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Application of Multipath Template Technique to Real-Time
Ionospheric Delay Estimation Using Global Positioning

System Measurements
Lao-Sheng Lin1

Abstract: When global positioning system~GPS! signals propagate through the ionosphere, they experience an extra time de
ionospheric delay can be estimated usingL1/L2 GPS measurement. In order to mitigate the pseudorange multipath effect on re
ionospheric delay estimation, the multiday multipath template technique has been developed. The algorithm permits the ps
multipath error for a specific day to be corrected using the generated multipath template. Data from National Chengchi Uni
Taiwan was used to test the application of the multipath template to real-time ionospheric delay estimation. Test results indica~1!
The performance of the various 5 day multipath templates is better than that of other multiday multipath templates and~2! the multipath
template technique is an effective method to mitigate the GPS pseudorange multipath and should be implemented at refere
within local-area differential GPS, wide-area differential GPS, and wide-area augmentation system networks, GPS deformatio
ing networks, etc.

DOI: 10.1061/~ASCE!0733-9453~2004!130:2~104!

CE Database subject headings: Global positioning; Delay time; Estimation; Measurement.
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Introduction

The ionosphere is a shell of electrons and electrically cha
atoms and molecules that surrounds the earth, stretching f
height of about 50 km to more than 1,000 km above the e
surface. When radio waves such as global positioning sy
~GPS! signals propagate through the ionosphere they suffe
extra time delay. This time delay is related to the total elec
content~TEC! of the ionosphere. The TEC is defined as the t
number of electrons that are contained in a column with a c
sectional area of 1 m2 along the signal path between the sate
and the receiver. The unit of measurement is~el/m2!. One tota
electron content unit~TECU! is defined as: 1016 el/m2. Please
note that 1 m of ionospheric range delay atL1 signal correspond
to about 6.16 TECU~Lin 1998!.

The ionospheric delay is one of the main sources of err
precise global positioning system~GPS! positioning and naviga
tion. A dual-frequency GPS receiver can eliminate~to the first
order! the ionospheric delay through a linear combination ofL1
and L2 measurements~Hofmann-Wellenhof et al. 1994!. How-
ever, low-cost, single-frequency GPS receivers cannot use
option. Consequently, it is beneficial to estimate ionospheric
lays over a region of interest, in real time, to support sin
frequency GPS positioning and navigation applications.

There are several factors which should be considered b
using dual-frequency GPS receivers to estimate, in real time

1Assistant Professor, Dept. of Land Economics, National Chen
Univ., 64, Section 2, Chihnan Rd., Taipei 116, Taiwan.

Note. Discussion open until October 1, 2004. Separate discus
must be submitted for individual papers. To extend the closing da
one month, a written request must be filed with the ASCE Mana
Editor. The manuscript for this paper was submitted for review and
sible publication on August 30, 2002; approved on April 26, 2003.
paper is part of theJournal of Surveying Engineering, Vol. 130, No. 2

May 1, 2004. ©ASCE, ISSN 0733-9453/2004/2-104–111/$18.00.
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ionospheric delay. One of them, the pseudorange multipath
on real-time ionospheric delay estimation, is considered in
paper. Various methods for reducing multipath have been d
oped. The multipath template technique has been proposed
reduction of the effects of pseudorange multipath on a real
GPS ionospheric monitoring system~Coco et al. 1993!. The writ-
ers used single-day data to generate a template, and demon
that it was an effective way to reduce multipath effects for io
spheric monitoring applications.

A multiday multipath template technique~Lin 1997; Lin and
Rizos 1997! was proposed which used dual-frequency GPS
ceivers at known stations to estimate and reduce the multipa
each pseudorange measurement, on an epoch by epoch b
was shown that the performance of the multi-day multipath
plate technique is superior to that of the single-day techniqu

In order to improve the accuracy of the real-time ionosph
delay estimate, the multiday multipath templates, generated
the previous days’ GPS data, are applied to mitigate the ps
range multipath and improve the accuracy of the absolute
spheric delay estimation.

In this paper, the concept and methodology of the revised
tiday multipath template approach are first introduced. Then
results from the National Chengchi University~NCCU! data are
presented to demonstrate the improved performance of th
proach for real-time ionospheric delay estimation using GPS
surements.

Multipath Template Technique

Pseudorange Multipath Detection Equations

It is assumed that the carrier phase multipath~plus noise! is small
compared to the pseudorange multipath~plus noise!, and can b
accounted for in the following development. By forming the

propriate linear combination of dual-frequency GPS measure-

30:104-111.
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ments, expressions for pseudorange multipath~Rocken et al
1994; Rizos 1997! can be obtained~in units of meters!:

MP11«~P1!1K15P124.0915F113.0915F2 (1)

MP21«~P2!1K25P225.0915F114.0915F2 (2)

whereP1 ,P25pseudorange observations made on theL1 andL2
signals, respectively;«(P1),«(P2)5the measurement noises
L1 andL2 respectively;F1 ,F25carrier phase measurements
theL1 andL2 signals respectively; MP1,MP25multipath delay
on P1 and P2 , respectively; andKi ( i 51,2)5 linear combina
tions of integer ambiguity parameters~in cycles! N1 ,N2 at L1,L2,
respectively.

