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This paper tackles the Equatorial ionosphere and its effects on Differential Global Positioning
System (DGPS) error growth over Malaysia by using a network of GPS Continuously
Operating Reference Stations (CORS). Seasonal variation of ionospheric delay has been
examined and findings show that the effect of spatial variation of ionospheric errors in
DGPS is very significant during the equinoctial seasons. Furthermore, a DGPS regression
model was developed and tested during the solar maximum year in 2013 by using internet-
based DGPS. The results show that the model is capable of estimating DGPS positional
errors for distances of user to reference station less than 680 km.
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1. INTRODUCTION. Over the last decade, Differential Global Positioning
Systems (DGPS) have become a standard method to improve the positioning perform-
ance of the user receivers in a wide range of GPS applications. In a standard DGPS
operation, the reference station calculates differential corrections that are transmitted
to user receivers that are used to eliminate satellite clock error and to mitigate the other
correlated errors due to orbit, troposphere and ionosphere. Nevertheless, the effective-
ness of the differential corrections is influenced by spatial and temporal variations of
these correlated errors. This effect is also known as DGPS error growth which degrades
the DGPS accuracy at the user site. Since the removal of Selective Availability (SA) in
2000, the temporal decorrelation of DGPS errors have become insignificant and
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resulted in more reliable DGPS corrections over a long period (Park et al., 2006).
However, DGPS users are still challenged by the great accuracy degradation arising
from the decorrelation of these errors in a spatial sense, i.e., as the separation distance
increases between reference and user station.

A few studies have been conducted on DGPS error growth over distance. Monteiro
et al. (2005) and Misra and Enge (2004) found that for a separation of reference and
user station of 100 km, the spatial effect of orbital and tropospheric errors is less than
0-01 m and 0-1 m, respectively. They also found that the orbital and tropospheric
errors change slowly over tens of minutes and can be removed almost entirely by the
differential corrections. On the other hand, the ionospheric error is found to have
the largest effect that decorrelates the differential corrections between reference and
user stations and thus degrades the DGPS positioning results (Park et al., 20006).
Such scenarios are worse in the equatorial area and the ionospheric effects are much
less understood than in other regions (Schunk and Nagy, 2000).

DGPS error growth over the Malaysian sector is fairly unquantified due to insuffi-
cient research with very few resources deployed to investigate the ionospheric effects
on DGPS corrections. This paper investigates the Equatorial ionosphere and its
effects on DGPS error growth over Malaysia by using a network of GPS
Continuously Operating Reference Station (CORS). The analysis has been conducted
during the seasons of the two equinoxes and solstices that demonstrate significant
ionospheric variations in Malaysia. In addition, a regression model of the ionospheric
errors has been developed and further analysis was conducted to validate this model
with the observed ionospheric errors during the maximum solar year of 2013 by
using internet-based DGPS. Finally, some conclusions were drawn to summarise
this study.

2. IONOSPHERIC ERROR IN DGPS CORRECTIONS. The ionosphere is part
of the Earth’s atmosphere where solar radiation is predominantly active due to ultra-
violet radiation as a result of ionisation. The ionosphere layer starts from about 50 km
and extends over a thousand kilometres or so in height above the Earth’s surface. The
Total Electron Content (TEC), which is the total number of electrons present along a
trans-ionospheric radio signal path between two points, is often used to quantify the
ionosphere of the Earth (Klobuchar, 1991, 1996; Langley 2000). The TEC is highly
variable, in both a spatial and temporal sense, and the magnitude varies based on
the season and the time of day. However, the major factors are the level of solar activity
and the geomagnetic location on the Earth. Figure 1 indicates that the Equatorial
region is the area that experiences a high magnitude of TEC. This natural phenomenon
of the Equatorial ionosphere has attracted the attention of many scientists studying
space weather (Musa et al., 2006), nevertheless, it is still a challenge for satellite-
based positioning applications (Chen et al., 2007).

As GPS radio signals propagate through the Earth’s ionosphere, the transmission of
the signals is delayed. A change in signal speed changes the signal transit time and con-
sequently the ‘measured’ range between the satellite and the receiver is different from
its ‘line-of-sight’ geometric range. This range difference due to the effect of the iono-
spheric delay can be measured with GPS multi-frequencies and mapped in zenith dir-
ection using Equation (1); where I, is the ionospheric zenith delay (i.e., VTEC)
expressed in units of length; /s the frequency of the L1 signal; ¢ is the satellite elevation
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Figure 1. Global TEC Map (http:/www.ips.gov.au/Satellite/2/1/5).

angle at the ionosphere pierce point; and the TEC along the path of the signal
(Hofmann-Wellenhof et al., 1992);
1 403

I, =——TEC 1

z sing f (M)
In DGPS correction generation at reference station r (as in Equation (2)), ionospheric
error, other correlated errors, satellite and reference station receiver dependent errors
are estimated in the form of Pseudorange Correction (PRC) for every satellite S at ref-
erence epoch (7). The code pseudorange as measured by user station u (as in Equation
(3)), will apply the DGPS correction to correct its measurement and yield corrected
pseudorange, which can be expressed as in Equation (4).

