC rate observed at HKFN station
on 31 March 2001

Figure 13. The GPS-derived TEC rate observed at HKFN station
on 1 April 2001

Figure 11. The GPS-derived TEC rate observed at HKKT station
on 31 March 2001

Figure 14. The GPS-derived TEC rate observed at HKKT station
on 1 April 2001

Figure 12. The GPS-derived TEC rate observed at HKKY station
on 31 March 2001

During the main storm period (03~08 UTC), the TEC
rates observed at the three stations in Hong Kong do not
show particularly large disturbances, although an apparent

increase of the amplitude of the TEC rates occurs around
03 UTC. Figure 10 to Figure 12 reveal that the TEC rates
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Figure 15. The GPS-derived TEC rate observed at HKKY station
on 1 April 2001

have a large perturbation approximately at 7h local time 1
April, which obviously results from a perturbation of the
ionosphere. It is observed in Figure 13 to Figure 15 that
approximately at 23h local time 1 April, the measured TEC
rates have a marked increase. This might be caused by the
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anomalous increase of the ionization density in E-region in
the low and middle latitudes (Bauske et al., 1997).

3.3 Statistics of the TEC Rate Results

The statistics of all satellites” TEC rates observed from the
two datasets are illustrated in Figure 16 and Figure 19.
Figure 16 and Figure 17 show the daily satellite-wise mean
TEC rates tracked by each station for the quiet and dis-
turbed ionospheric datasets, respectively. Figure 16 clearly
shows that the mean TEC rate of all the satellites observed
in Hong Kong region is well bounded within 0.01
TECU/sec when the ionosphere is in quiet condition.
Figure 16 also indicates that each satellite’s mean TEC rate
has a very good day-to-day, station-to-station repeatability.
Not only do the 1 January and 2 January mean TEC rates
agree very well on each individual station, but also they
agree consistently among the three stations. For the dis-
turbed ionosphere dataset, Figure 17 noticeably shows that
the TEC rates are significantly larger than those in the quiet
ionosphere period. The amplitude of the TEC rate variation
is as large as 0.03 TECU/sec, which is about 3 times of that
in Figure 16. The TEC rates also show much larger vari-
ability among different satellites, compared to that of
Figure 16. This apparently results from the large temporal
and spatial ionosphere disturbances due to the geomagnetic
storm. The Figure 17 indicates that for the same satellite,
the TEC rates observed from three stations have a very
good agreement — implying that the ionospheric spatial
correlation among the ground receivers are still quite strong
but the spatial correlation among the space satellites are
weak, as evidenced by the scattered TEC rate of each satel-
lite.

The standard deviations (STD) of the TEC rates for the two
datasets are presented in Figure 18 and Figure 19, respec-
tively. Figure 18 shows that the TEC rate STDs of all the
satellites are well below 0.01 TECU/sec. Similar to the
mean TEC rates, each satellite’s TEC rate STD on the quiet
ionosphere period is very consistent from day to day, from
station to station. The TEC rate STD of each satellite is also
quite comparable with each other, with only relatively large
STDs on several satellites such as PRN 7, PRN 8, PRN 27
and PRN 28. For the ionosphere disturbance period, the
magnitude of the TEC rate STD increases significantly
from the 0.01 TECU/sec at quiet period to nearly 0.03
TECU/sec. The STDs of different the satellites scatter sig-
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nificantly as shown in Figure 19. But the daily STDs of
each satellite generally have only little variation among
three stations — again indicating that the spatial correlation
among the ground receivers is strong.

Satellite-wise TEC Rate Mean (Jan 2009)

TEC Rate Mean (TECU/sec)

11213 14 15 16 17 18 19 20 31 2
GPS PRN

Figure 16. The satellite-wise mean TEC rate at three stations dur-
ing 1-2 January 2009

Figure 17. The satellite-wise mean TEC rate at three stations dur-
ing 31 March-1 April 2009

Satellite-wise TEC Rate Std. Dev. (Jan 2009)

00

td (TECU/sec)

Figure 18. The satellite-wise TEC rate standard deviation at three
stations during 1-2 January 2009
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Satellite-wise TEC Rate Std. Dev. (Mar/Apr 2001)

td (TECU/sec)

Figure 19. The satellite-wise TEC rate standard deviation at three
stations during 31 March-1 April 2009

