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Abstract

Ionosphere delay is the largest error factor for positioning using global navi-
gation satellite system (GNSS), especially for single-frequency positioning. The
electron density of ionosphere varies sometimes rapidly and locally due to the
solar activity. The purpose of this work is to mitigate the ionospheric effect on
single-frequency GNSS positioning. With the widespread of smartphones, the
number of users of single-frequency positioning has been increasing explosively
and its reliability is highly required. Therefore, this research can contribute to
the reliable single-frequency GINSS positioning for huge number of users.

We proposed estimating the ionosphere delay in the process of the positioning
calculation using single-frequency measurement with single epoch. The nu-
merical evaluation conducted by measurements of American global positioning
system (GPS) for selected five stations in Japan for both ionospheric quiet and
stormy conditions during a period from 2013 to 2015. The correction effect on
reducing the positioning error is higher than conventional correction method.
However, it has an adverse effect on increasing the error rather than positioning
without correction when the ionospheric effect on positioning is small.

The proposed ionosphere delay estimation method can be applied to not only
GPS positioning but also multi-GNSS positioning, combining several satellite
navigation systems. Currently, the operated satellite navigation systems are
GPS, Russian GLONASS, European Galileo, Chinese BeiDou satellite system,
Japanese quasi-zenith satellite system (QZSS), and Indian regional navigational
satellite system (IRNSS). Using multi-GNSS positioning, the sufficient num-
ber of visible satellites is observable and the constellation is improved. Using
selected satellite measurement which is suitable for positioning makes the posi-
tioning accuracy precisely, compared with using all visible satellites. In order to
estimate the ionosphere delay more precisely for multi-GNSS positioning, we
proposed the algorithm of selecting useful satellites by the residual ranging error
of pseudorange measurement. From the performance evaluation conducted for
GPS and Russian GLONASS positioning for ionospheric disturbed condition,

—ix—
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the satellite selection reduced the horizontal positioning error by maximum 20-
60%. The ionosphere delay estimation with satellite selection reduced the error
by maximum 60% at mid latitude region, compared with conventional one.



Chapter 1

Introduction

The signal of global navigation satellite system (GNSS) is refracted by the
electrons when it propagates through the ionosphere. It is known that the
ionospheric effect on radio wave is the largest propagation error. The thickness
of ionosphere varies depending on the local time, the latitude, and the solar
activity. The ionosphere generally behaves expectable in the calm domain.
However, it is possible to fluctuate especially in the area near the equator and
magnetic pole. That makes an electron density changes rapidly and can cause
the scintillation and the fading on the signal [12].

The satellite of GNSS transmits two kinds of signals at 1.5 GHz band and
at 1.2 GHz band. Dual-frequency receiver, which receives both signal, is used
for the precise positioning for such as geodetic surveying. It can cancel the
ionosphere delay which depends on the carrier frequency of signal. Single-
frequency receiver, which receives only signal at 1.5 GHz, is equipped with
smartphone, drone, car navigation, and some other devices. American global
positioning system (GPS), Chinese BeiDou, and Japanese quasi-zenith satellite
system (QZSS) provide the coefficients for ionosphere delay correction. The
receiver corrects the measurement by applying them to the ionospheric model
which was developed by Klobuchar in 1976 [5]. Feess and Stephens demon-
strated that Klobuchar model can reduce 50% of ionospheric ranging error in
1987 [4]. Its correction effect for GPS positioning has been also widely studied
[1] [2] [11]. Macalalad et al. showed that the percentage of error reduction using
Klobuchar model was only 12 % at most examined for the ionospheric disturbed
condition in Taiwan in 2013 [11]. Since the coefficients are uploaded every 24
hours, it is difficult to follow the rapid and local changes of ionosphere. For the
ionosphere delay correction according to real-time ionospheric condition, it is
necessary for single-frequency receiver to estimate the delay by itself.

With the widespread of the smartphone and tablet, the number of the users

1=



Chapter 1. Introduction 2

of single-frequency receiver has been increased explosively. There are a lot of
applications depending on the location information using GNSS for private use
and also in industrial field. Therefore, the reliability of GNSS positioning using
single-frequency receiver is required. The purpose of this work is to mitigate the
ionospheric effect for huge number of users of single-frequency GNSS receiver.

In the process of positioning calculation, the estimated unknown parameters
are three-dimensional position of receiver and receiver clock offset. Then, the
number of visible satellites needs four at least. For GPS positioning, the number
of visible satellites is usually between five and seven. Thus, we propose esti-
mating the ionosphere delay in the process of positioning calculation by using
more than five satellites. The estimation method is presented in [6]. The value
of ionosphere delay included in the pseudorange measurement is different for
each satellite. By representing the slant ionosphere delay by vertical delay and
mapping function depending on the satellite elevation angle, the vertical delay
can be estimated with receiver position and receiver clock offset. The perfor-
mance of the proposed algorithm was evaluated by using the observation data
at selected five stations in Japan. This thesis also compared its performance
on ionospheric quiet and disturbed conditions for a period of 2013-2015. Its
effect on reducing the horizontal positioning error is greater than that of con-
ventional method using Klobuchar model especially in the daytime and during
the disturbed ionospheric condition.

The satellite constellation viewed from the receiver highly affects the posi-
tioning accuracy. One of the solution to improve it is multi-GNSS positioning
using several GNSS. Currently, the operated satellite navigation systems are
GPS, Russian GLONASS, European Galileo, BeiDou, QZSS, and Indian IRNSS.
However, each system has different correction method for the ionosphere delay.
Then, the difference of ability of correction between systems is issue of combin-
ing different systems. The proposed estimation algorithm can be applied any
single-GNSS positioning and multi-GNSS positioning.

For multi-GNSS positioning, sufficient number of visible satellites is observ-
able. We considered positioning using only the satellite measurements with
relatively small noise including multipath effect is much better than one with
all visible satellites. We propose satellite selection algorithm for multi-GNSS
positioning with ionosphere delay estimation.

This thesis consists of 7 chapters. Chapter 2 describes the background of po-
sitioning using GNSS. Chapter 3 describes the ionospheric effects on GNSS po-
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sitioning and conventional correction method of ionosphere delay for different
kinds of positioning. Chapter 4 describes the estimation method of ionosphere
delay using single-frequency receiver with single epoch. Chapter 5 proposes
mitigating the ionospheric effect on single-frequency single-GNSS positioning.
Chapter 6 proposes mitigating the ionospheric effect on single-frequency multi-
GNSS positioning with selection algorithm of satellites. Chapter 7 concludes
this thesis. The relation between chapters can be found in Fig. 1.1.
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Chapter 2

Positioning Using Global
Navigation Satellite System

This chapter describes the background of positioning using global naviga-
tion satellite system (GNSS). Since several countries have developed the GNSS
uniquely, there are some differences in the time system, the transmitted data,
and etc. This also discusses the error factors for positioning and the positioning

calculation method by numerical expressions.

2.1 GNSS

Global navigation satellite system has been operated by USA, Russia, Euro-
pean Union, Japan, China, and India. This section describes the differences

between systems.

2.1.1 GNSS Developed by Each Country

Satellites of GPS have been launched and operated from 1970’s by United
States Department of Defense. The original objects were the navigation support
and time synchronization. Since GPS is able to measure the baseline in the order
of millimeter, it is used for geodetic survey. The residential use of GPS has been
recognized for the people all over the world from 2000. Currently, there are
easily more than a billion receivers in operation around the world. After Global
positioning system (GPS) appears, four other navigation satellite systems have
been launched: Russian GLONASS; European Galileo; Japanese QZSS; Chinese
BeiDou; Indian IRNSS.

GPS, GLONASS, and Galileo, covering all over the world, are called global
navigation satellite system (GINSS). For the complementation and compensation

—5-—



Chapter 2. Positioning Using Global Navigation Satellite System 6

of GNSS positioning, the regional navigation satellite system (RNSS) is operated
by Japan, China, and India. Chinese BeiDou is the complex system of GNSS and
RNSS. Three kinds of satellite orbit are operated: medium earth orbit (MEO);
inclined geostationary orbit (IGSO); and geosynchronous orbit (GEO). MEO
corresponds to GNSS and the rest correspond to RNSS.

System descriptions of GPS, GLONASS, and QZSS, used for the research
of this thesis, are summarized in Table 2.1. The existing differences between
systems cause the problem on multi-GNSS positioning, combining the different
systems. These information were quoted from [18], [19], and [20].