PRC3(1) = —12,() — €7 (1) — (1) + p° (1) (2)
RY(1) = € (1) + I2,(1) + & — p°(1) + pu(2) (3)
R}, (1) = R} (1) + PRC%(1) (4)

where (t) is the reference epoch, PRC® are DGPS corrections (Pseudorange Correction
of Satellite S), RS is the code pseudorange correction of satellite S as measured by the
user station and R2 ., is the corrected code pseudorange at the user station. Ef is the
geometric range from the satellite S to the user station, Ii + 1s the ionospheric zenith
delay at the reference station and IS, is the ionospheric zenith delay at the user
station. £° and & are other correlated errors (such as orbital and tropospheric
delay), p® is satellite dependant error (such as clock and hardware errors), p, is receiver
dependent errors at the reference station and p,, is user dependent error at the reference
station.

https://doi.org/10.1017/50373463315000375 Published online by Cambridge University Press


http://www.ips.gov.au/Satellite/2/1/5
http://www.ips.gov.au/Satellite/2/1/5
https://doi.org/10.1017/S0373463315000375

1108 W.A. WAN ARIS AND OTHERS

100° 110° 120°

100° 10° 120°

Figure 2. Location of GPS stations for MyRTKnet and ISK 1 station of ISKANDARnet (left), and
IGS (right).

Substituting Equations (2) and (3) into Equation (4) yields;
R (1) = £3(0) + [AL2,, (1) + Deg, (1) + Bp,, (1)) (5)

zur

where Ali . 18 the differential between ionospheric zenith delay at user and reference
station, Ae;, is the differential between correlated errors (orbital and tropospheric
error) at the user and reference stations and Ap,,. is the differential between the
station dependent errors at the user and reference stations.

The corrected range in Equation (5) will be used in the calculation of the user’s dif-
ferential position (X,, Y,, Z,) with respect to the satellite position (see Equation 6).

R (1) cor = (Xus Yu Z) (6)

The non-linear equation can be solved by applying linearization equation (Grafarend
and Shan, 2002). It is noted that the accuracy of the user differentially corrected pos-
ition relies on the effectiveness of user corrected pseudoranges to exploit all the errors
in Equation (5). Nevertheless, the remaining error will be propagated into the user pos-
ition in Equation (6).

For users near a reference station, the respective signal paths from the satellite are
sufficiently close so that the differential of ionospheric error or ALS,, is almost elimi-
nated. However, once the distance from the user to the reference station increases,
the ionosphere may be different at both stations and cause different delays. The decorr-
elation of this ionospheric error can be influenced by the incidence angle (i.e., the ele-
vation angles at the ionospheric pierce point) of GPS signals and density of TEC at
both stations. Monteiro et al. (2005) found that the delays experienced by the reference
station and the user at 100 km apart due to the elevation angle are typically 0-03 m, but
can be greater than 4 m over 100 km when the ionosphere is disturbed.

3. MALAYSIA GPS CORS DATA AND METHODOLOGY. The DGPS error
growth due to ionospheric effects is studied by analysing the GPS dual-frequency
data from two GPS networks in Malaysia, i.e., MyRTKnet and ISKANDARnet
(see Figure 2). Currently, the MyRTKnet consists of 50 CORS in Peninsular
Malaysia and 28 CORS in East Malaysia, which is operated by the Department of
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Table 1. Processing parameters and strategy to derive ionospheric zenith delay using GPS network.

Processing parameter Processing strategy

Software Bernese GPS software version 5.0

Satellite System GPS only

Orbit and pole IGS precise final orbit (SP3) and Earth Orientation Parameters
(EOP)

Data processing —Melbourne-Wiibenna linear combination (L6) for screening and

cycle-slip detection
—Geometry-free linear combination (L4) for cycle-slip correction

Basic observables Carrier phase and smoothed code

Modelled observable Zero-difference of geometry-free linear combination
Elevation cut-off angle 10°

Sampling interval 30 seconds

Temporal resolution 2 hours

Survey and Mapping Malaysia (DSMM) to support surveying and geodetic activities.
Meanwhile, the ISKANDARnet consists of four CORS located at the southern part
of Peninsular Malaysia which is managed by the GNSS and Geodynamics Research
Group at Universiti Teknologi Malaysia (UTM) for research and academic activities.
In addition to these networks, another six GPS stations of the International
Global Navigation Satellite System (GNSS) Service (IGS) have been utilised in this
study that covers approximately 15°S to 15°N in latitude and 95°E to 130°E in
longitude.