Since MP1 is assumed to be a zero-mean quantity,K1 can be
computed by averaging all values of MP1~it is constant if ther
are no cycle slips!, and then this value can be subtracted from
MP1 values computed at each epoch. The same procedure
applied to MP2.

After removing the constant termsK1 andK2 , the simplified
Eqs.~1! and ~2! are

MP15P124.0915F113.0915F2 (3)

MP25P225.0915F114.0915F2 (4)

Pseudorange Multipath Template Generation
Procedure

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

By making these assumptions, the multiday multipath tem
at static GPS reference stations has been developed~Lin 1997,
1998, 2002; Lin and Rizos 1997!. Note that, for simplicity sake
only the MP1 for a single GPS satellite is considered. The
rate is assumed to be 30 s, that is, 2,880 epochs for a 24 h
span. The procedure is summarized below.
1. Step 1: Compute constantK1 for each continuous GPS s

ellite arc using Eq.~1!. Then, compute MP1 using Eq.~3!,
after removing theK1 term, so that the general form of MP
for any epoch can be expressed as

MP1~ i , j ,k! (5)

wherei (51,2, . . . ,365) denotes the day number of a y
j (51,2, . . . ,2,880) denotes the epoch number; ank
(51,2, . . . ,31) denotes the GPS satellite PRN numbe

2. Step 2: Convert the MP1 file from 2,880 epochs in leng
2,872 epochs. The new data sequence MP11 is expressed a
~8 epochs corresponds to a 4 min shift!

MP11~ i , j ,k!50.5•@MP1~ i , j ,k!

1MP1~ i , j 12872,k!# when j <8

MP11~ i , j ,k!5MP1~ i , j ,k! when 9< j <2872 (6)

3. Step 3: Transfer the MP11 of the current dayi to MP12,
referred to as reference dayi 0 , using the following relation

2 1
MP1 ~ i 0 , j ,k!5MP1 ~ i ,temp,k! (7)

J
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where temp5@ j 128722( i 2 i 0)•8#, if temp>2,873 then
temp5temp-2,872;i 0 is the reference day chosen to be s
eral days prior to the current dayi.

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

MP13~ i 0 , j ,k!5(
l 51

n

MP12~ i 0 , j ,k!/n (8)

where: ~1! If n51, then MP13( i 0 , j ,k)5single-day multi
path template; and~2! if n.1, then MP13( i 0 , j ,k)
5multiday multipath template.

Pseudorange Multipath Prediction Procedure

Once the multipath template for MP1 is generated, it can be
to predict the pseudorange multipath quantity if the parameti,
j,k are given. The procedure is summarized below.
1. Step 1: Predict the pseudorange multipath quantityMP1 for

a specific dayi

MP1~ i , j ,k!5MP13~ i 0 ,temp1,k! (9)

where MP1(i , j ,k)5predicted multipath~2,872 epochs i
length!, and temp15@ j 1( i 2 i 0)•8#, if temp1>2,873 then
temp15temp1-2,872.

2. Step 2: Convert theMP1 file from 2,872 epochs in length
2,880 epochs, MP1%. The new data sequence is expresse

MP1%~ i , j ,k!5MP1~ i ,temp2,k! when j <2872
~10!

MP1%~ i , j ,k!5MP1~ i ,temp3,k! when j >2873

where 1< j <2,880, 1<temp2<2,872, temp35 j -2,872.
The above procedure is also applicable for the predictio

MP2. In addition, it can be used to predict the multipath
pseudoranges with a varied data rate. However, thej, temp,
temp1, temp2, temp3 terms in Eqs.~5!–~10! must be modifie
according to the data rate.

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

Ionospheric Delay Estimation Using Global Positioning
System Measurements

If dual-frequency GPS measurements are available, the ab
measure of the ionospheric delay~TEC!, TR, can be compute
from the L1/L2 pseudorange measurements using the follo
equation~Lin 1998!:

TR59.51963@~P22P1!2~MP22MP1!# (11)

Note that this pseudorange estimated TEC, TR, is noisy d
the effect of multipath and measurement noise. On the other
the relative measure of the TEC, TS, can be calculated from
L1/L2 carrier phase measurements using the following equ
~Lin 1998!:

TS59.51963@~F12F2!2~l1N12l2N2!#
59.51963~F12F2!1D (12)
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wherel1 ,l25carrier wavelengths~in meters! of L1, L2, respec
tively; andD5product 9.5196 times the linear combination of
integer ambiguity parametersN1 and N2 . Note that TR and T
are in units of TECU.