Table 2.1 Comparison of GPS, GLONASS, and QZSS

GPS GLONASS QZSS
Developed by USA Russia Japan
Satellites 31 24 1
Inclination 55 degs 65 degs 43 degs
Orbital Planes 6 3 3
Orbital Cycle 11h 58m 2s 11h 15m 44s 11h 58m 2s
Altitude 20,180 km 19,100 km 35,786 km
Coordinate System WGS84 PZ-90.02 JGS
Ephemeris Orbit elements ECEF coordinates Orbit elements

of satellites

Time system GPS time GLONASS time QZSS time

2.1.2 GNSS Data

All essential information related to satellite ephemerides, satellite clocks, and
message time marks is encoded in binary messages. GPS satellites transmit L1
civil signal navigation messages with a rate of 50 bps. The complete navigation
message for GPS is transmitted within 12.5 min. Navigation messages consist
of 24 frames of 30 sec durations. The most important and basic element of the
navigation message is a subframe, which is 300 bit and lasts for 6 sec. The
immediate orbital information relating to the transmitting satellite is encoded
in subframes 1,2, and 3. The non-immediate information, such as almanac
data for the system, is encoded in subframes 4 and 5. The subframe has a
time mark, which is necessary to construct pseudorange measurements. QZSS
orbital parameters are given in same format of GPS navigation message and use

same algorithms to derive the satellite position.
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A GLONASS navigation message consists of repeated superframes with du-
rations of 2.5 min. Each superframe consists of 5 frames each with a duration of
30 sec. Each frame consists of 15 subframes, and each subframe has a duration
of 2 sec. All essential data for the transmitting satellite are transmitted within
each frame. Although GPS ephemerides are provided as a set of Keplerian
osculating elements, GLONASS ephemerides are provided in tabular format.
Each navigation message also provides the user with a time mark to pin down

the satellite position to a specific moment of time.

2.2 Positioning Error Factors

The error factors of positioning are as follows.
(1) Receiver-related errors, including noise and hardware biases

(2) Satellite-related errors, including satellite clock error, satellite orbit errors,

and satellite transmitter errors, including noise and biases
(3) Propagation errors in dispersive medium due to ionosphere
(4) Propagation errors in non-dispersive medium due to troposphere
(5) DOP arising from geometrical properties of the satellite constellation
(6) Multipath

Table 2.2 shows the error budget, quoted from [14]. The value of “Tropospheric
delay” and “Ionospheric delay” denotes the remain error before correction. The
tropospheric-, ionospheric-, and multipath-error are not expected because they
depend on the atmospheric condition, the solar activity, and the environment

around the receiver.

2.2.1 Receiver-Related Errors

The hardware biases, called inter-system biases (ISB), occur by the difference
of delay in the receiver circuit of each GNSS. Then, it is necessary to estimate it for
multi-GNSS positioning. The receiver noise includes the noises from antenna,

amplifier, cables, and receiver, multi-access noise, and quantization noise.
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Table 2.2 GNSS error budget

Error Value for GPS (m) Value for GLONASS (m)
Code phase noise <1 <1
Orbits <1 <10
Satellite clock <1.5 <6
Tropospheric delay 2-25 2-25
Ionospheric delay 1.5-15 1.5-15
Multipath 0-10 0-10

2.2.2 Satellite-Related Errors

The broadcasted parameters of ephemeris and satellite clock are calculated
by control segment of each GNSS. The control segment of each GNSS has the
responsibility of keep the accuracy of broadcasted satellite position and satellite
clock. Each satellite broadcasts its satellite clock offset between satellite clock

and time system.

2.2.3 Ionosphere Delay

The signal of GNSS is refracted by the electrons when it propagates through
the ionosphere. It is known that the ionospheric effect on radio wave is the
largest propagation error. Ionosphere is the partial ionized domain that the
atmosphere absorbs the ultraviolet rays. The thickness of ionosphere varies
depending on the local time, the latitude, and the solar activity. The ionosphere
generally behaves expectable in the calm domain. However, it is possible to
fluctuate especially in the area near the equator and magnetic pole. That makes
an electron density changes rapidly and can cause the scintillation and the fading
on the signal [12].

Ionosphere is separated by four domains: D, E, Fi, and F; layers. In the D, E
and £ layers, itis a state of the chemical equilibrium in generation and extinction
of electron. An electron disappears because of the recombination of electron and
ion. In the F} layer, ion and electron spread in the neutral atmosphere. That
brings to the hydrostatic equilibrium. The distribution of ion and electron is
converted from the chemical equilibrium to the diffusive equilibrium at around
300 km. At that height, the electron distribution is considered to be peak.
The region above the ionosphere is called plasmasphere. Plasmasphere is the

domain which is occupied by the plasma provided from the ionosphere. Both
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satellites of GNSS and RNSS are located in the plasmasphere.

The thickness of ionosphere varies depending on the local time, the latitude,
and the solar activity. The physical property of the ionosphere changes greatly
in daytime and night. The electron density increases up to a peak in the day
and decreases after that. The ionosphere generally behaves expectable in the
calm domain. However, it is possible to fluctuate especially in the area near
the equator and magnetic pole. That makes an electron density changes rapidly
and can cause the scintillation and the fading on signal. The ionosphere delay

is defined as
;_ 40.3TEC

f2
where f is the signal frequency (Hz) and T'EC' is total electron content (TECU).
TECU is the unit of TEC (1 TECU=10'el/m?). As shown in eq. (2-1), the

ionosphere delay depends on the signal frequency and total electron content

(2-1)

(TEC). In order to calculate the ionosphere delay, it is necessary for TEC to
be estimated accurately. TEC is total number of the free electrons along the
propagation path. TEC is also a valuable source of information for a great
variety of ionospheric studies such as the space-weather, the ionospheric storm
studies, and the earthquake studies, etc. TEC can be calculated by using the
difference of the ionosphere delay of dual-frequency signals. When the dual-
frequency measurements are treated, the inter-frequency biases of satellite and
receiver always become a problem.

There are several methods of ionosphere delay correction for single point
positioning. Their effect on mitigating the ionospheric effect is discussed in
chapter 3.

2.24 Troposphere Delay

Signal of GNSS is also refracted by the lower part of atmosphere, which
consists of dry air and water vapor. The troposphere is part of the Earth’s
atmosphere up to 16 km altitude. Troposphere delay cannot be estimated by
GNSS measurement because it does not depend on the frequency of signal.
Thus, the user of GNSS positioning needs to use the troposphere model. This

work uses Saastamoinen model [12].
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GPS

‘\.
y |trcu(sclk, GPST)|
i RCV \

Figure 2.1 Satellite Positioning

2.2.5 Satellite Constellation

The accuracy of range measurement is limited by various errors due to the
signal propagation in the atmosphere, the receiver, and the antennas and their
surroundings. An error in positioning results from the errors in the range mea-
surement multiplied by the geometry factor, discussed in section 2.3.4. Then,
the errors in pseudorange, caused by atmospheric errors, propagate to create
larger positioning errors. These positioning errors could be large when poor
satellite geometry exists. That is why it is the extremely advantageous to have
more satellites.

2.3 Positioning Calculation

This section defines the GNSS measurements and describes the algorithm of

positioning calculation.

2.3.1 GNSS Measurements

Pseudorange measurement is calculated by multiplying the propagation time
by speed of light ¢ (m/sec). The propagation time is time difference between
the received time ¢,., (sec) and transmitted time ¢, (sec) of signal which are

measured by receiver clock (rclk) and satellite clock (sclk), respectively.

P = c(tyey(relk) — tym(sclk)) (2-2)
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6‘t$(lt
sclk /“:
i i tTCU
GPST f— —t
term P
rclk L/
6tTCU

Figure 2.2 Relation between satellite clock and receiver clock

There is the receiver clock offset dt,., (sec) between receiver clock and GPS
time (GPST).
t(rclk) = t(GPST) + 0tyey (2-3)

There is the satellite clock offset §t* (sec) between satellite clock and GPST or
GLONASS time (GLOT).

t(sclk, GPS) = t(GPST) + 6t (2-4)
t(sclk, GLO) = t(GLOT) + 6t** (2-5)

Satellite clock is not synchronized between satellites. Then, it is provided by
each satellite in the navigation message. The relationships between GPS time
and receiver clock offset and between GPS time and satellite clock offset are
shown in Fig. 2.2.

