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Application of Multipath Template Technique to Real-Time
lonospheric Delay Estimation Using Global Positioning
System Measurements

Lao-Sheng Lin*

Abstract: When global positioning systeiGPS signals propagate through the ionosphere, they experience an extra time delay. The
ionospheric delay can be estimated usirfgL2 GPS measurement. In order to mitigate the pseudorange multipath effect on real-time
ionospheric delay estimation, the multiday multipath template technique has been developed. The algorithm permits the pseudoranc
multipath error for a specific day to be corrected using the generated multipath template. Data from National Chengchi University, in
Taiwan was used to test the application of the multipath template to real-time ionospheric delay estimation. Test results inditate that:
The performance of the various 5 day multipath templates is better than that of other multiday multipath templé2gthaentultipath

template technique is an effective method to mitigate the GPS pseudorange multipath and should be implemented at reference statio
within local-area differential GPS, wide-area differential GPS, and wide-area augmentation system networks, GPS deformation monitor.
ing networks, etc.
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Introduction ionospheric delay. One of them, the pseudorange multipath effect
on real-time ionospheric delay estimation, is considered in this
The ionosphere is a shell of electrons and electrically charged paper. Various methods for reducing multipath have been devel-
atoms and molecules that surrounds the earth, stretching from apped. The multipath template technique has been proposed for the
height of about 50 km to more than 1,000 km above the earth reduction of the effects of pseudorange multipath on a real-time
surface. When radio waves such as global positioning systemGPS ionospheric monitoring systei@ioco et al. 1998 The writ-
(GP9 signals propagate through the ionosphere they suffer aners used single-day data to generate a template, and demonstrated
extra time delay. This time delay is related to the total electron that it was an effective way to reduce multipath effects for iono-
content(TEC) of the ionosphere. The TEC is defined as the total spheric monitoring applications.

number of electrons that are contained in a column with a cross- A multiday multipath template techniqu&in 1997; Lin and
sectional area of 1 fralong the signal path between the satellite Rizos 1997 was proposed which used dual-frequency GPS re-
and the receiver. The unit of measurementeln). One total ceivers at known stations to estimate and reduce the multipath for
electron content unifTECU) is defined as: 1§ el/n?. Please  each pseudorange measurement, on an epoch by epoch basis. It
note that 1 m of ionospheric range delay dt signal corresponds  was shown that the performance of the multi-day multipath tem-
to about 6.16 TECULin 1998). plate technique is superior to that of the single-day technique.
The ionospheric delay is one of the main sources of error in  |n order to improve the accuracy of the real-time ionospheric
precise global positioning syste(@P9 positioning and naviga-  delay estimate, the multiday multipath templates, generated from
tion. A dual-frequency GPS receiver can elimingte the first  the previous days’ GPS data, are applied to mitigate the pseudo-
ordep the ionospheric delay through a linear combinatior. af range multipath and improve the accuracy of the absolute iono-
and L2 measurementéHofmann-Wellenhof et al. 1994 How- spheric delay estimation.
ever, low-cost, single-frequency GPS receivers cannot use this |n this paper, the concept and methodology of the revised mul-
option. Consequently, it is beneficial to estimate ionospheric de- tiday multipath template approach are first introduced. Then, test
lays over a region of interest, in real time, to support single- results from the National Chengchi UniversityCCU) data are
frequency GPS positioning and navigation applications. presented to demonstrate the improved performance of this ap-

There are several factors which should be considered beforeproach for real-time ionospheric delay estimation using GPS mea-
using dual-frequency GPS receivers to estimate, in real time, thesyrements.
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ments, expressions for pseudorange multipéocken et al.
1994; Rizos 1997can be obtainedin units of meters

whereP,,P,=pseudorange observations made onlthheandL 2
signals, respectivelyz(P;),e(P,)=the measurement noises at
L1 andL2 respectivelyd,,®,=carrier phase measurements on
theL1 andL2 signals respectively; MP1,MP2multipath delays
on P, and P,, respectively; and; (i=1,2)=linear combina-
tions of integer ambiguity parametdia cycles N;,N, atL1,L 2,
respectively.

Since MP1 is assumed to be a zero-mean quarifycan be
computed by averaging all values of MBLis constant if there
are no cycle slips and then this value can be subtracted from the

where temp=[j+2872—(i—ig)-8], if temp=2,873 then
temp=temp-2,872;i is the reference day chosen to be sev-
eral days prior to the current day

4. Step 4: Generate the multiday multipath template for a ref-
erence station

MP13(i0,j,k)=|§: MP12(iq,j,k)/n (8)
=1

where: (1) If n=1, then MP£(i,,j,k) =single-day multi-
path template; and(2) if n>1, then MPZ2(iy,j.k)
=multiday multipath template.