Application of Multipath Template Real-Time Total
Electron Content Estimation

In order to improve the accuracy of real-time ionospheric d
estimation using GPS measurements, a novel approach wa
posed~Lin 1997, 1998!. Based on the proposed approach, a r
time TEC estimation software package, known asREALTEC, was
developed. The main features ofREALTECare:~1! Application of
a statistical test on the state, TEC, difference estimated from
bust and conventional Kalman filters in order to detect and i
tify the carrier phase failure~s!; ~2! application of a Kalman filte
algorithm to repair the identified carrier phase failure~s!, and~3!
application of a multipath template to mitigate the pseudo-r
multipath effect on pseudoranges derived TEC, TR, to imp
the accuracy of real-time TEC estimation.

The multipath template at a static GPS reference station c
generated from the GPS measurements of the previous day
real-time TEC estimation application, the current day multip
delays for MP1 and MP2 of Eq.~11! can be predicted beforeha
by the generated multipath template~i.e., MP1 and MP2 will be
replaced byM P1% and M P2% , respectively! and stored in a file
Then, this multipath file is input to the real-time TEC estima
software,REALTEC. Using Eq.~11!, the multipath effect on th
pseudorange derived TEC estimate, TR, is mitigated for
tracked GPS satellite on an epoch by epoch basis.

Test Results and Discussion

Test Data

The NCCU data set was collected from March 3, 2002~Day 62,
2002! to March 9, 2002~Day 68, 2002! at site CUA1 and from

Table 1. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Single-Day Multipath~MP!
Templates

Day of year Mean s Maximum Minimum

71 0.00 0.00 0.00 0.00
70 0.33 0.09 0.39 0.10
69 0.41 0.09 0.51 0.12
68 20.68 0.09 20.60 20.96
67 2.15 0.30 2.69 1.47
66 1.62 0.19 1.90 1.35
65 1.89 0.26 2.36 1.28
64 1.43 0.16 1.64 1.14
63 1.79 0.19 2.06 1.36
62 0.02 0.04 0.06 20.12
61 21.11 0.18 20.66 21.43
60 0.79 0.11 0.94 0.44
59 0.22 0.11 0.30 20.03
58 21.33 0.23 21.11 21.89
56 21.21 0.19 21.02 21.75
55 0.69 0.16 0.92 0.45
No MP 1.95 0.18 2.36 1.71
February 24, 2002~Day 55, 2002! to March 12, 2002~Day 71,
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2002! at site CUA2. Both sites CUA1 and CUA2 are located
the roof of the College of Social Sciences Building of Natio
Chengchi Univ., Taiwan. Stations CUA1 and CUA2 are equip
with ASHTECH Z-12 geodetic receivers, and collectC/A, P1,
andP2 pseudoranges andL1 andL2 carrier phase data, from
visible GPS satellites every 30 s. The distance between site C
and site CUA2 is about 70 m in length. The cutoff angle is 1

Data Processing

In order to generate multipath templates from previous days’
data for a static reference station, a set of software, know
MULTIPAT ~Lin 1998! was developed and revised based on
above-mentioned multipath template technique. Hence, the
functions ofMULTIPAT are: ~1! Detecting the arc numbers f
each tracked GPS satellite in a 24 h data;~2! computing constan
K1 andK2 for each arc of each tracked GPS satellite;~3! estimat-
ing pseudorange multipath delays MP1,MP2 for each satelli
an epoch by epoch basis;~4! generating various types of mu
path templates;~5! predicting the multipath file of a specific d
from the multipath template; and~6! calculating the TEC est
mates for all visible GPS satellites in a postprocessing mod
the postprocessing option, the phase leveling procedure is
monly used. This is accomplished by fitting the carrier ph

Table 2. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Multiday Multipath Templa
~md MT!

md MT Mean s Maximum Minimum

1 day 0.33 0.09 0.39 0.10
2 day 0.21 0.08 0.29 0.02
3 day 20.40 0.09 20.33 20.67
5 day 0.44 0.08 0.54 0.31
7 day 0.69 0.09 0.83 0.53
8 day 0.96 0.11 1.12 0.72
9 day 0.30 0.06 0.39 0.17
10 day 20.70 0.10 20.56 20.95
11 day 20.24 0.08 20.19 20.51
12 day 20.30 0.11 20.21 20.60
13 day 21.23 0.20 21.03 21.73
15 day 21.57 0.22 21.35 22.15
16 day 20.83 0.12 20.75 21.21

Table 3. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Two-Day Multipath~MP!
Templates