Propagation distance includes the ionosphere delay I, troposphere delay 7',
and measurement noise (including multipath error) ¢, in addition to the geo-

metric distance between satellite and receiver r (All units are meter).
c(treo(GPST) — typm(GPST)) =7+ 1+ T +¢ (2-6)
Thus, pseudorange measurement of GPS satellite is defined as follows.
Paps =7+ c(0tyey — 0"+ T +T + € (2-7)

According to [15] and [14], there is the time difference dt,,, between GPST and
GLOT (sec).
t(GPST) = t(GLOT) + 6t yys (2-8)

The transmitted time measured by GLONASS satellite clock is expressed as
follows.
trm(sclk, GLO) = t(GPST) + 0t°* — 6ty (2-9)



Chapter 2. Positioning Using Global Navigation Satellite System 12

Multi-GNSS positioning combining GPS and GLONASS needs to estimate it.
Considering the time difference ¢t,,, the pseudorange measurement of GLONASS

is defined in the following equation.

Paro =1+ c(Otrey — 05" + tgys) + I + T + € (2-10)

2.3.2 Positioning Calculation for single-GNSS

From eq. (2-7), the pseudorange measurement for single-GNSS positioning
is given by
-Pi =T + C((St’/‘cv - 6tfat) + IZ + ,Tz + €; (2_11)

The parameters with index i is that of satellite i. The geometric distance r; can
be expressed as follows.

ri = @ Zren) T 07— reo)? (57 — 2o+ (2 s — Y )
¢ (2-12)
where [ 25yt 25 Jand [ Zres Yrew  Zrev | are the earth-center earth-fixed
(ECEF) coordinate of satellite 7 and receiver respectively (Units are meter). w, is
the angular velocity of earth rotation (rad/s).

GNSS receiver usually estimates four unknown parameters: three dimen-
sional coordinate of receiver (Z,cy, Yrev, 2rev) and receiver clock offset t,,, in the
process of usual positioning calculation by using measurements of four satel-
lites at least. For the single-frequency positioning, satellite clock offset §t{* is
calculated by using clock correction parameters which are given in ephemeris.
Troposphere delay model such as Saastamoinen and Hopfield is used for its cor-
rection [12]. Then, satellite clock offset §¢* and troposphere delay 7" subtracted
from pseudorange leave

P, =r;+ cotyep. (2-13)

The variation of P, can be expressed by partial differentiation of P, and variation
of each parameter.
OP; oF, P, P,

Aﬁz =—A rcv —lA rev —A rcv —A r 2-14
ax’rcv ! * 8yrcv Y * 827‘01) - * 8Sr i ( )
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where s, = cdt,.,. The partial differentiations of P by each parameter are

aR Lyey — l‘fat
Axrcv - )
6177’(:1} r
D t
aPz o Yrev — yfa
o Yrev = )
Yrev r
apz Zrev T Zfat
—AZTCU =, and
0Zrew r
OP,
‘As, = 1.
0s,

Then, the parameters to be estimated are
X = [ Axrcv Ayrcv Azrcv Asr }T (2_15)

which are solved by the least square method as follows.

X=G'Y (2-16)
~ . 17T
where Y = [Pl, cee Pn] . When n denotes the number of satellites, the geom-
etry matrix becomes n x 4 matrix.
G = [ G, G, G, G, } (2-17)
_ .sat sat T __sat sat T
where G, = [% %] , G, = [% %] , G, =

Zrcv _Zfat

T1

Zch_zsat T o T
} yand Gy, = [1,---, 1]

2.3.3 Positioning Calculation for Multi-GNSS

This section describes the algorithm of multi-GNSS positioning combining
GPS and GLONASS. The pseudorange measurement of GPS satellite is same
as eq. (2-11). From eq. (2-10), the pseudorange measurement of GLONASS
satellite is given by

Pr=ri+ c(0tpey — 085" + 0tgy) + L+ T + & (2-18)

The satellite clock offset 0¢5** and troposphere delay T subtracted from pseudo-

range leave

P, =1 + cOtyey + cOtgys. (2-19)



Chapter 2. Positioning Using Global Navigation Satellite System 14

The variation of P, can be expressed by partial differentiation of P, and variation

of each parameter.

i 0P, P, P, P,
AP’L =—=A rev —A rcv —A rev —A r —A sYs 2-20
0T ey Frev & ayrcv Yrev ¥ 02 Free ds, o 853ys Sy ( )

where s,,s = cdt,,s. The partial differentiations of P by time difference between
GPS and GLONASS is

Then, the parameters to be estimated are
X = [ Aty Aoy Azrew As, Asgye |' (2-21)
which are solved by the least square method as follows.
X=G'Y (2-22)

When n denotes the number of satellites, the geometry matrix becomes n x 5

matrix.
G = [ G, G, G, G, Gssys} (2-23)

where G, = [a,--- ,a]". ais 0 for GPS and 1 for GLONASS.

Ssys

2.3.4 Geometrical Factors

Equations (2-16) and (2-22) incorporate measurement errors. Then, measure-

ment model should be written as follows:
Y =GX + B +¢€, (2-24)

e~ N(0,R) (2-25)

where Y is vector of measurements (n x 1), G is geometry matrix (n x m), X is
unknown state vector (m x 1), B is a vector of bias (n x 1), and € is a vector of

measurement errors (n x 1). X minimizes the following equation.
|Y - GX ||*= (Y - GX)'(Y - GX) (2-26)
The unique solution of this system is

X = (G"G)'G"Y. (2-27)
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Estimation error caused by measurement errors is expressed by
X=X-X
=(GTG)'G"(GX +B+¢) - X
= (GT"G)'G"(B + ). (2-28)
Expectation value of X can be expressed as follows:
EX]=(G'G)"'G"B. (2-29)
Covariance matrix of X is also expressed as follows:

cov[X] = E[XX"] = E[(GTG)"'G"(B + €)(B + ¢)'G(G"G) ]
= (GTG) 'G"cov[B + €]G(GTG) ™ (2-30)

When all components of the measurement covariance matrix are uncorrelated
and have equal variances,
cov[B + €] = o*I (2-31)

where I is the identity matrix. Thus, equation (2-30) becomes
cov[X] = 0*(GTG)™ 2 o%D. (2-32)

The value of E[X] and cov[ X ] describe the error propagation through geometry,

which is called the dilution of precision (DOP). The diagonal elements of cov[X|
define the DOP. The positional DOP (PDOP) is defined as:

PDOP = \/dn + dagg + d33 (2-33)

where d;; is an ith diagonal element of matrix D. Then, three dimensional
positioning error is estimated by

3D RMS positioning error = o - PDOP. (2-34)

Figure 2.3 shows the variation of PDOP at station C on March 2015. Its
calculation is based on the satellite constellation observed at station C on March
17,2015. The detailed about data is explained in section 4.3 It indicates how the
satellite constellation affects the error of single- and multi-GNSS positioning. It
also shows that combining GPS and GLONASS can decrease the value of PDOP.
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Chapter 3

Ionospheric Effects on GNSS
Positioning and Conventional
Method of Ionosphere Delay
Correction

This chapter explains the ionospheric effects on GNSS positioning depending
on the ionospheric condition. The effect of conventional correction method of

ionosphere delay for each type of positioning is also discussed.

3.1 Ionospheric Effects on GNSS Measurements

This section describes the ionospheric effect on GNSS measurement, such as

its dependence on ionospheric condition and latitude of observation point.

3.1.1 Dependence of Ionospheric Effects on Ionospheric Con-
dition

Figure 3.1 compares the observed vertical TEC at station C during the iono-
spheric quiet and disturbed conditions. The data of “Quiet (mean)” means the
average value of vertical TEC for eight ionospheric quiet days. The observed
vertical TEC on quiet condition has the peak in daytime and gets small gradually,
following the variance of ionospheric electron density. On disturbed condition,
the magnitude of vertical TEC is large and it was observed that there were sev-
eral peaks. The variance and magnitude of TEC on the disturbed condition is
different from those on quiet condition. Thus, their effects on GNSS positioning

are unrespectable.

—17 -
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Figure 3.1 Dependence of vertical TEC observed at station C on ionospheric
condition

3.1.2 Dependence of Ionospheric Effects on Latitude of Obser-
vation Point

Figure 3.2 compares the observed vertical TEC on 21 July 2014 during the
ionospheric quiet condition at three stations in Japan. Station A is the northern-
most and station D is the southernmost. The details of location of stations are
described in Table TBL:station. On the quiet condition, there are no significant
differences in the observed TEC value between stations.