Pseudorange Multipath Prediction Procedure

MP1 values computed at each epoch. The same procedure can b®nce the multipath template for MP1 is generated, it can be used

applied to MP2.
After removing the constant ternts; andK,, the simplified
Egs.(1) and(2) are

MP1=P,;—4.0915b,+3.0915D, ®)
MP2=P,—5.0915D, +4.0915D, Q)

Pseudorange Multipath Template Generation
Procedure

The multipath effect on GPS measurements depends on the physi
cal environment and the receiver—satellite geometry. As the GPS
satellites are in nearly circular orbits at an approximate altitude of
20,200 km, they will again be over the same position on the earth
surface at the end of a sidereal dapproximately 23 h 56 min in
length. Thus the viewing geometry is the same each day with
respect to the solar day, but with a shift of about 4 min per day.
When the physical environment remains unchanged from day to
day, then the multipath disturbance will be almost constant.

By making these assumptions, the multiday multipath template
at static GPS reference stations has been develdpadl1997,
1998, 2002; Lin and Rizos 1997Note that, for simplicity sake,
only the MP1 for a single GPS satellite is considered. The data

to predict the pseudorange multipath quantity if the paraméters
j;k are given. The procedure is summarized below.
1. Step 1: Predict the pseudorange multipath quaMm®i for

a specific dayi

MP1(i,j,k)=MP13(i o, temp1k) (9)

where MP1(i,j k) = predicted multipath(2,872 epochs in
length, and tempX[j+(i—ig)- 8], if temp1=2,873 then
templ=templ-2,872.

2. Step 2: Convert thMP1 file from 2,872 epochs in length to
2,880 epochs,=MP.lThe new data sequence is expressed as

MP1(i,j,k)=MP1(i,temp2k) when j<2872 10

MP1(i,j,k)=MP1(i,temp3k) when j=2873

where 1=j=<2,880, I=temp2<2,872, temp3-j-2,872.

The above procedure is also applicable for the prediction of
MP2. In addition, it can be used to predict the multipath for
pseudoranges with a varied data rate. However, jtheemp,
templ, temp2, temp3 terms in Eq%)—(10) must be modified
according to the data rate.

rate is assumed to be 30 s, that is, 2,880 epochs for a 24 h data

span. The procedure is summarized below.

1. Step 1: Compute constaldt for each continuous GPS sat-
ellite arc using Eq(1). Then, compute MP1 using E(B),
after removing the&; term, so that the general form of MP1
for any epoch can be expressed as

MP1(i,j,k) ©)
wherei (=1,2, ... ,365) denotes the day number of a year;
j (=1,2, ...,2,880) denotes the epoch number; &nd
(=1,2, ... ,31) denotes the GPS satellite PRN number.

2. Step 2: Convert the MPL1 file from 2,880 epochs in length to
2,872 epochs. The new data sequence MBZExpressed as
(8 epochs corresponds to a 4 min shift

MP11(i,j,k)=0.5[MP1(i,j k)
+MP1(i,j+2872k)] when j<8
MP1Y(i,j,k)=MP1(i,j,k) when 9<j<2872 (6)

3. Step 3: Transfer the MP1of the current dayi to MP12,
referred to as reference d@y, using the following relation:

MP1%(ig,j,k)=MP1(i,tempk) (7)

Application of Multipath Template to Real-Time
lonospheric Delay Estimation Using Global
Positioning System Measurements

lonospheric Delay Estimation Using Global Positioning
System Measurements

If dual-frequency GPS measurements are available, the absolute
measure of the ionospheric deldJEC), TR, can be computed
from the L1/L2 pseudorange measurements using the following
equation(Lin 1998):

TR=9.5196x[(P,— P1)— (MP2—MP1)] (11)

Note that this pseudorange estimated TEC, TR, is noisy due to
the effect of multipath and measurement noise. On the other hand,
the relative measure of the TEC, TS, can be calculated from the
L1/L2 carrier phase measurements using the following equation
(Lin 1998):

~9.5196x (0,—d,)+D (12)
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Table 1. Statistics of Real-Time Total Electron Content Estimate Table 2. Statistics of Real-Time Total Electron Content Estimate

Difference after Applying Various Single-Day MultipatliMP) Difference after Applying Various Multiday Multipath Templates

Templates (md MT)