Two-day
multipath
template Mean s Maximum Minimum

69–70 0.21 0.08 0.29 0.02
68–69 20.13 0.05 20.05 20.34
63–64 1.57 0.16 1.79 1.22
62–63 0.75 0.08 0.87 0.54
61–62 20.55 0.09 20.40 20.77
60–61 20.17 0.08 20.10 20.41
59–60 0.50 0.09 0.61 0.22
58–59 20.67 0.17 20.51 21.10
55–56 20.25 0.10 20.15 20.56
No MP 1.95 0.18 2.36 1.71
30:104-111.
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derived TEC estimates, TS, to the unambiguous, but noisy,
dorange derived TEC estimates, TR. The outputs are the
so-called phase levelled TEC estimates. The multipath effec
the pseudorange derived TEC estimates will be mitigated
phase leveling. Note that the postprocessed TEC estimates
tioned in the following test results are referred to as the p
leveled TEC estimates fromMULTIPAT. On the other hand, a
other software package,REALTEC, can process the TEC es
mates for all visible GPS satellites in a real-time mode.

In order to test the effectiveness of applying the multip
template technique to real-time TEC determination, the NC
data set of site CUA2 was processed first. The postprocesse
estimates~i.e., phase-leveled TEC estimates! of Day 71, 2002, a
site CUA2 for each PRN, are assumed to be the true values
predicted multipath files of day 71 from various multipath te
plates~either single-day or multiday multipath templates!, and the

Table 4. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Three-Day Multipath~MP!
Templates

Three-day
multipath
template Mean s Maximum Minimum

68–70 20.40 0.09 20.33 20.67
67–69 20.13 0.08 20.05 20.34
66–68 0.47 0.110 0.61 0.30
65–67 1.62 0.19 1.90 1.35
64–66 1.51 0.17 1.74 1.25
63–65 1.57 0.16 1.79 1.22
62–64 1.02 0.11 1.18 0.78
61–63 0.06 0.05 0.10 20.10
60–62 20.11 0.06 20.04 20.31
59–61 20.04 0.09 0.03 20.28
58–60 20.18 0.12 20.09 20.52
57–59 20.67 0.17 20.51 21.10
56–58 21.27 0.21 21.07 21.82
55–57 20.25 0.10 20.15 20.56
No MP 1.95 0.18 2.36 1.71

Table 5. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Four-Day Multipath~MP!
Templates

Four-day
multipath
template Mean s Maximum Minimum

67–70 20.40 0.09 20.33 20.67
66–69 0.45 0.08 0.55 0.31
65–68 0.47 0.110 0.61 0.30
64–67 1.51 0.17 1.74 1.25
63–66 1.57 0.17 1.80 1.27
62–65 1.03 0.11 1.18 0.78
61–64 0.47 0.06 0.56 0.34
60–63 0.19 0.05 0.26 0.02
59–62 20.03 0.07 0.03 20.24
58–61 20.44 0.12 20.32 20.76
57–60 20.18 0.12 20.09 20.52
56–69 20.93 0.18 20.76 21.41
55–58 20.61 0.12 20.54 21.00
No MP 1.95 0.18 2.36 1.71
J
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raw GPS observation file of Day 71, are input to real-time T
estimating software,REALTEC, and used to generate real-ti
TEC estimates. The reference dayi 0 in Eq. ~7! is set to 01~that is
Day 01, 2002!. There were 28 GPS satellites that were trac
during the test period. Since the PRN 4 GPS satellite was tra
continuously about 8 h~approximately 930 epochs! each day in
the test data set, it was selected as the test object in the follo
tests. For PRN 4, the estimated TEC differences between po
cessing and real-time processing are computed. Then the s
cal values, such as mean value~Mean!, standard deviation~s!,
maximum~Maximum!, and minimum~Minimum! of these differ
ences, in units of TECU, are calculated and shown in Tables

Multiday Multipath Templates versus Single-Day
Multipath Templates

Table 1 shows the real-time TEC estimate difference statist
comparison of applying different single-day multipath templa
for PRN 4 at site CUA2, from Days 55 to 71, 2002. Day of a y
is denoted DoY. Note that the corresponding statistical valu
Day 71 on Table 1 are all zero. The reason is that the ach
TEC accuracy fromREALTECis identical to that obtained fro
postprocessing if the single-day multipath template is gene
from the GPS data from the current day~i.e., Day 71 in this case!
~Lin 1997, 1998!. Besides, No MP denotes the real-time T
estimate result without applying any multipath template. Note
no test result of Day 57~i.e., DoY 57! was shown on Table
since PRN 4 data was not available on that day. It can be see
the mean of TEC estimate differences is 1.95 TECU if no m
path template is applied. On the other hand, the accuracy of

Table 6. Statistics of Real-Time Total Electron Content Estim
Difference after Applying Various Five-Day Multipath~MP!
Templates