Figure 3.3 also compares the observed vertical TEC on 9 November 2013
during the ionospheric disturbed condition at station A, C, and D. During the
stormy condition, the dependence of the ionospheric effect on GNSS measure-
ment is observed. The magnitude of vertical TEC observed at the southernmost
station D is largest in daytime.
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Figure 3.2 Dependence of vertical TEC observed during ionospheric quiet
condition (21 July 2014) on the latitude of stations
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Figure 3.3 Dependence of vertical TEC observed during ionospheric disturbed
condition (9 November 2013) on the latitude of stations
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3.2 Conventional Ionosphere Delay Correction for
Dual-Frequency Receiver

This section describes the conventional algorithm to correct the ionosphere

delay for dual-frequency receiver.

3.2.1 Algorithm for Ionosphere-Free Technique

The ionosphere-free technique cancels the ionospheric effect on the measure-
ment without TEC estimation by using pseudorange measurements.

This method generates the data free from the ionospheric effect by using
the residual of dual-frequency measurements. The ionosphere delay can be

separated from the pseudorange measurement in eq. (2-11) as follows.

Pf1 - Pion—fTee + Ifl +€p (3-1)
sz = Lon—free + Ifg + €1y (3_2)

From eq. (2-1), the ionosphere delay of L2 signal is expressed as follows.
2
1=, (3-3)
2
Then, the ionosphere delay-free pseudorange is defined as

Pion—free = 2f—122Pf1 - Qf—ZQQPﬁ +e (3_4)
fi—=1 fi—= 175

The error of satellite clock offset, receiver clock offset, and measurement noise

remain in the ionosphere-free measurement.

3.2.2 Error Model

Unknown state vector of single-GNSS dual-frequency positioning for the least
square method is defined as

X = [ Axrcv Ayrcv AZ’I‘CU AST }T (3_5)
and one for multi-GNSS dual-frequency positioning is also defined as

X = [ AITCU Ayrcv Azrcv Asr Assys :|T (3_6)
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The bias error of satellite j is given by

bj = borb + bgclk + blzrop (3_7)
where b/ , and b/, are orbit error and clock error of satellite j. b},,, is modeling
error of troposphere delay. All units are meter. Measurement noise is expressed

as follows: ) )
€ = f_1€1 ;— f—2€2 - (3-8)
F-RY T R-B™
where ¢, ; is the measurement noise of signal of f; Hz of satellite j. ¢; =
2.546 - - -€1;—1.546 - - - €5 ; for GPSmeasurementand ¢; = 2.531- - ¢, ;—1.531- - €3 ;

for GLONASS measurement.

V2.5462 +1.5462 ~ 3
V2.5312 +1.5312 ~ 3

Thus, the noise for dual-frequency positioning is approximately three times as
large as one for single-frequency positioning. This indicates that the ionosphere-
free technique can cancel the large bias due to the ionosphere delay, however
the noise is added.

The section 3.3.2 compares the expectation value of positioing error using

ionosphere free technique and with Klobuchar model.

3.2.3 Numerical Evaluation

Figures 3.4 compare the horizontal positioning error with ionosphere-free
technique and without correction at station D on ionospheric disturbed condi-
tion. The result indicates that the ionosphere-free technique has highly effect of

error reduction for dual-frequency positioning.

3.3 Conventional Ionosphere Delay Correction for
Single-Frequency Receiver

Table 3.1 summarizes the ionosphere models used for ionospheric error com-
pensation for each GNSS. GLONASS does not provide the compensation tech-
nique for single-frequency positioning. This section describes the algorithm to
calculate the ionosphere delay by using Klobuchar model.
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Figure 3.4 Positioning error without correction (left) and with ionosphere-free
technique (right) at station D on disturbed condition (9 November 2013)

Table 3.1 Ionosphere models used for error compensation

GNSS Ionosphere Model
GPS Klobuchar
GLONASS Not provided
Galileo NeQuick

BeiDou Klobuchar (planned)
QZSS Klobuchar

3.3.1 Algorithm for Ionosphere Delay Calculation Using Klobuchar
Model

Klobuchar developed the empirical ionosphere delay correction model, which
is called Klobuchar model, for the user of single-frequency receiver in 1976 [5].
It is useful for single-frequency receiver to correct the delay for real-time.

This model represents the zenith delay as the constant value in nighttime and
by the cosine function in daytime. The peak time of delay is set to 2 PM in local
time anywhere on the earth. The correction coefficients («v, a1, g, a3, o, 1, B2, 3)
are given by each satellite of GPS and QZSS. They are updated once a day. It is
supposed that this model halves root mean squares (rms) value of the position-
ing error caused by the ionosphere delay].
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The ionospheric correction model is given by

I:{ Fx[50x107 + AMP x (1 — % 4 2] || <1~57} (3-9)

F x5.0x 1079 |z| > 1.57)
where x = 27 (t —50400)/PER and F' = 1.0+ 16.0(0.53 — EL)?. t is the local time
when the signal reaches IPP. AM P means the amplitude of the cosine wave and

is determined by the correction coefficients (v, a1, oz, a3).

3
AMP = max {O, Z aigbfn} (3-10)
i=0

¢, is the geomagnetic latitude. PER means the frequency of the cosine wave

and is determined by the correction coefficients (5o, 51, B2, f3).

3
PER = max {72000, > Bicbfn} (3-11)

=0

3.3.2 Error Model

Unknown state vector of GNSS positioning with ionosphere delay correction

using Klobuchar model is defined as follows:
X = [ ALrey AYoy Az As, | (3-12)

The bias of satellite j is given by

bj =y + by + Vo + ULy (3-13)

orb

where b/, is modeling error of ionopshere delay (m). Measurement noise is

won

expressed as follows:
€; = €1,5- (3—14)

Figure 3.5 compares the expectation value of estimation error of GPS posi-
tioning with ionosphere-free technique and Klobuchar model, calculated by eq.
(2-29). by, and by, Were set to the value of error budget in Table 2.2. b, was
set to 0.6/sin El, which means that true value of vertical error is larger than
modeling value by 0.6 m. Feess and Stephens demonstrated that Klobuchar
model can reduce 50% of ionospheric ranging error in 1987 [4]. Then, b;,, was
set to the correction value of Klobuchar model on March 17, 2015 at 15:00 (local
time). The expectation value for single-frequency correction is always larger
because of b;,, in eq. (3-13).
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Figure 3.5 Comparison of the expectation value of estimation error of GPS
positioning with ionosphere free technique and Klobuchar model

3.3.3 Numerical Evaluation

Figures 3.6 compare the horizontal positioning error with correction using
Klobuchar model and without correction at station D on ionospheric disturbed
condition. The result indicates that this method is not effective for error reduc-
tion.

Its correction effect for GPS positioning has been also widely studied [1]
[2] [11]. Macalalad et al. showed that the percentage of error reduction using
Klobuchar model was only 12 % at most examined for the ionospheric disturbed
condition in Taiwan in 2013 [11]. Since the coefficients are uploaded every 24
hours, it is difficult to follow the rapid and local changes of ionosphere. For the
ionosphere delay correction according to real-time ionospheric condition, it is

necessary for single-frequency receiver to estimate the delay by itself.
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Chapter 4

Ionosphere Delay Estimation Using
Single-Frequency GNSS Receiver
with Single Epoch

This chapter describes proposed algorithm to estimate ionosphere delay for
single-frequency receiver using pseudorange measurements of single epoch.
Secondly, it shows the theoretical evaluation of proposed algorithm, comparing
with conventional Klobuchar model. Thirdly, it explained about GNSS data
used for evaluation in this thesis and technique of evaluation. Finally, the
appropriate parameter for ionospheric model used for the proposed algorithm

is discussed.

4.1 Algorithm Description

Ionosphere delay which depends on the carrier frequency f (Hz) and the total
electron content T'EC' (TECU) is expressed as eq. (2-1). Since TEC is the integral
value of free electrons along the propagation path, slant value of TEC depends
on the elevation angle of satellite. Plasma composed of ion and electrons is
generated by solar energy. After dark, the electrons are recombined with ion
and extinguished [13]. That is why the magnitude of TEC is large in daytime.