Day of year Mean o Maximum Minimum md MT Mean I Maximum Minimum

71 0.00 0.00 0.00 0.00 1 day 0.33 0.09 0.39 0.10

70 0.33 0.09 0.39 0.10 2 day 0.21 0.08 0.29 0.02

69 0.41 0.09 0.51 0.12 3 day —0.40 0.09 -0.33 -0.67

68 —0.68 0.09 —0.60 —0.96 5 day 0.44 0.08 0.54 0.31

67 2.15 0.30 2.69 1.47 7 day 0.69 0.09 0.83 0.53

66 1.62 0.19 1.90 1.35 8 day 0.96 0.11 1.12 0.72

65 1.89 0.26 2.36 1.28 9 day 0.30 0.06 0.39 0.17

64 1.43 0.16 1.64 1.14 10 day —0.70 0.10 —0.56 —0.95

63 1.79 0.19 2.06 1.36 11 day —0.24 0.08 —0.19 —-0.51

62 0.02 0.04 0.06 -0.12 12 day —0.30 0.11 -0.21 —0.60

61 -1.11 0.18 —0.66 —1.43 13 day —1.23 0.20 —1.03 -1.73

60 0.79 0.11 0.94 0.44 15 day —-1.57 0.22 —-1.35 —2.15

59 0.22 0.11 0.30 —-0.03 16 day —-0.83 0.12 -0.75 -1.21

58 —1.33 0.23 -1.11 —1.89

56 —-1.21 0.19 —1.02 —-1.75

55 0.69 0.16 0.92 0.45 2002 at site CUA2. Both sites CUAL and CUA2 are located on
No MP 1.95 0.18 2.36 1.71 the roof of the College of Social Sciences Building of National

Chengchi Univ., Taiwan. Stations CUA1 and CUA2 are equipped
with ASHTECH Z-12 geodetic receivers, and coll€etA, P1,
where\ ;,\,= carrier wavelength§n meters of L1, L2, respec- andP2 pseudoranges andl andL2 carrier phase data, from all
tively; andD = product 9.5196 times the linear combination of the Visible GPS satellites every 30 s. The distance between site CUAL
integer amb|gu|ty parameteNl and NZ' Note that TR and TS and site CUA2 is about 70 m in Iength The cutoff angle is 10°.
are in units of TECU.

Data Processing

Application of Multipath Template Real-Time Total In order to generate multipath templates from previous days’ GPS
Electron Content Estimation data for a static reference station, a set of software, known as
In order to improve the accuracy of real-time ionospheric delay MULTIPAT (Lin 1998 was developed and revised based on the
estimation using GPS measurements, a novel approach was proabOVe-mentioned multlpath template technique. Hence, the main
posed(l_in 1997, 1998 Based on the proposed approach’ a real- functions of MULTIPAT are: (l) DeteCtlng the arc numbers for
time TEC estimation software package, knowrREBALTEG was each tracked GPS satellite in a 24 h défa,computing constants
developed. The main featuresREALTECare:(1) Application of K, andK; for each arc of each tracked GPS satellig;estimat-
a statistical test on the state, TEC, difference estimated from ro-ing pseudorange multipath delays MP1,MP2 for each satellite on
bust and conventional Kalman filters in order to detect and iden- @n epoch by epoch basi®}) generating various types of multi-
tify the carrier phase failute); (2) application of a Kalman filter ~ Path templates(5) predicting the multipath file of a specific day
algorithm to repair the identified carrier phase failgreand(3) from the multipath template; antb) calculating the TEC esti-
application of a multipath template to mitigate the pseudo-range Mates for all visible GPS satellites in a postprocessing mode. In
multipath effect on pseudoranges derived TEC, TR, to improve the postprocessing option, the phase leveling procedure is com-
the accuracy of real-time TEC estimation. monly used. This is accomplished by fitting the carrier phase
The multipath template at a static GPS reference station can be
generated from the GPS measurements of the previous days. In a
real-time TEC estimation application, the current day multipath Table 3. Statistics of Real-Time Total Electron Content Estimate
delays for MP1 and MP2 of Eq11) can be predicted beforehand Difference after Applying Various Two-Day Multipath(MP)
by the generated multipath templdies., MP1 and MP2 will be Templates

replaced byMP1 and MP2, respectively and stored in a file.  Two-day
Then, this multipath file is input to the real-time TEC estimation multipath

software,REALTEC Using Eq.(11), the multipath effect on the  template Mean o Maximum Minimum
pseudorange derived TEC estimate, TR, is mitigated for eachgg_ 79 021 0.08 0.29 0.02
tracked GPS satellite on an epoch by epoch basis. 68—69 ~013 0.05 005 034
63-64 1.57 0.16 1.79 1.22
. . 62-63 0.75 0.08 0.87 0.54
Test Results and Discussion 61-62 055 0.09 040 077
60-61 -0.17 0.08 -0.10 -0.41
Test Data 59-60 0.50 0.09 0.61 0.22
The NCCU data set was collected from March 3, 20D2y 62, 58-59 —067 0.17 —051 -1.10
2002 to March 9, 2002Day 68, 2002 at site CUAL and from 228 ~025 010 —0.15 —0.56
February 24, 200ZDay 55, 2002 to March 12, 2002Day 71, No MP 1.95 0.18 2.36 171
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Table 4. Statistics of Real-Time Total Electron Content Estimate Table 6. Statistics of Real-Time Total Electron Content Estimate