One year of continuous GPS data in 2010 has been post-processed using the Precise
Point Positioning (PPP) approach with Bernese 5-0 software (Dach et al., 2007).
Processing strategies and model parameters are depicted in Table 1. The geometry-
free (L4) linear combination which contains ionospheric information in the TEC
Units (TECU) was analysed. Following Schaer (1999), the TEC was developed into
a series of spherical harmonics adopting a single-layer model set at an altitude of
450 km in a sun-fixed reference frame. The sun-fixed reference frame allows creation
of a “frozen ionosphere” model that refers to the specific time intervals presenting
the state of the ionosphere over the region usually for a 24-hour period in one map
(Wielgosz et al., 2003). Slant TEC values along oblique GPS signal paths were quan-
tified from the ISKANDARnetl (ISK1), MyRTKnet and IGS stations which were
then converted to vertical TEC by means of the single layer mapping function. The
variation of ionospheric delay was mapped in the zenith direction using Equation
(1). These results were analysed in four seasons; winter-solstice (22 December — 19
March), vernal-equinox (20 March—21 Jun), summer-solstice (22 Jun-21
September), and autumnal-equinox (22 September — 21 December).

The DGPS error growth was evaluated based on user positional error at different
locations of user stations over Malaysia. In this experiment, ISK1 was treated as the
reference station while the other 78 MyRTKnet stations were treated as user stations.
This arrangement is meant to provide sufficient information on the DGPS error
growth according to the ionosphere gradient that usually occurs in the latitudinal dir-
ection. The PRC was generated from ISK1 in post-processing mode by using pseudor-
ange measurement from the L1 frequency which follows Equations (2) — (6). During
the processing, elevation mask angles at the user stations were set to 10° so as to min-
imise the remaining noise due to low elevation satellites. The users’ DGPS positional
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Table 2. The statistics of ionospheric zenith delay in 2010 according to Figure 3.

Seasonal of 1. Minimum Maximum Rate of change in Rate of change in

I. (m) L. (m) Latitude (I,/deg Lat) Longitude (I,/deg Long)
winter-solstice 2-000 2-181 62 0-1
vernal-equinox 2:652 2-750 2:0 0-1
summer-solstice 2-451 2-653 4-0 0-1
autumnal-equinox 2:620 3-344 9-8 0-3

error at all user stations were calculated by;

(AX,,AY,,AZ,) = (X, Y

u?r u?r

Z,) — (Xu, Yu, Zy) (7)

where (X", Y, Z',) is the most probable (‘known’) coordinate of the user stations
which was previously determined from precise carrier-phase GPS static processing
technique. Finally, the DGPS positional error growth according to distance between
ISK1 and user stations were categorised into four seasons as mentioned above.

4. RESULTS AND DISCUSSION

4.1. Ionosphere trend in Malaysia. The resulting seasonal ionospheric zenith
delay map is shown in Figure 3. Table 2 summarises the maximum and minimum
average of the ionospheric zenith delay, as well as the rate of change of the delay in
latitudinal and longitudinal directions.

The ionospheric zenith delay within this region lies in the range 2 m—2-653 m
during the two solstices and 2-451 m —3-344 m during the two equinoxes. The
highest minimum and maximum values of the delay can be found during the two equi-
noxes. The highest is during the autumnal-equinox with maximum delay reaching up
to 3-344 m and its rate of change at 9-8 and 0-3 in the latitudinal and longitudinal
directions, respectively. Meanwhile, the lowest delay was found during the winter-
solstice but has a high rate of change of 6-2 in latitudinal direction in comparison to
the vernal-equinox and summer-solstice. Figure 3 also shows obvious trends of the
delay during the four seasons - it increases significantly with decreasing latitude,
which is in agreement with the initial equatorial TEC investigation by Musa et al.,
(2012).

This scenario is explained by the geographical location of Malaysia that sits under
the southern crest of Equatorial Tonization Anomaly (EIA) and near to the magnetic
dip equator where the magnetic field is horizontal. The EIA is attributed to the so-
called equatorial plasma that are being lifted by the eastward electric field, and there-
after diffuse down along the magnetic field line to higher latitudes under the influence
of gravitational force. The formation of EIA is also recognised as a “fountain effect”
creating two plasma peaks on either side of the magnetic equator at approximately 15°
geomagnetic latitudes.