The pseudorange measurement is given by eq. (2-11). GNSS receiver usually
estimates four unknown parameters: three dimensional coordinate of receiver
and receiver clock offset, in the process of usual positioning calculation by using
measurements of four satellites atleast. In order to estimate the ionosphere delay
included in measurement of each satellite by only pseudorange measurement,
it is needed to be represented by small number of unknown parameters because
the number of visible satellites is limited.

—26—
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The slant delay I,; (m) of each signal can be represented by the vertical delay
I, (m) and the mapping function f,,,,. Mapping function converts vertical

delay into slant delay as follows.
Isl = fmapk[ver (4_1)

where k = 1 for measurement of GPS and k = f7,/f%, for measurement of
GLONASS. f1; and fg; are the carrier frequency of signal of GPS and GLONASS
(Hz), respectively. If the modeling error is small, the vertical delay can be

estimated precisely.

4.1.1 Ionospheric Thin-Shell Model

This work applies the ionosphere thin shell model to the mapping function
which is the simplest model, applied to Klobuchar model (see 3.3.1). This model
supposes the ionosphere to be thin shell without a thickness, as shown in Fig.
4.1. Using the zenith angle x at the intersection point of ionospheric thin shell
and propagation path, the mapping function is given by

fmap =1/ cosx (4-2)
where R 2l
X = arcsin (%) (4-3)

R, is the radius of earth, H is the altitude of thin shell of ionosphere (these units
are meter), and FE! is elevation angle (radian). From Egs. (4-1) through (4-3),

the slant ionosphere delay can be expressed in the following equation.

1
Ig=k——1ye (4_4)
COS Y

Fig. 4.2 shows the mapping function expressed in eq. (4-2) with various height
H. When lower height is set, the ionosphere delay included in measurement of

low-elevation satellite is assumed to be larger.
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4.1.2 Ionosphere Delay Estimation Method

For single-frequency positioning, satellite clock offset is calculated by using
clock correction parameters which are given in ephemeris. Troposphere delay
model such as Saastamoinen and Hopfield is used for its correction [12]. Then,
satellite clock offset §t{* and troposphere delay T subtracted from pseudorange
leave

~ k;
P=r+ Cétrcv + —— 1l (4_5)
COS Xi

The variation of P; can be expressed by partial differentiation of P, and variation

of each parameter.

_ 9P, oP; oP; op; op,
AP, = —— A%y + ——AYpoy + —— N2y + =—As, + —— AL, 4-6
a'xT‘C’U x + ayrcv y + aZTCU Z + asr 8 _'_ aIver ( )

The partial differentiation of P, by ionosphere delay is

ob; k;

Ol yer ~ cos Xi (47)
Then, the parameters to be estimated are
X =[ At Dy Az Asp AL | (4-8)
which are solved by the least square method as follows.
X=G'Y (4-9)

When n denotes the number of satellites, the geometry matrix becomes n x 5
matrix.
G=[G, Gy, G. G, Gip | (4-10)

T
[ k;
where Gj,, = A R coan}

For multi-GNSS positioning combining GPS and GLONASS, eq. (4-5) is
written by

. ks
Py =1 + c0tyey + cOtgys + ———Iyer. (4-11)
Cos X

The variation of P, can be expressed by partial differentiation of P, and variation
of each parameter.
P, P, P, P, P, P,

APL =—A rcv —A rev —A rcv A r A sYs —A[ver
axrcy ‘ +8yrcv Yrew azrcv Frev 83r ot aSsys Sy +a]ver

(4-12)
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Then, the parameters to be estimated are
X =[ At Ay A2y Asp Asge Al | (4-13)
which are solved by the least square method as follows.
X=G'Y (4-14)

When n denotes the number of satellites, the geometry matrix becomes n x 6
matrix.

G=[G, G, G. G, G., Gi | (4-15)

Ssys

In this way, time difference and ionosphere delay are estimated by the real
time processing. However, the estimation of these parameters are affected by the
ephemeris error, propagation modeling error, multipath, satellite constellation,
etc. The estimated time difference ¢, includes the hardware bias [15].

4.2 Theoretical Evaluation

Unknown state vectors for single-GNSS positioning and multi-GNSS posi-
tioning with ionosphere delay estimation are defined in eq. (4-8) and (4-13),

respectively. The bias error and noise of satellite j are given by
bj = birb + biclk + bg'rop (4_16)

and
€; = €1,5- (4—17)

Figure 4.3 compares the expectation values of estimation errors of ¢y, Yrev,
and z,., for GPS positioning with Klobuchar model and one with proposed
ionosphere delay estimation. The values set to parameters are same in section
3.3.2. Figure 4.4 also compares them for GPS+GLONASS positioning. From
these results, the expectation value of each parameter decreases by estimating
the ionosphere delay.
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4.3 Numerical Evaluation

This section describes the data used for evaluation in this thesis and also

technique of evaluation.

4.3.1 GNSS Data Used for Evaluation

For the performance evaluation of ionosphere delay correction in this work,
the receiver independent exchange format (RINEX) files of GPS and GLONASS
provided by GEONET which has been operated by Geospatial Information
Authority of Japan (GSI) were used. The sampling interval of this file is 30
seconds. RINEX files consist of observation file and navigation file [21]. The
observation file includes the measurements of pseudorange, carrier phase, signal
strength, etc. The navigation file includes the navigation message, described in
section 4.3.

We selected five stations in Japan which are located at geodetic latitude from
24.1 to 45.5 degrees north at intervals of about 5 degrees in order to evaluate
the dependency of the performance on the geodetic latitude of the observation
point. The details of the GEONET stations used for the evaluation is shown in

Table 4.1. Station A is northernmost and station E is southernmost.

Table 4.1 Location of the GEONET stations used for the evaluation
Symbol GEONETID Latitude (deg) Longitude (deg)  Site Name

A 020848 45.5 142.0 Wakkanai 3
B 020923 40.1 140.0 Hachiryu

C 93032 35.4 139.7 Yokohama
D 960726 30.4 130.9 Minamitane
E 960751 24.1 123.8 Haterumajima

Table 4.2 describes the observation terms of both quiet and disturbed iono-
spheric conditions. As the sample of the quiet condition, the continuous ob-
servation data for eight days in July 2014 were used. Eight cases when the
geomagnetic storms happened for a period from 2013 to 2015 were used as
the sample of the disturbed condition. The indexes shown in Table 4.2 were
obtained from WDC for Geomagnetism, Kyoto. The Kp index is the global
geomagnetic storm index. Its range is from 0 to 9 where a value of 0 means that

there is little geomagnetic activity and a value of 9 means extreme geomagnetic
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storming [13]. The Dst index represents the axially symmetric disturbance mag-
netic field at the dipole equator on the earth surface. Negative variations in Dst
are major disturbances when the decreases of geomagnetic fields are produced
by the equatorial current system in the magnetosphere.

Table 4.2 List of observation days used for the evaluation with thier Dst index
and Kp index

Symbol Date (Local time) Min. Dstindex (nT) Max. Kp index

sl 2/10/2013 -67 8-
s2 9/10/2013 -62 6-
s3 7/11/2013 -54 4
s4 9/11/2013 -81 5
s5 8/12/2013 -66 6
s6 19/2/2014 -112 6+
s7 28/2/2014 -99 5+
s8 17/3/2015 -223 8-
Quiet 18-25/7/2014 -13 3-

4.3.2 Software Development for Multi-GNSS Positioning

We developed the software for multi-GNSS positioning by MATLAB. The
software mainly consists of three parts: Reading RINEX files; Satellite position
Calculation; Positioning Calculation with ionosphere delay correction.

Positioning calculation used pseudorange measurements of 1.5 GHz signals of
the visible GPS and GLONASS satellites for single epoch. The satellite position
was interpolated with that given in ephemeris of RINEX navigation file. Saas-
tamoinen model was employed for the troposphere delay model. The elevation
mask was set to 10 degrees in this work.

4.3.3 Technique of Evaluation

Positioning error indicates the difference between true and the estimated
position of receiver. It is calculated by expressing the estimated position in the
east-north-up (ENU) coordinates using true receiver position as the origin. True
coordinates of receiver is estimated and provided by GSI. The horizontal error
is given by

Horizontal error = VE? + N2 (4-18)
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where E and N are the errors in the east and north directions respectively. The
rms errors of each direction are labeled as ERM .S and NRM S. Horizontal rms

error labeled as DRMSE is calculated as follows.