Difference after Applying Various Three-Day MultipatiMP) Difference after Applying Various Five-Day MultipathMP)
Templates Templates

Three-day Five-day

multipath multipath

template Mean I Maximum Minimum template Mean o Maximum Minimum
68-70 —0.40 0.09 -0.33 -0.67 66-70 0.44 0.08 0.54 0.31
67-69 -0.13 0.08 —-0.05 -0.34 65-69 0.47 0.10 0.61 0.30
66—68 0.47 0.110 0.61 0.30 64-68 0.72 0.11 0.89 0.54
65-67 1.62 0.19 1.90 1.35 63-67 1.57 0.19 1.80 1.27
64-66 151 0.17 1.74 1.25 62-66 1.16 0.12 1.34 0.92
63-65 1.57 0.16 1.79 1.22 61-65 0.47 0.06 0.56 0.34
62—-64 1.02 0.11 1.18 0.78 60—-64 0.53 0.07 0.63 0.35
61-63 0.06 0.05 0.10 —-0.10 59-63 0.16 0.07 0.22 —-0.03
60-62 -0.11 0.06 —0.04 -0.31 58-62 -0.34 0.11 -0.25 —0.64
59-61 —0.04 0.09 0.03 -0.28 57-61 —-0.43 0.12 -0.32 -0.76
58-60 -0.18 0.12 —0.09 -0.52 56-60 —0.49 0.14 -0.37 —-0.89
57-59 —-0.67 0.17 -0.51 -1.10 55-59 —0.58 0.13 —0.50 —0.96
56-58 —-1.27 0.21 —-1.07 —1.82 No MP 1.95 0.18 2.36 1.71
55-57 -0.25 0.10 -0.15 —0.56

No MP 1.95 0.18 2.36 171

raw GPS observation file of Day 71, are input to real-time TEC
estimating softwareREALTEG and used to generate real-time
derived TEC estimates, TS, to the unambiguous, but noisy, pseu-TEC estimates. The reference dgyn Eqg. (7) is set to 01(that is
dorange derived TEC estimates, TR. The outputs are then theDay 01, 2002 There were 28 GPS satellites that were tracked
so-called phase levelled TEC estimates. The multipath effects onduring the test period. Since the PRN 4 GPS satellite was tracked
the pseudorange derived TEC estimates will be mitigated after continuously about 8 lapproximately 930 epochgach day in
phase leveling. Note that the postprocessed TEC estimates menthe test data set, it was selected as the test object in the following
tioned in the following test results are referred to as the phasetests. For PRN 4, the estimated TEC differences between postpro-
leveled TEC estimates froflULTIPAT. On the other hand, an-  cessing and real-time processing are computed. Then the statisti-
other software packageREALTEGC can process the TEC esti- cal values, such as mean val(Mean, standard deviatioito),
mates for all visible GPS satellites in a real-time mode. maximum(Maximum), and minimum(Minimum) of these differ-

In order to test the effectiveness of applying the multipath ences, in units of TECU, are calculated and shown in Tables 1-9.
template technique to real-time TEC determination, the NCCU
data set of site CUA2 was processed first. The postprocessed TE
estimatedi.e., phase-leveled TEC estimates Day 71, 2002, at
site CUA2 for each PRN, are assumed to be the true values. Th
predicted multipath files of day 71 from various multipath tem- Table 1 shows the real-time TEC estimate difference statistics, a
plates(either single-day or multiday multipath templatesnd the comparison of applying different single-day multipath templates,

for PRN 4 at site CUA2, from Days 55 to 71, 2002. Day of a year

is denoted DoY. Note that the corresponding statistical values of
Table 5. Statistics of Real-Time Total Electron Content Estimate Day 71 on Table 1 are all zero. The reason is that the achieved
Difference after Applying Various Four-Day MultipatiMP) TEC accuracy frorREALTECis identical to that obtained from
Templates postprocessing if the single-day multipath template is generated
Four-day frqm the GPS data fro_m the current dae., Day 71 in thi; case
multipath (Lin 1997, 1998. Besides, No MP denotes the real-time TEC
template Mean o Maximum Minimum estimate result without applying any multipath template. Note that
no test result of Day 57i.e., DoY 57 was shown on Table 1

Q\/Iu/tiday Multipath Templates versus Single-Day
e/\/luh‘ipal‘h Templates

67-70 —0.40 0.09 —0.33 —0.67 since PRN 4 data was not available on that day. It can be seen that
66-69 0.45 0.08 0.55 031 the mean of TEC estimate differences is 1.95 TECU if no multi-
65-68 0.47 0.110 0.61 0.30 path template is applied. On the other hand, the accuracy of TEC
6467 151 0.17 1.74 1.25