Five-day
multipath
template Mean s Maximum Minimum

66–70 0.44 0.08 0.54 0.31
65–69 0.47 0.10 0.61 0.30
64–68 0.72 0.11 0.89 0.54
63–67 1.57 0.19 1.80 1.27
62–66 1.16 0.12 1.34 0.92
61–65 0.47 0.06 0.56 0.34
60–64 0.53 0.07 0.63 0.35
59–63 0.16 0.07 0.22 20.03
58–62 20.34 0.11 20.25 20.64
57–61 20.43 0.12 20.32 20.76
56–60 20.49 0.14 20.37 20.89
55–59 20.58 0.13 20.50 20.96
No MP 1.95 0.18 2.36 1.71

Table 7. Mean Values Statistics of Tables 1–6

Multipath template type Group mean Groups

1 day 0.64 1.20
Multiday 20.18 0.76
2 day 0.14 0.71
3 day 0.23 0.89
4 day 0.24 0.78
5 day 0.31 0.68
OURNAL OF SURVEYING ENGINEERING © ASCE / MAY 2004 / 107
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estimation can be appreciably improved if a single-day multi
template is applied, even though the single-day multipath
plate of DoY 55 was generated from the GPS data of 15
earlier.

Table 2 shows the real-time TEC estimate difference stati
a comparison of applying various multiday multipath templa
for PRN 4 at site CUA2, from Day 55 to 71, 2002. Column 1
Table 2, md MT, denotes the multipath template~MT! was gen
erated using all previous multidays’ GPS data~relative to Day
71!. For example, 1 day indicates that the multipath template
generated using the GPS data from the previous 1 day~that is,
Day 70, in this case!, 2 day indicates the multipath template w
generated using the previous 2 days’ GPS data~that is, from Days
69 to 70, in this case!, and so on. Since the mean values of D
65 and DoY 67 are at the level of 2 TECU~referring to Table 1!
and the PRN 4 data was not available on DoY 57, there wa
test result of 4, 6, 14, or 17 day shown in Table 2. From this ta
it can be seen that:~1! Most of the mean values after applyi
various multiday multipath templates are at the level of61.00
TECU and~2! the accuracy of TEC estimation can be appreci
improved if a multiday multipath template is applied.

From these two tables, it is obvious that:~1! The accuracy o
real-time TEC estimates can be appreciably improved if a~single-
day or multiday! multipath template is applied and~2! generally
speaking, the effectiveness of multiday multipath template
real-time TEC estimation are better than that of single-day
tipath templates.

Multiday Multipath Templates Versus Multiday
Multipath Templates

According to the above-mentioned test results, in most case
effectiveness of multiday multipath templates on real-time T
estimation are better than that of single-day multipath templ
However, several issues should be considered before applyi
multipath template technique to real-time TEC estimation.
example, how many days’ GPS data should be used to gene
multipath template? Hence, in order to further study the effec
ness of the multiday multipath template on real-time TEC est
tion, various types of multiday multipath templates were tes

Table 8. Absolute Mean Values Statistics of Tables 1–6

Multipath template type Group mean Groups

1 day 1.15 0.68
Multiday 0.63 0.42
2 day 0.53 0.45
3 day 0.66 0.61
4 day 0.64 0.49
5 day 0.61 0.39

Table 9. Absolute Mean Values~Less Than 0.90 Total Electro
Content Unit! Statistics of Tables 1–6

Multipath template type Group mean Groups

1 day 0.68 0.44
2 day 0.40 0.24
3 day 0.36 0.38
4 day 0.36 0.18
5 day 0.46 0.15
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Again, for a PRN 4 GPS satellite, the postprocessed TEC
timate of Day 71, 2002 are assumed to be the true values.
the predicted multipath files of Day 71 from various multi
multipath templates and the raw GPS observation file of Da
are input toREALTEC, and used to generate real-time TEC e
mates. The mean value~Mean!, standard deviation~s!, maximum
~Maximum!, and minimum~Minimum! of these TEC difference
in units of TECU, are computed.

Four types of multiday multipath templates are generated
day multipath template~2 day MT!, a 3 day multipath template~3
day MT!, a 4 day multipath template~4 day MT!, and a 5 da
multipath template~5 day MT!. Their corresponding test resu
are summarized in Tables 3–6, respectively. These multiday
tipath templates are generated using a process similar to a m
average. For example, in order to generate 2 day multipath
plates, GPS data sets of Days 70 and 69 are used to gener
69–70 multipath template; then, GPS data sets of Days 69 a
are used to generate the 68–69 multipath template, and s
Due to their poor accuracy or availability, some of the single
multipath templates are not used to generate multiday mult
templates, such as the single-day multipath templates of Day
65, and 57.