4.2. DGPS Error Growth in Malaysia. Figure 4 shows the mean Root Mean
Square (RMS) of position errors for all user stations over four seasons. These values
show an increment that is proportional to the distance of the user station from the ref-
erence, ISK1, i.e., it is distance dependent. Furthermore, the DGPS error growth
demonstrates remarkable seasonal variations similar to ionospheric zenith delay as
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Figure 3. Seasonally ionospheric zenith delay map representing winter-solstice, vernal-equinox,
summer-solstice and autumnal-equinox, respectively.
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Table 3. Linear trends of seasonal DGPS positional errors (S is the distance between user and reference
station, E is an exponential [x10]).

Season 95% of DGPS positional errors Correlation coefficient R*
Winter-Solstice RMS"S=1-1E3S+0-185m 0-947
Vernal-Equinox RMSYE=1-6E’S+0211m 0974
Summer-Solstice RMSSS=12ES+0231m 0-961
Autumnal-Equinox RMSE=15ES+0213m 0-991

discussed in Section 4.1. It also can be seen that the user positional errors during vernal
and autumnal equinoxes are generally higher than the other seasons of summer and
winter solstices, which is further explained in Figure 5.

From Figure 5, the mean intercept for all regression lines is 0-203 m, which repre-
sents the minimum DGPS positional errors. During the seasons of highest ionospheric
errors, multipliers in their linear function as in Table 3 are 1:6 mm/km and 1-5 mm/km
for the season of vernal-equinox and autumnal-equinox respectively. The multipliers of
linear function during low ionospheric errors gradient, i.e., for the season of winter-
solstice and summer-solstice, were found to be at 1-1 mm/km and 1-2 mm/km respect-
ively. Autumnal-equinox shows the highest degree of R? value of 0-991 as compared to
the other seasons. This result indicates that the autumnal-equinox experiences strong
decorrelation of DGPS positional errors, according to distance, which also reflects
the highest rate of change of ionospheric delay during this season as found in
Section 4.1. The rate of change of user positional errors that is proportional to the
user distance is illustrated in Figure 6. Rapid spatial rate of change in user position
for winter solstice, summer solstice and vernal equinox seasons can be seen at a user
separation of 680 km. This can be attributed to high decorrelation of orbital and
tropospheric errors that resulted in 0-5 m of user positional errors.

This study also attempts to determine an initial distance at which ionospheric error
in DGPS positional errors starts to decorrelate over distance. To account for only iono-
spheric error effect in DGPS positional errors, the regression lines at a distance less
than 680 km were plotted in Figure 7. For this range of user distance, summer-solstice,
winter-solstice and vernal-equinoxes depict a 2" order polynomial with turning point
at 8’ =100 km, §’,,, = 125 km and §’,. = 100 km respectively. It can be seen that the
DGPS positional error grows slowly and the value is almost equal during these three
seasons for the distance less than the turning point. However, the autumnal-equinox
shows a linear trend from the minimum user distance onwards.

These results suggest that in the case of moderate separation between reference and
user stations, the amount of ionospheric delay at both stations are highly correlated.
Thus, the influences of ionospheric errors were significantly reduced at the user
station by the PRC (see Equations (2)-(6)) and consequently the user position has
been significantly improved. Meanwhile, medium and long distances experienced
high decorrelation of ionospheric error. Thus PRC as estimated by the reference
station become less efficient in order to improve the user position.

4.3.  Assessment of the Equatorial DGPS Error Growth Model. In this section, a
collaborative work between academic, industry and government agencies in Malaysia
was established to provide an internet-based DGPS service for the assessment of the
regression model as discussed in Section 4.2. For this service, the setup involves five
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Figure 4. DGPS accuracy from ISK1.

https://doi.org/10.1017/50373463315000375 Published online by Cambridge University Press


https://doi.org/10.1017/S0373463315000375

1114 W.A. WAN ARIS AND OTHERS VOL. 68

Seasonal DGPS Positional Error Growth with Distance
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Figure 5. DGPS positional error (estimated position pGps — “known’) growth with distance at
different seasons, E is an exponential [X10]).
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Figure 6. Rate of change during all seasons.
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Seasonal DGPS Positional Error Growth with Distance <680km
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Figure 7. DGPS positional error (estimated positionpgps - positiony,own) growth with distance
<680 km at different seasons, E is an exponential [X10]).

Figure 8. The location of Internet-based DGPS reference stations in Peninsular Malaysia.