63-66 1.57 0.17 1.80 1.27

62-65 1.03 0.11 118 0.78 Table 7. Mean Values Statistics of Tables 1-6

61-64 0.47 0.06 0.56 0.34 -

60—63 0.19 0.05 0.26 0.02 Multipath template type Group mean Group
59-62 —0.03 0.07 0.03 —0.24 1 day 0.64 1.20
58-61 —0.44 0.12 —-0.32 —0.76 Multiday -0.18 0.76

57-60 —0.18 0.12 —0.09 —0.52 2 day 0.14 0.71
56-69 —0.93 0.18 —0.76 —-1.41 3 day 0.23 0.89
55-58 —-0.61 0.12 —0.54 —1.00 4 day 0.24 0.78

No MP 1.95 0.18 2.36 1.71 5 day 0.31 0.68
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Table 8. Absolute Mean Values Statistics of Tables 1-6 Table 10. Statistics Indicating Arc Number, Epoch Number, and
Elevation Angle for Each Tracked Satellite at Site CUA2

Multipath template type Group mean Group
1 day 115 0.68 PRN Arc (s) Epoch(s) E-Max-1 E-Max-2 E-Max-3
Multiday 0.63 0.42 1 3 891 42 22 50
2 day 0.53 0.45 2 2 941 57 50 X
3 day 0.66 0.61 3 2 730 70 88 X
4 day 0.64 0.49 4 1 930 51 X X
5 day 0.61 0.39 5 2 740 18 52 X
6 2 820 35 32 X
7 1 849 73 X X
estimation can be appreciably improved if a single-day multipath g i gji Zg iz ))((
template is applied, even though the single-day multipath tem- 10 1 916 cc X N
plate of DoY 55 was generated from the GPS data of 15 days
earlier. 11 1 720 85 X X
Table 2 shows the real-time TEC estimate difference statistics, 13 3 934 32 35 82
a comparison of applying various multiday multipath templates, 1 821 2 X X
for PRN 4 at site CUA2, from Day 55 to 71, 2002. Column 1 of 3 820 12 55 15
Table 2, md MT, denotes the multipath templ&&T) was gen- 1 617 65 X X
erated using all previous multidays’ GPS ddtalative to Day 18 1 764 82 X X
71). For example, 1 day indicates that the multipath template was 20 2 859 53 18 X
generated using the GPS data from the previous 1(tt is, 21 1 665 75 X X
Day 70, in this case 2 day indicates the multipath template was 22 2 879 35 62 X
generated using the previous 2 days’ GPS ¢at is, from Days 23 1 923 60 X X
69 to 70, in this cageand so on. Since the mean values of DoY 24 1 913 60 X X
65 and DoY 67 are at the level of 2 TEQikferring to Table 1 25 2 930 20 55 X
and the PRN 4 data was not available on DoY 57, there was no26 1 793 75 X X
test result of 4, 6, 14, or 17 day shown in Table 2. From this table, 27 2 701 61 11 X
it can be seen thatl) Most of the mean values after applying 28 1 686 81 X X
various multiday multipath templates are at the level=df.00 29 1 890 55 X X
TECU and(2) the accuracy of TEC estimation can be appreciably 30 1 630 65 X X
improved if a multiday multipath template is applied. 31 2 824 72 62 X

From these two tables, it is obvious thét) The accuracy of
real-time TEC estimates can be appreciably improvedsirgle-
day or multiday multipath template is applied ar(@) generally Again, for a PRN 4 GPS satellite, the postprocessed TEC es-
speaking, the effectiveness of multiday multipath templates on timate of Day 71, 2002 are assumed to be the true values. Then,
real-time TEC estimation are better than that of single-day mul- the predicted multipath files of Day 71 from various multiday
tipath templates. multipath templates and the raw GPS observation file of Day 71
are input toREALTEG and used to generate real-time TEC esti-
mates. The mean valy#lean, standard deviatiofw), maximum
(Maximum), and minimum(Minimum) of these TEC differences,
in units of TECU, are computed.