DRMSE = VERMSE? + NRMSE? (4-19)

In order to describe the effect of each correction method on positioning error, the
error reduction is calculated from the residual between the error without iono-
spheric correction e,,,q.» and one with correction e.,,.. Correction is effective
when e, corr — €corr > 0, While has an adverse effect when €,,,corr — €corr < 0.

Figures 4.5 and 4.6 show the distribution of observed probability of GPS and
GPS+GLONASS positioning, respectively. In order to see the effect of satel-
lite constellation and ionospheric effect on positioning separately, we collected
the statistics by the range of PDOP and horizontal positioning error without
ionospheric correction eypcorr. When eypncorr is under 5 m, it is assumed that
the ionospheric effect on positioning is highly unlikely. Figures suggest that
the probability of occurrence of large value of e,,.., is higher with higher lat-
itude region. Fig. 4.6 also indicates the satellite constellation is improved by
multi-GNSS positioning combining GPS and GLONASS.
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4.4 Analysis of Appropriate Height of Ionospheric
Thin-Shell Model

The peak of electron density in the ionosphere is about 350 km above from
the surface of the earth [13]. Thus, the height of the ionospheric thin-shell H in
eq. (4-3) is usually set to 350 km for the use of Klobuchar model, described in
section 3.3.1. Appropriate height for the proposed ionosphere delay estimation
using single-frequency pseudorange measurements should be discovered. The
contents of this section is summarized in paper [7].

Figure 4.7 through 4.11 compare the DRMSE for GPS positioning when the
height A was set to 0, 50, 150, 250, 350, 450, 550, and 650 km at selected five
observation stations for ionospheric stormy period. The value of mapping
function of ionospheric thin shell model depending on H is shown in Fig. 4.2

The result shows that there are no significant differences with various height
H at every single stations when the ionospheric effect on positioning is small
(Euncorr < D m). However, setting lower height can reduce the DRMSE when
Cuncorr > 10 m. This result indicates that the height of ionospheric thin-shell has
an effect on positioning when the ionospheric effect is large. Then, It suggests
that the ionospheric delay included in the measurement of low-elevation satellite
is large. Thus, the height H was set to 50 km for the following numerical

evaluation in this thesis.
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Chapter 5

Mitigation of Ionospheric Effect on
Single-Frequency Single-GNSS
Positioning with Ionosphere Delay
Estimation

We proposed estimation method of ionosphere delay using a single-frequency
receiver and measurements of single epoch, described in Chapter 4. By rep-
resenting the slant ionosphere delay by vertical delay and mapping function
depending on the satellite elevation angle, the vertical delay can be estimated
with receiver position and receiver clock offset. We discovered the appropriate
height of ionosphere for Thin-shell model is 50 km.

This chapter firstly shows the result of numerical evaluation by using data
observed at selected five stations in Japan for ionospheric disturbed conditions
for a period of 2013-2015. Secondly, the drawback of proposal is discussed. The

contents of this chapter is summarized in paper [6].

5.1 Performance Evaluation

Here, UNC, KLB, and EST imply the positioning without ionospheric cor-
rection, that with Klobuchar model, and that with ionosphere delay estimation.
Figure 5.1 shows the horizontal positioning error without ionospheric correction
(UNC). The measurements observed on 9 November, 2013 were used. The po-
sitioning error is over 5 m during 11:00-21:00 in local time when the ionospheric
delay seems to be large.

Figures 5.2 and 5.3 also show the horizontal error reduction by conventional
correction (KLB) and by proposed correction (EST), respectively. Although the

—41 -
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ionospheric effect on positioning is large in daytime, the correction effect of
conventional method is not so higher, compared with that in nighttime. The

result of proposed method indicates its effectiveness during 11:00-21:00.

]
[ ]
T

* UHCsALL
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Horizontal positioning error (o)

12
Local time (Chour)

Figure 5.1 Horizontal positioning error of UNC at station D on 9 November,
2013

Figures 5.4 through 5.8 show the DRMSE for GPS positioning with ionosphere
delay correction for stormy period at selected five stations in Japan. The results
suggest that the effect of proposal on DRMSE reduction is almost equal or smaller
than that of conventional method using Klobuchar model when the positioning
error without correction e,,,..,» is under 5 m. The result also shows indicates that
its effect is larger with larger e,cor. At station A, EST reduces the DRMSE by
64%, compared with KLB. When e,,co, is over 12.5 m, EST drastically reduces
it to 5 m. At station B, EST reduces the DRMSE by 19%, compared with KLB. At
station C, EST reduces the DRMSE by 13%, compared with KLB. At station D,
EST reduces the DRMSE by 75%, compared with KLB. The proposed method
is remarkably effective with e,,corr >10 m and PDOP>3.0. At station E, EST
reduces the DRMSE by 12%, compared with KLB. However, it was frequently
observed in the result of station E that the proposal has an adverse effect. The

reason of this is discussed in the following section.
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Figure 5.2 Horizontal error reduction by conventional correction (KLB) at
station D on 9 November, 2013
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5.2 Drawback

There are differences of the correction effect of proposed ionosphere delay
estimation method depending on the observation point, as shown in Figs. 5.4
through 5.8. At station E, the proposed correction is not so effective and an
adverse effect was frequently observed. The ionospheric thin shell model in-
troduced in this work assumes that the horizontal ionospheric electron density
distribution is uniform and does not consider its dependence on the satellite
azimuth angle, discussed in section 4.1.1. Signal of satellite which is located in
south propagates through the region of high electron density the delay due to
the ionospheric effect is definitely large. The ionospheric model, which consid-
ers its dependence on the azimuth angle, has been widely studied [9]. There
is possibility to reduce the adverse effect by introducing one of these models

especially for station nearer from equator.

5.2.1 Occurrence Condition of Degradation

Figure 5.9 compares the correction values of slant ionosphere delay included
in QZSS pseudorange measurement generated by KLB and EST with true delay
for station C for s6 in upper figure. The true delay which is labeled as TRUE
was calculated from differences between dual-frequency pseudorange measure-
ments. Residual between the correction value and the true delay, which denotes
the ionospheric ranging error, is also shown in the lower figure. The value of
EST varies along that of TRUE better than that of KLB except 18:00-21:20 in
local time when the elevation of QZSS was under 10 degrees. Dependence of
the ionospheric ranging error of QZSS on elevation angle for station C for s6 is
shown in Fig. 5.10. The result also indicates that large error can be observed
under 10 degrees in elevation angle. A similar tendency was seen among other
GPS satellites as well. Then, the elevation angle should be set to 10 degrees at
least if the number of visible satellites is sufficient. Thus, the proposed iono-
sphere delay estimation using measurement of single epoch needs to be applied

for multi-GNSS positioning.



Chapter 5. Mitigation of Ionospheric Etfect on Single-Frequency Single-GNSS

Positioning with Ionosphere Delay Estimation

L]
L]

HEN
]

lonosphere delay (M)
]
L]

24

0k i
0 4] 12 18
40 T T T
+ TREUE-KLE ; :

30 ............. R S -

Fesidual {m)
[
Lo

e
L

i S TRLJ E—EST ................ ...............

0 4] 12
Local time (hour)

50

Figure 5.9 Comparison between correction values of slant ionosphere delay
included in QZSS measurement generated by KLB and EST with true delay
(TRUE) (Upper) and their residual (Lower) for station C on February 19, 2014

I
L]

T
L]

—_
L]

lonospheric ranging error (m)
]
i

=

Elevation angle (m)

0 10 30 40 50 60

Figure 5.10 Dependence of ionospheric ranging error of QZSS on elevation

angle for station C on February 19, 2014



Chapter 6

Mitigation of Ionospheric Effect on
Single-Frequency Multi-GNSS
Positioning with Satellite Selection

For the ionosphere delay correction according to real-time ionospheric condi-
tion, single-frequency receiver needs to estimate the delay by itself. We proposed
estimation method of ionosphere delay by single-frequency receiver using GPS
pseudorange measurements of single epoch [9] in Chapter 5. By representing
the slant ionosphere delay by vertical delay and mapping function depending
on the satellite elevation angle, the vertical delay is estimated with receiver posi-
tion and receiver clock offset. An adverse effect was observed when ionospheric
effect on positioning was originally small.

In this chapter, we apply the ionosphere delay estimation to multi-GNSS
positioning which uses several GNSS together. Moreover, we propose using
only the satellite measurements with relatively small error and noise including
multipath effect which are positioning error factors. General smartphone can
receive signals of GLONASS with those of GPS. Since sufficient number of visible
satellites is observable by combining GPS and GLONASS, it does not necessarily

use all those measurements. The contents of this chapter is summarized in paper

[8].