4 Application of TEC Rate in GPS/GNSS

As shown above, the TEC rate is accurately derived from
GPS/GNSS carrier phase measurements. Once the TEC
rate is obtained, this information can become useful in
GPS/GNSS applications for assisting GPS/GNSS data
cleaning. In the handling of GPS/GNSS carrier phase
measurements, one of the important tasks is to detect and
repair cycle slips. The presence of undetected or unrepaired
cycle slips in the carrier phase measurements will result in
a significant amount of extra work in the ambiguity resolu-
tion and make the already complex ambiguity resolution
problem even more complicated. Therefore the effective
detection and repair of the cycle slips are always a funda-
mental task in GPS/GNSS carrier phase processing.
Assuming that there are cycle slips on GPS L1 and L2 fre-
quencies at epoch ti=;, denoted as ON; and 0N, respectively,
the TEC rate that is affected by cycle slips therefore can be
derived as below, based on Eq. (6):

f? .
40. 3x1015(1y—1)x2At{“Jl(ti”)
+ON, =5, (. ))— 4,05, )+8 N, —4,(t, ) ]}

TECR (t,) =

@

Please note in Eq. (6), in order to derive a more accurate
TEC rate at epoch t; in the post-mission mode, two epochs
of data adjacent to t; are used. In the cycle slip detection,
only the data prior to epoch t; is necessary. Therefore the
Eq. (7) can be modified as:
f2

40. 3x10161(y—1)xAt{/11(¢1(ti)
TON (1)) 2,8 () +a N, ~¢,(t, ) 1)

TECR,(t,) =

®
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With Eqg. (8) it can be estimated that one cycle of slip
on L1 frequency will result in a change of 0.0604
TECU/sec in TEC rate, when the At=30sec and there is no
cycle slip on L2 frequency. Similarly when 6N;=0 and
there is one cycle of slip on L2 frequency (6N,=1 or oN,=
-1 ), the resultant TEC rate change is 0.0775 TECU/sec.
When both 6N; and 6N, have one cycle of slip of same sign,
the TEC rate change will be 0.0171 TECU/sec. When both
0Nz and 6N, have one cycle of slip but of opposite sign, the
TEC rate change will be 0.13795 TECU/sec. In the imple-
mentation of cycle slip detection, the TEC rate is first cal-
culated using Eq. (8) with both 6N;=0 and éN,=0, assum-
ing that there is no cycle slip on either L1 or L2 frequencies.
When the magnitude of the computed TEC rate exceeds the
nominal TEC rate values (e.g. in Hong Kong, on iono-
sphere quiet period 0.01 TECU/sec, and on ionosphere
disturbance period 0.03 TECU/sec), it indicates that it is
very likely there are cycle slips on either L1 or L2 or both
frequencies. Once the cycle slip is detected, its size can be
searched until the calculated TEC rate is smaller than or
equal to the nominal ionospheric TEC rate. It should be
noted that there are some special pairs of cycle slips on L1
and L2, with which the TEC rate may have very little or
even no change. For instance when oN;=77 and J6N,=60,
the TEC rate calculated from Eq. (8) will be identical as
that when 6N;=0 and JN,=0. For these special cases, other
approaches have to be used together with this one to effec-
tively detect and repair cycle slips. It should be noted that
in the above demonstration of the impact of cycle slip on
TEC rate, the GPS/GNSS data interval is assumed to be 30
seconds. In real-time applications where short interval is
normally used (e.g. A4t=1sec ), the effectiveness of using
ionospheric TEC rate information to detect cycle slip will
become more prominent because the TEC rates calculated
above will become 30 times larger. For instance, the
change of TEC rate will become 1.8124 TECU/sec when
O0N;=1 or 6N;= -1 and JN,=0. Such a high level of TEC
rate is approximately 60 times higher than the nominal
TEC rate during ionosphere disturbance period. Therefore,
the identification of cycle slip in the carrier phase meas-
urements will become much easier, compared to larger
observation interval (e.g. 30 seconds). This indicates that
using the TEC rate information as a threshold to detect
cycle slip is a very effective, although not exclusive, ap-
proach in the GPS/GNSS data cleaning.
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5 Conclusions

This paper proposes the derivation of accurate TEC rate
data using GNSS carrier phase measurements without the
need of ambiguity resolution. This proposed method is
implemented using the Hong Kong SatRef network GPS
data recorded at 30-second interval and the knowledge of
the TEC rate over Hong Kong region is obtained. The
analysis of the data collected in the ionosphere quiet period
reveals that the ionospheric slant TEC rate is well below
0.01 TECU/sec in terms of both mean value and standard
deviation. During severe ionosphere disturbance period,
both mean and standard deviation of the slant TEC rates
observed at Hong Kong can be as large as 0.03 TECU/sec,
approximately 3 times larger than the ionosphere quiet
time.

This paper also analyzes the application of the TEC
rate information in the cycle slip detection and repair for
the GPS/GNSS carrier phase measurements. It shows that
the use of this information is very effective in identifying
even very small cycle slips (one cycle). This method is

particularly useful in high rate GPS/GNSS observations e.g.

real-time kinematic surveying.
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