According to the above-mentioned test results, in most cases the Four types of multiday multipath templates are generated: A 2
effectiveness of multiday multipath templates on real-time TEC day multipath templat€2 day MT), a 3 day multipath template
estimation are better than that of single-day multipath templates.day MT), a 4 day multipath templatét day MT), and a 5 day
However, several issues should be considered before applying thenultipath templatg5 day MT). Their corresponding test results
multipath template technique to real-time TEC estimation. For are summarized in Tables 3—6, respectively. These multiday mul-
example, how many days’ GPS data should be used to generate &ipath templates are generated using a process similar to a moving
multipath template? Hence, in order to further study the effective- average. For example, in order to generate 2 day multipath tem-
ness of the multiday multipath template on real-time TEC estima- plates, GPS data sets of Days 70 and 69 are used to generate the
tion, various types of multiday multipath templates were tested. 69—70 multipath template; then, GPS data sets of Days 69 and 68
are used to generate the 68—69 multipath template, and so on.
Due to their poor accuracy or availability, some of the single-day
multipath templates are not used to generate multiday multipath
Table 9. Absolute Mean ValuegLess Than 0.90 Total Electron templates, such as the single-day multipath templates of Days 67,
Content Uni} Statistics of Tables 1-6 65, and 57.
Multipath template type Group mean Group From Tables 3 to 6, it can be seen thdf: Most of the abso-
lute mean values are less than 1.00 TECU é@hdhe mean val-

Multiday Multipath Templates Versus Multiday
Multipath Templates

1 day 0.68 0.44 ues of the multiday multipath templates are highly correlated to

2 day 0.40 0.24 ) . . .

3d 0.36 0.38 those of the corresponding single-day multipath templétes

4 day 0'36 0'18 example, the mean values of DoY 63 and 64 of Table 1 are 1.79
ay : : and 1.43 TECU, respectively, and the mean value of 63—64 of

5 day 0.46 0.15

Table 3 is 1.57 TECU
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Table 11. Comparisons of Means of Real-Time Total Electron Current Estimate Difference for 28 Tracked Satellites at Site CUA2 after Applying
Various Multipath Templates

PRN 1 day(70) 2 day(55-56 3 day(56-58 4 day(55-589 5 day(55-59 No multipath
1 0.60 0.31 1.02 1.02 1.09 5.07
2 0.49 —-0.03 0.09 —-0.26 —-0.36 —-0.16
3 0.65 1.03 1.48 1.19 1.39 1.1
4 0.33 -0.25 -1.27 —-0.61 -0.58 2.03
5 2.62 3.32 2.76 2.98 2.69 2.66
6 -0.21 —-2.02 -0.73 —0.65 —-0.29 0.27

7 —-0.52 -0.27 -0.20 -0.12 —-0.02 -0.78
8 —-1.24 0.38 —-0.47 —0.60 —-0.80 8.48

9 0.52 0.05 0.36 0.02 0.11 0.00
10 -0.20 —-2.52 —-0.52 —-0.92 -0.27 -0.19
11 -1.00 -0.40 -1.13 —0.68 —-0.45 1.34
13 -0.20 0.13 -0.12 -0.13 -0.14 0.46
14 0.25 0.01 0.77 0.03 0.03 0.01
15 0.67 0.68 1.54 0.57 0.51 6.68
17 0.43 —-0.44 —-0.76 —-1.42 -0.97 0.68
18 0.04 -0.02 0.22 0.20 0.03 0.09
20 —-0.07 —-0.36 —-0.63 —-0.47 —0.46 -0.83
21 0.58 —-3.05 —2.53 —2.40 —-2.29 0.87
22 0.18 1.09 1.21 1.04 0.94 1.69
23 —-0.14 —0.45 —-0.42 —-0.39 —-0.39 —-0.41
24 2.01 0.47 —-0.63 0.31 —-0.24 2.01
25 1.25 —-0.06 -0.07 -0.07 —0.06 0.02
26 13.69 13.57 13.69 13.57 11.87 13.69
27 —-0.49 —0.48 —0.49 —-0.49 —-0.50 —-0.43
28 —-0.83 0.62 0.46 0.25 0.41 0.45
29 -0.12 -0.15 -0.18 -0.16 -0.14 -0.11
30 8.13 5.05 6.02 5.05 3.1 8.77
31 0.4 0.29 0.17 0.17 0.28 —-0.95