6.1 Satellite Selection Algorithm

With multi-GNSS positioning, the sufficient number of satellites can be ob-
served. Using selected measurements which is suitable for positioning is better
than using all visible satellites. We propose using the absolute value of resid-

ual ranging error as the evaluation index for selecting the satellites used for

~51-—
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positioning. The residual ranging error is calculated by
A=Y - GX]|. (6-1)

The residual ranging error includes positioning error, ephemeris error, satellite
vehicle clock error, modeling error of ionosphere and troposphere, multipath
effect, and measurement noise. The measurement with large residual ranging
error makes the positioning accuracy worse. Thus, we propose eliminating such
measurement of satellite ; when its residual ranging error meets the following
equation.

A > p+20 (6-2)

where 11 and o are average and standard deviation (STD) of residual ranging
errors of all visible satellites (Units are meter).

Figure 6.1 shows the flowchart of proposed positioning process. First process
is positioning calculation with ionosphere delay estimation using the measure-
ments of all visible satellites. Second one is calculation of the residual ranging
error for all visible satellites using eq. (6-1). Third one is satellite selection by
using the residual error as the evaluation index. Last one is positioning calcula-
tion with ionosphere delay estimation using the measurements of the selected
satellite. The flowchart of satellite selection algorithm is shown in Fig. 6.2. If the
residual error of satellite i does not meet eq. (6-2), its measurement is used for
positioning. If it does, its measurement is not used basically. In order to prevent
the position dilution of precision (PDOP) from remarkably deteriorating, the
number of rest of satellites for each GNSS should be three or more. Even if it
meets eq. (6-2), there is the case that its measurement is used for positioning.
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6.2 Performance Evaluation

Performance evaluation was conducted by using measurements of GPS and
GLONASS obtained at five stations in Japan for stormy period. Firstly, the
evaluation for the effect of satellite selection on mitigation of positioning error is
presented. Secondly, the evaluation for the effect of ionosphere delay correction

using conventional method and proposed estimation method is presented.

6.2.1 Effect of Satellite Selection

Mum. of satellites

0 720 1440 2la0 2880
Data roovber

Figure 6.3 Number of satellites used for positioning observed at station D on
28 February, 2014

Figure 6.3 shows the number of satellites used for GPS+ GLONASS position-
ing at station D on 28 February 2014 as the example. The result labeled as “All”
means the number of satellites whose elevation is 10 degrees or more. The
result labeled as “Selected” means that of selected satellites with proposed se-
lection algorithm. Proposed positioning calculation needs six satellites at least.
Thus, the number of selected satellites is sufficient for positioning throughout
the whole day. Table 6.1 summarizes the execution rate of removal of satellite

measurements by selection algorithm.
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Table 6.1 The execution rate of removal of satellite measurements by selection
algorithm

Station A B C D E
Rate (%) 959 95.6 949 956 97.2
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Figure 6.4 PDOP at station D on 28 February, 2014

Figure 6.4 compares the PDOP at station D on 28 February 2014 before and
after selection. By combining GPS and GLONASS, PDOP was kept less than 3.0
throughout the whole day even if four satellites were removed from positioning
calculation. This suggests that the proposed algorithm appropriately selected
satellites without remarkably increasing PDOP.

Figures 6.5 through 6.9 show the DRMSE for GPS+GLONASS positioning
with ionosphere delay estimation using all visible satellites or selected satellites
for stomry period at five stations, respectively. This statistics is based on the
value of PDOP after satellite selection. When the positioning error without
correction is large, the correction effect on DRMSE reduction is large. The results
of all stations suggest that the effectiveness of satellite selection is enlarged in
the case of bad satellite constellation. Atstation A, proposed selection algorithm
reduces the DRMSE by 30%. At station B, proposed selection algorithm reduces
the DRMSE by 28%. At station C, proposed selection algorithm reduces the
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Figure 6.5 Effect of satellite selection for GPS+GLONASS positioning with
ionosphere delay estimation for stormy period at station A

DRMSE by 65%. At station D, proposed selection algorithm reduces the DRMSE
by 60%. At station E, proposed selection algorithm reduces the DRMSE by 19%.
Thus, the satellite selection can improve the quality of positioning by removing
the measurements of satellites which seems to be highly affected by ionospheric
activity.
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Figure 6.6 Effect of satellite selection for GPS+GLONASS positioning with
ionosphere delay estimation for stormy period at station B
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Figure 6.7 Effect of satellite selection for GPS+GLONASS positioning with
ionosphere delay estimation for stormy period at station C
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Figure 6.8 Effect of satellite selection for GPS+GLONASS positioning with
ionosphere delay estimation for stormy period at station D
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Figure 6.9 Effect of satellite selection for GPS+GLONASS positioning with
ionosphere delay estimation for stormy period at station E
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6.2.2 Effect of Ionosphere Delay Estimation

Figure 6.10 shows the horizontal positioning error without ionospheric correc-
tion with all visible satellites (UNC+ALL) as the example. The measurements
observed on 9 November, 2013 were used. “UNC+ALL” and “KLB+ALL” de-
notes the result of positioning without ionosphere delay correction and with
conventional correction, respectively, using all visible satellites. “EST+SEL” de-
notes the result of positioning with proposed ionosphere delay estimation using
selected satellites. The positioning error is over 5 m during 12:00-21:00 in local
time when the ionospheric delay seems to be large.

Figures 6.11 and 6.12 show the horizontal error reduction by conventional
correction (KLB+ALL) and by proposed correction (EST+SEL), respectively, at
station D on 9 November 2013. Although the ionospheric effect on positioning
is large in daytime, the effectiveness of conventional method is not indicated.

The result of the proposed method indicates its effectiveness in daytime.
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Figure 6.10 Horizontal positioning error of UNC+ALL at station D on 9
November, 2013

Figures 6.13 through 6.17 compare the DRMSE for GPS+GLONASS position-
ing with ionosphere delay correction for stormy period at selected five stations
in Japan. When the ionospheric effect on positioning is small (e,,corr < 5 m), the
correction effects of both conventional and proposed methods on error reduc-
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Figure 6.11 Horizontal error reduction by conventional correction (KLB+ALL)
at station D on 9 November, 2013

Figure 6.12
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tion are reasonably small. In some cases, it is observed that the DRMSE value
of eyncorr 1 smaller than that of e.,... It is not observed that the effectiveness
of proposal is degraded in the case of PDOP 2.0-3.0, compared with that in the
case of PDOP 1.0-2.0. Thus, the effectiveness of satellite selection is enlarged in

the case of bad satellite constellation.

]_':I hl 1 T 1 1
- PDOP 1.0-2.0 - UNCHALL
= [ ki5-aLL
M R e e e ---| C_1EST+SEL [
5 I
= | mmE . .
0-2.3 2.5-3 5-71.5 7510 10-125 125-15
10 . . . . .
— PDOP 20-3.0
. | B e .
2 H
- o LHm[] IHH . . .
0-2.3 2.5-5 5-7.5 7510 10125 125-15

Positioning error without correction (m)

Figure 6.13 Comparison of DRMSE for GPS+GLONASS positioning with
ionosphere delay correction for stormy period at station A

As it was discussed in section 3.1.2, ionospheric effect is relatively small at
high latitude region. The result of station A and B show that the proposed
correction method is effective and reduces the DRMSE when e,,,corr 1S OVer 5
m. The result of station C and D also show that the proposed method is highly
effective when e,,,cor is OVer 7.5 m.

At station A, proposed selection algorithm reduces the DRMSE by 38%. At
station B, proposed selection algorithm reduces the DRMSE by 6%. At station
C, proposed selection algorithm reduces the DRMSE by 61%. At station D, pro-
posed selection algorithm reduces the DRMSE by 57%. At station E, proposed
selection algorithm reduces the DRMSE by 14%.

From the result of station E, we found that the correction effect of proposed
method is not expected. The following reason can be considered. The iono-
sphere is more disturbed at region nearer from equation. At low latitude region,
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Figure 6.14 Comparison of DRMSE for GPS+GLONASS positioning with
ionosphere delay correction for stormy period at station B

the GNSS signal, which propagates near from equation, can be observed. How-
ever, the ionospheric thin shell model introduced in this work assumes that the
electron density is uniformly distributed. Thus, the possible solution is intro-

ducing the ionospheric model considering the distribution of electron density.