CORS (see Figure 8). ISK2 station was selected as the reference station and ISK1 as
the processing centre to transmit the DGPS correction using the Networked Transport
of RTCM via Internet Protocol (NTRIP), while the other CORS were treated as the
user stations.

The assessment was conducted on 2 November 2013, in the season of autumnal-
equinox, where a large ionospheric error effect can be expected. In order to correspond
with the discussion in Section 4.3 the assessment was classified into two ranges of
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Table 4. Summary of the DGPS stations involved in Internet-based DGPS.

Length of separation (S) Reference User
Station Station

125 km <S <680 km AGLG JLML
ISK2 JLKU

S$> 680 km ISK2 AGLG

Residual Positional Accuracy at JLKU

delta Northing

metre

Figure 9. Residual positional accuracy at JLKU.

Residual Positional Accuracy at JLML

3
delta Easting

N s b s et
ﬁh@"‘m&xmwsa R ,&W

delta Northing

metre

Figure 10. Residual positional accuracy at JLML.

distance S, i.e., between reference and user station, S <680 km and S > 680 km (see
Table 4). The RTKLIB software (Takasu, 2013) was used to allow for the real-time
internet-based DGPS application. By using this software tool, the DGPS correction
was streamed from the reference station to the user station via NTRIP communication.
The assessment was conducted simultaneously for all stations involved.

The time series in Figures 9 to 11 show the residual coordinates or positional errors
(estimated minus ‘known’ coordinates) and its corresponding statistical Tables 5 to 7
for user stations JLKU, JLML and AGLG respectively. For each user station, the
RMS of the horizontal distance from the internet-based DGPS and regression
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Figure 11. Residual positional accuracy at AGLG.

Table 5. Statistical analysis at JLKU (Distance from ISK2 is 27413 km).

Statistic Delta Northing (m) Delta Easting (m)
Mean 0-438 —-0-920
Standard Dev. +0-270 +0-283
RMS 0-328 —0-263
RMS (horizontal) from Internet-based DGPS 0-609 m

RMS (horizontal) from regression model 0629 m

Difference in RMS +0-:020 m

Table 6. Statistical analysis at JLML (Distance from ISK2 is 526-24 km).

Statistic Delta Northing (m) Delta Easting (m)
Mean —1-1682 0-5987
Standard Dev. +0-2466 +0-3534
RMS 0-9288 0-4812
RMS (horizontal) from Internet-based DGPS 1-:046 m

RMS (horizontal) from regression model 0-906 m

Difference in RMS 0-139 m

Table 7. Statistical analysis at AGLG (Distance from ISK2 is 682-94 km).

Statistic Delta Northing (m) Delta Easting (m)
Mean 2-1083 —0-1526
Standard Dev. +0-3967 +0-3823
RMS 1-8969 0-3855
RMS (horizontal) from Internet-based DGPS 1936 m

RMS (horizontal) from regression model 1-284 m

Difference in RMS 0:652 m
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Figure 12. Discrepancies of user RMS from DGPS measurement (2013) and regression model
(2010).

model as obtained in Section 4.2 was also listed in these tables. Overall, the range of the
residuals for all stations was found to be £3 m. In addition, the range of residual var-
iations for these stations as given by the standard deviation in each statistical table was
in the range of +0-4 m in both easting and northing components.

The differences in the RMS of the horizontal distance between the internet-based
DGPS and the regression model are depicted in Figure 12. For the user with
S < 680 km, the discrepancy of the RMS is within 0-02-0-139 m. Meanwhile, a large dis-
crepancy of about 0:652 m can be seen for S > 680 km. One of the possible reasons for
these differences, i.e., between measured and modelled value, could be explained by the
fact that the ionospheric error in the year 2013, which is in the year of solar maximum,
is greater when compared to the year 2010 when the regression model was derived.

5. CONCLUSION. This paper reports spatial and seasonal effects of the equator-
ial ionospheric errors on DGPS positioning in Malaysia. A local ionospheric map and
seasonal ionospheric trends were presented, and a regression model was developed by
using the GPS data from the local CORS networks in year 2010. It was found that the
spatial variation of ionospheric errors in this region is higher during equinoctial
seasons. Findings show that the effect of spatial variation of ionospheric errors in
DGPS is very significant when the separation of user and reference station is greater
than 680 km. The regression model was tested during the solar maximum year in
2013 by using internet-based DGPS and the results have shown that the model is
capable of estimating DGPS positional errors for distances less than 680 km. In
future work, a real-time ionospheric modelling service could be developed to
support the integrity of DGPS and navigational services in Malaysia.
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