In order to further study the effectiveness of various types of Performance Evaluation Using Other Satellites
multiday multipath templates, the averag@soup meaih and
standard deviationégroup o) of mean valuegMean of Tables The above-mentioned test results were derived from those tests on
1—6 are computed and summarized in Table 7. Column 1 of Table@ PRN 4 satellite at site CUA2 using the proposed multipath
7, MT type, denotes the multipath template type. From Table 7, it template approach. Besides, those test results indicate that multi-
is obvious that(1) The smallest average is0.18 TECU of the  Ppath templates are useful for mitigating the multipath effects on
multiday multipath template, an@) the averages of 2, 3, 4, and GPS pseudorange derived TEC at a static site. However, is it still
5 day are about 0.14—0.31 TECU. valid to apply the proposed multipath template to other GPS sat-
Besides, the absolute values of those mean values from Table€llites at site CUA2 or at other sites? The following test results
1 to 6 are computed and shown in Table 8. From Table 8, it can bepresented in this section attempt to answer this question.
seen that(1) The average from 2-day multipath templates is 0.53  First, the GPS data set at sitt CUA2 was processed. As men-
TECU (the smallestand (2) the averages from 3, 4, and 5 day tioned before, the postprocessed TEC estimates of Day 71, 2002,
multipath templates are about 0.60 TECU. at site CUA2 for each tracked satellite, are assumed to be the true
From Tables 1 to 6, it can be seen that some absolute mearvalues. The predicted multipath files of Day 71 from various mul-
values are larger than 0.90 TECU. In order to further analyze the tipath templates, and the GARRENEX files (observation file and
test results, if the absolute mean values of Tables 1—6 are smallehavigation filg of Day 71, are input to real-time TEC estimating
than 0.90 TECU, then they are included in the following Group software. Accordingly, the means of the estimated TEC differ-
mean and Group computations. The results are shown in Table ences between postprocessing and real-time processing are com-
9. From Table 9, it can be seen that: The averages from 3 or 4 dayputed and analyzed. According to the test data, there were 28 GPS
multipath templates are 0.36 TEClthe smallest However, the satellites tracked at site CUA2.
standard deviation of 4 day is 0.18 TECU only. The averages Table 10 shows the statistics for arc humber, epoch number,
from 2, and 5 day multipath templates are 0.40 and 0.46 TECU, and elevation angle for these 28 satellites. E-Max-1, E-Max-2,
respectively. and E-Max-3(all in units of degreesof Table 10 represent the
From these test results it is concluded tHa): The absolute maximum elevation angle of a GPS satellite along arcs 1, 2, and
mean values of real-time TEC estimate differences after applying 3, respectively. Since the cutoff angle of the test data is 10°, the
2-5 day multipath templates are in the range of 0.36—-0.46 TECU minimum elevation angles for all satellites are 10°. Arc denotes
and(2) the GPS data sets from previous days at a static site canthe arc number of a tracked satellite during a 24 h period, and
be used to generate various types of multipath templates. Epoch denotes the epoch number of a tracked satellite during a 24
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Table 12. Comparisons of Means of Real-Time Total Electron Current Estimate Difference for Two Tracked Satellites, with Cutoff Angle Set at
15° at Site CUA2 after Applying 5 Day Multipath Template

5 day(55-59 multipath template No multipath
PRN Mean o Maximum Minimum Mean o Maximum Minimum
26 =177 0.14 —-1.53 —2.00 0.15 0.03 0.22 0.10
30 3.75 0.21 4.21 3.42 3.96 0.24 4.41 3.63