From Tables 3 to 6, it can be seen that:~1! Most of the abso
lute mean values are less than 1.00 TECU and~2! the mean val
ues of the multiday multipath templates are highly correlate
those of the corresponding single-day multipath templates~for
example, the mean values of DoY 63 and 64 of Table 1 are
and 1.43 TECU, respectively, and the mean value of 63–6

Table 10. Statistics Indicating Arc Number, Epoch Number,
Elevation Angle for Each Tracked Satellite at Site CUA2

PRN Arc ~s! Epoch~s! E-Max-1 E-Max-2 E-Max-3

1 3 891 42 22 50
2 2 941 57 50 X
3 2 730 70 88 X
4 1 930 51 X X
5 2 740 18 52 X
6 2 820 35 32 X
7 1 849 73 X X
8 2 892 50 22 X
9 1 541 82 X X
10 1 916 55 X X
11 1 720 85 X X
13 3 934 32 35 32
14 1 821 72 X X
15 3 820 12 55 15
17 1 617 65 X X
18 1 764 82 X X
20 2 859 53 18 X
21 1 665 75 X X
22 2 879 35 62 X
23 1 923 60 X X
24 1 913 60 X X
25 2 930 20 55 X
26 1 793 75 X X
27 2 701 61 11 X
28 1 686 81 X X
29 1 890 55 X X
30 1 630 65 X X
31 2 824 72 62 X
Table 3 is 1.57 TECU!.
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In order to further study the effectiveness of various type
multiday multipath templates, the averages~group mean! and
standard deviations~group s! of mean values~Mean! of Tables
1–6 are computed and summarized in Table 7. Column 1 of T
7, MT type, denotes the multipath template type. From Table
is obvious that:~1! The smallest average is20.18 TECU of the
multiday multipath template, and~2! the averages of 2, 3, 4, a
5 day are about 0.14–0.31 TECU.

Besides, the absolute values of those mean values from T
1 to 6 are computed and shown in Table 8. From Table 8, it ca
seen that:~1! The average from 2-day multipath templates is 0
TECU ~the smallest! and ~2! the averages from 3, 4, and 5 d
multipath templates are about 0.60 TECU.

From Tables 1 to 6, it can be seen that some absolute
values are larger than 0.90 TECU. In order to further analyz
test results, if the absolute mean values of Tables 1–6 are sm
than 0.90 TECU, then they are included in the following Gr
mean and Groups computations. The results are shown in Ta
9. From Table 9, it can be seen that: The averages from 3 or
multipath templates are 0.36 TECU~the smallest!. However, the
standard deviation of 4 day is 0.18 TECU only. The aver
from 2, and 5 day multipath templates are 0.40 and 0.46 TE
respectively.

From these test results it is concluded that:~1! The absolut
mean values of real-time TEC estimate differences after app
2–5 day multipath templates are in the range of 0.36–0.46 T
and ~2! the GPS data sets from previous days at a static sit

Table 11. Comparisons of Means of Real-Time Total Electron Cu
Various Multipath Templates

PRN 1 day~70! 2 day ~55–56! 3 day ~56

1 0.60 0.31 1.02
2 0.49 20.03 0.09
3 0.65 1.03 1.48
4 0.33 20.25 21.27
5 2.62 3.32 2.76
6 20.21 22.02 20.73
7 20.52 20.27 20.20
8 21.24 0.38 20.47
9 0.52 0.05 0.36
10 20.20 22.52 20.52
11 21.00 20.40 21.13
13 20.20 0.13 20.12
14 0.25 0.01 0.77
15 0.67 0.68 1.54
17 0.43 20.44 20.76
18 0.04 20.02 0.22
20 20.07 20.36 20.63
21 0.58 23.05 22.53
22 0.18 1.09 1.21
23 20.14 20.45 20.42
24 2.01 0.47 20.63
25 1.25 20.06 20.07
26 13.69 13.57 13.6
27 20.49 20.48 20.49
28 20.83 0.62 0.46
29 20.12 20.15 20.18
30 8.13 5.05 6.02
31 0.4 0.29 0.17
be used to generate various types of multipath templates.

J

J. Surv. Eng. 2004.1
Performance Evaluation Using Other Satellites

The above-mentioned test results were derived from those te
a PRN 4 satellite at site CUA2 using the proposed multi
template approach. Besides, those test results indicate that
path templates are useful for mitigating the multipath effect
GPS pseudorange derived TEC at a static site. However, is
valid to apply the proposed multipath template to other GPS
ellites at site CUA2 or at other sites? The following test res
presented in this section attempt to answer this question.

First, the GPS data set at site CUA2 was processed. As
tioned before, the postprocessed TEC estimates of Day 71,
at site CUA2 for each tracked satellite, are assumed to be th
values. The predicted multipath files of Day 71 from various m
tipath templates, and the GPSRINEX files ~observation file an
navigation file! of Day 71, are input to real-time TEC estimat
software. Accordingly, the means of the estimated TEC di
ences between postprocessing and real-time processing ar
puted and analyzed. According to the test data, there were 28
satellites tracked at site CUA2.