6.2.3 Drawback

There are times when the error reduction by proposed estimation method is
almost zero or negative in daytime, as shown in Fig. 6.12. That is a drawback of
the ionosphere delay estimation using single-frequency pseudorange measure-
ments. The possible reasons for small error reduction is that the contribution
of modeling error or measurement noise to measurement is large. Proposed se-
lection algorithm try to remove the satellite measurement including those error.
However, if the residual errors are large overall, it is sometimes unavoidable

that the estimation error of ionosphere delay is large.
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Figure 6.15 Comparison of DRMSE for GPS+GLONASS positioning with
ionosphere delay correction for stormy period at station C
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Comparison of DRMSE for GPS+GLONASS positioning with
ionosphere delay correction for stormy period at station E
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6.3 Comparative Evaluation of Positioning with Each
Method

This section summarizes the performances of single- and multi-GNSS posi-
tioning with ionosphere delay correction methods with satellite selection. Table
6.2 summarizes the probability of best method of which the positioning error
is minimum for stormy period when esgr+unc+ar, >5 m. The name of cor-
rection method in Table 6.2 is separated in three parts. The first term is “SGL”
or “MLT”, indicating positioning using single-GNSS (only GPS) or one using
multi-GNSS (GPS+GLONASS), respectively. The second term denotes the cor-
rection method, “UNC”, “KLB”, or “EST”. The third term are “ALL"” or “SEL”,
indicating the positioning with all visible satellites or one with selected satellites.

At station A, B, and E, it is multi-GNSS positioning with conventional correc-
tion (MLT+KLB) that reduces the positioning error most with highest probabil-
ity, while it is multi-GNSS positioning with proposed ionosphere delay estima-
tion with satellite selection (MLT+EST+SEL) at station C and D.

Figures 6.18 through 6.22 compare the DRMSE for GPS and GPS+GLONASS
positioning with various ionosphere delay correction for stormy period at se-
lected five stations in Japan. This statistics is based on the value of PDOP
for GPS positioning. When the largest bias error b;,, is small (eyncorr <5 m),
There is small advantage in using GLONASS of which b,,, and b, are large
(see Table 2.2). At station A, conventional method (MLT+KLB+ALL) keeps
stable performance of ionospheric correction. When e,;,co is within a range
of 12.5< eypcorr <15 m), the proposal (MLT+EST+SEL) has an ability to cor-

Table 6.2 The probability of best method of which the positioning error is
minimum (esgr+uNc+aLL > 5 m)

Correction Station

method A B C D E
SGL+UNC+ALL 6% 2% 10% 14% 5%
SGL+KLB+ALL 8% 8% 7% 9% 16%
SGL+EST+ALL 27% 30% 17% 20% 19%
MLT+UNC+ALL 4% 5% 1% 3% 5%
MLT+KLB+ALL 38% 36% 19% 12% 24%
MLT+EST+ALL  03% 5% 2% 5% 11%
MLT+EST+SEL 15% 16% 43% 38% 21%
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Figure 6.18 Comparison of DRMSE for GPS and GPS+GLONASS positioning
with various ionosphere delay correction for stormy period at station A

rect large error. The result of station B shows in Fig. 6.19 and table 6.2 that
MLT+KLB+ALL and SGL+EST+ALL have an equal ability. At station C, the
probability of best method of MLT+EST+SEL is remarkably high. Moreover,
it is highly effective especially when e,,corr >10 m. The result of station D in
Fig. 6.21 shows that proposed SGL+EST has an ability to correct large error
(Euncorr >7.5 m). Single-GNSS positioning has smaller value of DRMSE when
Cuncorr <D m at station E.

From these results, the reliable single-GNSS receiver requires to select the
best method from all selectable positioning algorithm. The possible index of

selection is the estimation value of ionosphere delay and its standard deviation.
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Figure 6.19 Comparison of DRMSE for single- and multi- GNSS positioning

for stormy period at station B



Chapter 6. Mitigation of Ionospheric Etfect on Single-Frequency Multi-GNSS
Positioning with Satellite Selection 69

PDOP 1.0-2.0
) LT | | e .

DREMSE (m)

].5 1 1 I 1 I I
= | PDOP2.0-3.0
e L1 .
[r]
(7]
B Blesaennagpignts BN ||| —— :
A
| |
-2. - =1 : [ JsGr-UuNc-ALL
5 . . . . SGL+KLB+ALL
~ | PDOP3.0-4.0 [ sGL-EST-ALL
N T N M T+UNC+ALL
L] I L T+KLB+ALL
5 e s s s st s s s s ssens s ) I 0 T+EST+ALL
= i I:I ““I I . T-EST-SEL
{] | 1 | |
025 X253 3-7.5 7.5-10 10-12.5 12.5-15

Positioming error without correction (m)

Figure 6.20 Comparison of DRMSE for single- and multi- GNSS positioning
for stormy period at station C



Chapter 6. Mitigation of Ionospheric Effect on Single-Frequency Multi-GNSS
Positioning with Satellite Selection 70

FDOP 1.0-2.0

DRMSE (m)

[y
=
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

DRMSE (m)
L
1

DRMSE (m)
=
i

0-2.5 255 5-7.5 7.5-10 10-12.5 12.5-15
Positioning error without correction (m)

Figure 6.21 Comparison of DRMSE for single- and multi- GNSS positioning
for stormy period at station D



Chapter 6. Mitigation of Ionospheric Effect on Single-Frequency Multi-GNSS
Positioning with Satellite Selection 71

PDOP 1.0-2.0 I

DEMSE (m)

DEMSE (1m)

DEMSE (1m)

0-2.5 2.5-5 5-1.5 7.5-10 10-12.5 12.5-15
Positiomng error without correction (m)

Figure 6.22 Comparison of DRMSE for single- and multi- GNSS positioning
for stormy period at station E



Chapter 7

Conclusion

7.1 Summary

We proposed new method to mitigate the ionospheric effect on single-frequency
GNSS positioning. Chapter 4 described the algorithm for estimating the iono-
sphere delay in real time. By representing the slant ionosphere delay by vertical
delay and mapping function depending on the satellite elevation angle, the
vertical delay can be estimated with receiver position and receiver clock offset.
The numerical evaluation of its performance was conducted by using measure-
ments of GPS observed at five stations in Japan for both ionospheric quiet and
disturbed condition during a period from 2013 to 2015. The appropriate param-
eter of the height of ionospheric thin-shell for the ionospheric thin-shell model
was studied. The result showed that setting the lower height was the best for
the estimation using only pseudorange measurements of single epoch.

Chapter 5 discussed the effect of proposed ionosphere delay estimation method
on positioning error reduction for GPS positioning by numerical evaluation. The
results showed that it is effective when the ionospheric effect is large; in daytime
and in lower latitude region. However, the correction effect at southernmost
station was lower than expected. In order to avoid the adverse effect and to en-
hance the positive effect on error reduction, the suitable model for low-latitude
region should be studied.

We also applied proposed ionosphere delay estimation to the multi-GNSS
positioning combining GPS and Russian GLONASS. In order to estimate the de-
lay more precisely, we proposed satellite selection algorithm, selecting satellite
measurement which is suitable for positioning, in Chapter 6. The absolute value
of residual ranging error between measurement and estimated value of pseu-

dorange was used as the evaluation index for selecting satellites. The effective-
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ness of satellite selection and ionosphere delay estimation for GPS+GLONASS
positioning was indicated by numerical evaluation. Our proposed selection
algorithm reduced the rms of horizontal error at almost all stations for stormy
period in daytime. We also conducted the comparative evaluation of conven-
tional and proposed ionosphere delay correction for GPS and GPS+GLONASS
positioning. For high reliability of single-frequency positioning, the receiver
needs to select the best method from all selectable positioning algorithm.

7.2 Future Work

For practical evaluation for performance of our proposed method, we need
to apply it to the smartphone, drone, and some other mobile devices. Google
released Android N in 2016 which outputs the raw GPS measurements. Then,
we will easily demonstrate the effectiveness of our proposed algorithm for
smartphone. We used the data observed at station where there is nothing to
shield antenna from the satellite signals. If the proposed selection algorithm
applies to the data observed in which there are buildings in one direction to
shield it, it is expected that it is more effective than simply setting high elevation
mask. Then, the effect of satellite selection in a multipath environment should
be studied.
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