h period. One epoch corresponds to 30 s. From Table 10, it can begwith a cutoff angle of 10°to 0.15 TECU. Based on the forego-
seen that(1) 15 satellites have only 1 ar¢?) ten satellites have  ing discussion, PRN 26 should be free from any further multipath
2 arcs, and3) only three satellites have 3 arcs. mitigating process if its cutoff angle is 15°. However, for PRN 30,
Five types of multipath templates were selected to predict the the means of 5 day and No MP are still larger than 3.0 TECU
multipath files of Day 71. The selected multipath templates were even if its cutoff angle is 15°.
1 day(70), 2 day(55-586, 3 day(56-58, 4 day(55-58, and 5 From Table 13, for PRN 26, the means of 5 day and No MP
day (55-59. Note that 1 day(70) denotes the 1 day multipath are —0.01 and—0.04 TECU, respectively, if its cutoff angle is
template generated from the GPS data of day 70, 2(85y56 20°. On the other hand, for PRN 30, the mean of 5 day is reduced
denotes the 2 day multipath template generated from the GPSfrom 3.75 TECU(with a cutoff angle of 15°to —1.69 TECU and
data of Days 55 and 56, and so on. Comparisons of the mi@ans the mean of No MP is reduced from 3.96 TEQWith a cutoff
units of TECU of real-time TEC estimate differences for each angle of 15 to —1.71 TECU.
PRN at site CUA2 after applying the above-mentioned multipath ~ From the above-mentioned test results of over 28 satellites, it
templates are summarized in Table 11. Please note that No MP orcan be concluded thatl) The pseudorange multipath effects on
Table 11 denotes the test result without application of any multi- real-time TEC estimates can be mitigated significantly for most of
path template. the tracked satellites if various multipath templates were applied;
From Table 11, it can be seen thét) The pseudorange mul-  (2) the performance of 4 and 5 day multiday multipath templates
tipath effects on real-time TEC estimates can be mitigated signifi- are better than that of other types of multipath templates;(@nd
cantly for most of the tracked satellitésxcept PRN 2LLif vari- if the absolute value of the mean of No MP for a satellite is less
ous multipath templates were applied2) usually the than the threshold valug.g., 0.5 TECUYthen this satellite is free
performance of 4 and 5 day multiday multipath templates are from any further multipath mitigating process.
better than that of other types of multipath templates, such as 2 or
3 day, and(3) there are a few satellites with very low means in
cases of applying no multipath template, for example the No MP
mean is 0.01 TECU for PRN 14. On the other hand, the means ofIn order to further study the validation of the proposed approach
5 day for those satellites are very small, too. However, from a using different sites, another NCCU data set from site CUA1 was
practical point of view, it is suggested that if the absolute value of processed. The cutoff angle was 10°. In the following tests, the
the mean of No MP for a satellite is less than a threshold value postprocessed TEC estimatgég., phase-leveled TEC estimates
(e.g., 0.5 TECUYthen this satellite be free from any further mul- of Day 68, 2002, at site CUAL for each PRN, are assumed to be
tipath mitigating process. the true values. The predicted multipath files of Day 68 from
According to the results of Table 11, the means of 5 day for various multipath templatds.e., 1 day(62), 2 day(62—-63, and
PRN 26 and 30 are larger than 3.0 TECU. Besides, these two3 day(62—-63—-65%], and the raw GPS observation file of Day 68,
satellites have only 1 arc each as indicated in Table 10. In order toare input to real-time TEC estimating softwaREALTEC and
further study the relationship between the multipath effects on used to generate real-time TEC estimates. For each PRN, the
TEC estimates and the elevation angles of satellites, the data seestimated TEC differences between postprocessing and real-time
of CUA2 were tested again using the above-mentioned data pro-processing are computed. Then the mean valMesn), standard
cessing procedure. However, several factors are different from thedeviations(o), maximum(Maximum), and minimum(Minimum)
above-mentioned test$l) Only 5 day (55-59 multipath tem- of these differences, in units of TECU, are calculated.
plate and No MP were teste(®) only the results of PRN 26 and Since sites CUAL and CUA2 are located on the roof of the
30 were analyzed and displaye@®) the cutoff angle of the data  same building, and their distance is only about 70 m apart, the
set was changed to 15°, the results being shown in Table 12, andstatistics of arc number, epoch number, and elevation angle for
(4) the cutoff angle of the data set was changed to 20°, with the each tracked satellite at site CUA1 is similar to that of site CUA2
results shown in Table 13. (refer to Table 10 The test results of site CUAL are shown in
From Table 12, for PRN 26, the mean of 5 day is reduced from Table 14. Note that those satellites with small No MP mears
11.87 TECU(with a cutoff angle of 10Pto —1.77 TECU. On the 1.0 TECU are not shown in Table 14. From Table 14, it can be
other hand, the mean of No MP is reduced from 13.67 TECU seen that{1) The pseudorange multipath effects on real-time TEC

Performance Evaluation Using Different Site

Table 13. Comparisons of Means of Real-Time Total Electron Content Estimate Difference for Two Tracked Satellites, with Cutoff Angle Set at
20° at Site CUA2 after Applying 5 Day Multipath Template

5 day(55-59 multipath template No multipath
PRN Mean T Maximum Minimum Mean > Maximum Minimum
26 -0.01 0.02 0.01 —0.05 —0.04 0.02 0.00 —0.08
30 —-1.69 0.11 —-1.50 —1.88 -1.71 0.09 —1.50 —1.88
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Table 14. Comparisons of Mean of Real-Time Total Electron On the other hand, some issues should be considered before
Content Estimate Difference for 13 Tracked Satellites at Site CUA1 applying the proposed multiday multipath template technique to
after Applying Various Multipath Templates practical applications(1) The L1/L2 dual frequency GPS mea-

PRN 1day(62 2 day(62—-63 3 day(62—63-6% No multipath surements of previous days at a static site are requigdhe
parameterg, temp, templ, temp2, and temp3 in E¢S)—(10)

1 3.83 4.27 4.12 4.38 must be modified according to the real data r&8;the single-
6 0.00 0.10 0.10 3.84 day multipath templates should be generated and tested initially in
7 0.72 0.87 0.29 1.96 order to get the qualified GPS data sét;then, the 5 day mul-
9 5.42 .17 2.49 4.71 tipath templates can be generated using the qualified GPS data
11 4.2 2.83 19 2.14 sets; and(5) the generated 5 day multipath template must be
14 —0.43 —0.10 —0.69 1.37 evaluated periodicallyfor example, after 20 days
18 0.90 1.69 2.33 3.22
20 2.24 0.84 -0.24 4.21 Acknowledgment
21 6.83 5.58 5.82 5.87
23 —0.09 —0.77 0.49 1.65 The work presented in this paper was funded, in part, by the
25 1.36 2.74 1.70 2.00 National Science Council, Taiwan, R.O.C., Project No. NSC 90-
27 2.88 1.64 -0.28 4.18 2211-E-004-001.
28 4.09 4.17 3.85 6.61
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