Table 10 shows the statistics for arc number, epoch num
and elevation angle for these 28 satellites. E-Max-1, E-Ma
and E-Max-3~all in units of degrees! of Table 10 represent th
maximum elevation angle of a GPS satellite along arcs 1, 2
3, respectively. Since the cutoff angle of the test data is 10°
minimum elevation angles for all satellites are 10°. Arc den
the arc number of a tracked satellite during a 24 h period,

Estimate Difference for 28 Tracked Satellites at Site CUA2 after

4 day ~55–58! 5 day ~55–59! No multipath

1.02 1.09 5.07
20.26 20.36 20.16

1.19 1.39 1.1
20.61 20.58 2.03

2.98 2.69 2.66
20.65 20.29 0.27
20.12 20.02 20.78
20.60 20.80 8.48

0.02 0.11 0.00
20.92 20.27 20.19
20.68 20.45 1.34
20.13 20.14 0.46

0.03 0.03 0.01
0.57 0.51 6.68

21.42 20.97 0.68
0.20 0.03 0.09

20.47 20.46 20.83
22.40 22.29 0.87

1.04 0.94 1.69
20.39 20.39 20.41

0.31 20.24 2.01
20.07 20.06 0.02

13.57 11.87 13.69
20.49 20.50 20.43

0.25 0.41 0.45
20.16 20.14 20.11

5.05 3.1 8.77
0.17 0.28 20.95
rrent

–58!

9

Epoch denotes the epoch number of a tracked satellite during a 24
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 h period. One epoch corresponds to 30 s. From Table 10, it c

seen that:~1! 15 satellites have only 1 arc,~2! ten satellites hav
2 arcs, and~3! only three satellites have 3 arcs.

Five types of multipath templates were selected to predic
multipath files of Day 71. The selected multipath templates w
1 day~70!, 2 day~55–56!, 3 day~56–58!, 4 day~55–58!, and 5
day ~55–59!. Note that 1 day~70! denotes the 1 day multipa
template generated from the GPS data of day 70, 2 day~55–56!
denotes the 2 day multipath template generated from the
data of Days 55 and 56, and so on. Comparisons of the mea~in
units of TECU! of real-time TEC estimate differences for ea
PRN at site CUA2 after applying the above-mentioned multi
templates are summarized in Table 11. Please note that No M
Table 11 denotes the test result without application of any m
path template.

From Table 11, it can be seen that:~1! The pseudorange mu
tipath effects on real-time TEC estimates can be mitigated si
cantly for most of the tracked satellites~except PRN 21! if vari-
ous multipath templates were applied;~2! usually the
performance of 4 and 5 day multiday multipath templates
better than that of other types of multipath templates, such a
3 day, and~3! there are a few satellites with very low means
cases of applying no multipath template, for example the No
mean is 0.01 TECU for PRN 14. On the other hand, the mea
5 day for those satellites are very small, too. However, fro
practical point of view, it is suggested that if the absolute valu
the mean of No MP for a satellite is less than a threshold v
~e.g., 0.5 TECU! then this satellite be free from any further m
tipath mitigating process.

According to the results of Table 11, the means of 5 day
PRN 26 and 30 are larger than 3.0 TECU. Besides, these
satellites have only 1 arc each as indicated in Table 10. In ord
further study the relationship between the multipath effect
TEC estimates and the elevation angles of satellites, the da
of CUA2 were tested again using the above-mentioned data
cessing procedure. However, several factors are different fro
above-mentioned tests:~1! Only 5 day ~55–59! multipath tem
plate and No MP were tested;~2! only the results of PRN 26 an
30 were analyzed and displayed;~3! the cutoff angle of the da
set was changed to 15°, the results being shown in Table 12
~4! the cutoff angle of the data set was changed to 20°, with
results shown in Table 13.

From Table 12, for PRN 26, the mean of 5 day is reduced
11.87 TECU~with a cutoff angle of 10°! to 21.77 TECU. On th
other hand, the mean of No MP is reduced from 13.67 TE

Table 12. Comparisons of Means of Real-Time Total Electron C
15° at Site CUA2 after Applying 5 Day Multipath Template

5 day ~55–59! multipath template

PRN Mean s Maximum Min

26 21.77 0.14 21.53 2

30 3.75 0.21 4.21

Table 13. Comparisons of Means of Real-Time Total Electron C
20° at Site CUA2 after Applying 5 Day Multipath Template

5 day ~55–59! multipath template

PRN Mean s Maximum Min

26 20.01 0.02 0.01 20
30 21.69 0.11 21.50 21
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t

~with a cutoff angle of 10°! to 0.15 TECU. Based on the foreg
ing discussion, PRN 26 should be free from any further multi
mitigating process if its cutoff angle is 15°. However, for PRN
the means of 5 day and No MP are still larger than 3.0 TE
even if its cutoff angle is 15°.

From Table 13, for PRN 26, the means of 5 day and No
are 20.01 and20.04 TECU, respectively, if its cutoff angle
20°. On the other hand, for PRN 30, the mean of 5 day is red
from 3.75 TECU~with a cutoff angle of 15°! to 21.69 TECU and
the mean of No MP is reduced from 3.96 TECU~with a cutoff
angle of 15°! to 21.71 TECU.

From the above-mentioned test results of over 28 satellit
can be concluded that:~1! The pseudorange multipath effects
real-time TEC estimates can be mitigated significantly for mo
the tracked satellites if various multipath templates were app
~2! the performance of 4 and 5 day multiday multipath temp
are better than that of other types of multipath templates; an~3!
if the absolute value of the mean of No MP for a satellite is
than the threshold value~e.g., 0.5 TECU! then this satellite is fre
from any further multipath mitigating process.

Performance Evaluation Using Different Site

In order to further study the validation of the proposed appr
using different sites, another NCCU data set from site CUA1
processed. The cutoff angle was 10°. In the following tests
postprocessed TEC estimates~i.e., phase-leveled TEC estimat!
of Day 68, 2002, at site CUA1 for each PRN, are assumed
the true values. The predicted multipath files of Day 68 f
various multipath templates@i.e., 1 day~62!, 2 day~62–63!, and
3 day~62–63–65!#, and the raw GPS observation file of Day
are input to real-time TEC estimating software,REALTEC, and
used to generate real-time TEC estimates. For each PRN
estimated TEC differences between postprocessing and rea
processing are computed. Then the mean values~Mean!, standard
deviations~s!, maximum~Maximum!, and minimum~Minimum!
of these differences, in units of TECU, are calculated.

Since sites CUA1 and CUA2 are located on the roof of
same building, and their distance is only about 70 m apart
statistics of arc number, epoch number, and elevation ang
each tracked satellite at site CUA1 is similar to that of site CU
~refer to Table 10!. The test results of site CUA1 are shown
Table 14. Note that those satellites with small No MP means~i.e.,
1.0 TECU! are not shown in Table 14. From Table 14, it can
seen that:~1! The pseudorange multipath effects on real-time T

Estimate Difference for Two Tracked Satellites, with Cutoff Ang

No multipath

Mean s Maximum Minimum

0.15 0.03 0.22 0.10
3.96 0.24 4.41 3.63

t Estimate Difference for Two Tracked Satellites, with Cutoff Ang

No multipath

Mean S Maximum Minimum

20.04 0.02 0.00 20.08
21.71 0.09 21.50 21.88
urrent

imum

2.00
3.42
onten

imum

.05

.88
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estimates can be mitigated significantly for most of the tra
satellites if various multipath templates were applied and~2! most
often the performance of 3 day multiday multipath templates
better than that of other types of multipath templates.

Conclusions

In order to improve the accuracy of real-time ionospheric d
estimation, a multiday multipath template algorithm has b
implemented and tested. The algorithm can be used to gen
either a single-day multipath template or a multiday multip
template. According to the test results, both single-day and
tiday multipath templates are useful for mitigating the multip
effects on the GPS pseudorange derived TEC at a static
However, the performance of the multiday multipath templa
superior to that of the single-day multipath template. Hence
technique is suitable for mitigating pseudorange multipath a
erence stations for local-area differential GPS, wide-area d
ential GPS, and wide-area augmentation system networks,

Table 14. Comparisons of Mean of Real-Time Total Elect
Content Estimate Difference for 13 Tracked Satellites at Site C
after Applying Various Multipath Templates

PRN 1 day~62! 2 day ~62–63! 3 day ~62–63–65! No multipath

1 3.83 4.27 4.12 4.38
6 0.00 0.10 0.10 3.84
7 0.72 0.87 0.29 1.96
9 5.42 5.17 2.49 4.77
11 4.2 2.83 1.9 2.14
14 20.43 20.10 20.69 1.37
18 0.90 1.69 2.33 3.22
20 2.24 0.84 20.24 4.21
21 6.83 5.58 5.82 5.87
23 20.09 20.77 0.49 1.65
25 1.36 2.74 1.70 2.00
27 2.88 1.64 20.28 4.18
28 4.09 4.17 3.85 6.61
deformation monitoring networks, etc.

J
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On the other hand, some issues should be considered
applying the proposed multiday multipath template techniqu
practical applications:~1! The L1/L2 dual frequency GPS me
surements of previous days at a static site are required;~2! the
parametersj, temp, temp1, temp2, and temp3 in Eqs.~5!–~10!
must be modified according to the real data rate;~3! the single
day multipath templates should be generated and tested initia
order to get the qualified GPS data sets;~4! then, the 5 day mu
tipath templates can be generated using the qualified GPS
sets; and~5! the generated 5 day multipath template mus
evaluated periodically~for example, after 20 days!.
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