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Abstract — The estimation of the ionospheric delay by a GNSS
receiver is quite simple when the receiver has access to signals
located at different frequencies. However, when these two
frequencies are very close, this estimation process becomes very
noisy. The paper presentsatechniqueto overcomethisproblemin
the case of the reception of Galileo signals in the E5 band only.
Thistechniqueisbased on alocal ionosphere model and the use of
carrier phase dual frequency measurements. This paper also
widen this investigation to the case of the reception of two GNSS
constellations, GPS and Galileo, broadcasting in the same E5
band. The performance of the estimation process are shown to be
very good in Europe with a standard deviation of the estimation
error at L1 that is below 30cm for the worst case ionosphere
conditions.

Keywords—GNSS, | onosphere estimation, Galileo, GPS

. INTRODUCTION
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modes since it might impact the expected behavior of the
receiver. A typical example is the loss of one frequency and it
is thus important for a triple-frequency receiver to consider the
loss of any of the E5a, E5b and E1 signal and its consequence
on required performances.

This article specifically focuses on the event of the loss of the
L1/E1 band. This situation is of particular interest because it
means that the receiver is left with measurements coming
exclusively from GalilecE5a/ESb and GPS L5 signals. This
represents for Galileo two spectrally very close signals, and for
GPS a mono-frequency case, which are not ideal cases for
precise positioning. Many different figures of merit are to be
investigated in this degraded mode scheme to fully assess how
the receiver can cope without significantly losing any of its
performance. However, this article will only focus on the
ionospheric delay estimation using the available GPS/Galileo
signals

in Aeronautical

RadioNavigation Service (ARNS) bands - E5a, E5b, E1 OS fofhe motivation behind this investigation is to show that for a

Galileo and GPS L5, L1C - were designed so that they can brigple frequency Galileo/GPS receiver, whatever the jammed

significant improvements to most of the users compared to tHeand, it is always possible to estimate accurately the

current GPS L1 C/A signal performances. Receivers will thuénospheric delay affecting pseudorange measurements and
be able to track the different signals with a lower tracking noiséhus keep an interesting accuracy positioning for the receiver.
and a lower multipath susceptibility, and an increased resistanééoreover, an extension of this conclusion is the potential use

to interferers, consequently providing cleaner code and pha§éthe E5 band alone for precise positioning applications.

pseudorange measurements. This enhancement was obtaiRgfl 5 thors have already presented initial results in 2009 [1]
thanks to, among others, the use of higher code chipping ratgiy 2012 [2], both using Galileo E5 signals only. These articles
(10.23 MHz for GalileoESa/ESb and GPS L5), innovative o eqtigated the use of an ionospheric delay estimation process
modulations (ALTBOC, MBOC) and the use of a pilot channelyqeq on a Kalman Filter (KF) which was used code and carrier
in parallel with the traditional data channel. phase geometry free combinations, jointly with a simplified

The use of these open signals together can bring further obvioligear local model of the Vertical Total Electron Content
improvements such as (1) a more accurate and robuffTEC) to represent the ionospheric delay of any visible
ionospheric delay estimation, (2) improved ambiguitysatellites. The initial results, based on simulations, were
resolution performances (in terms of success rate and time Bgomising since the ionospheric delay estimation error standard
fix), (3) potential tropospheric delay estimation, and (4)deviation was at the decimeter-level for high level of solar
frequency diversity against potential intentional oractivity assuming that the true ionosphere was perfectly
unintentional jammers. These different points were backed ufodeled by the NeQuick model. This paper goes further by
by many different investigations and papers from different useproviding the following:

community needing high precision and reliable positioning,
showing a great interest in a triple-frequency Galileo/GPS
receiver. .

Use of signals from two constellations in the E5 bands.

Use of the updated NeQuick model to represent the
true ionosphere, thus providing more representative

Based on this triple frequency baseline, it is however important results

when it comes to sensitive applications, to consider degraded



e More extensive results in Europe based on mordt can be seen that Galileo E5Sa and Galileo E5b are present in
simulations (previous results were obtained in Sevillaadjacent bands. In order to take advantage of that, the 2 signals

Toulouse and Stockholm during two 24h time periodsare
multiplexing [6]. The whole Galileo E5 signal is thus an extra

representing high solar activity).

transmitted coherently using an ALTBOC(15,10)

wide-band signal (more than 50 MHz wide) that can be

II.  DESCRIPTION OFGALILEO E5AND GPSL5 SIGNALS
AND ASSOCIATEDOBSERVABLE MODELS

A. Presentation of the Galileo E5 and GPSL5 Signals

1) Galileo E5 Sgnals
The Galileo E5 signals are part of the E5 band ([1164-1215
MHz] that is the largest RadioNavigation Satellite System
(RNSS) band [3]. It is also an ARNS band, thus protected by
ITU, but with no exclusivity to RNSS. This means that any
system broadcasting within this band will have to cope with the
existing non-RNSS services already present in this band. In

particular, systems using strong pulsed signals, such as

Distance Measuring Equipments (DME), TACtical Air
Navigation (TACAN), Joint Tactical Information Distribution
Systems(JTIDS)/ Multifunctional Information Distribution
Systems (MIDS) are deployed in this banpgy

The Galileo E5 signal has 2 components:

received:

as a whole: this means that the user can process an extra-
wide band signal for positioning, thus enjoying pseudaang
measurements that are the most resistant GNSS signals
towards thermal noise, multipath and narrow-band
interference [V.

separately: in this case, the user does not require a receiver
with an extra-wide bandwidth, thus reducing the complexity
of the receiver. Note that a dual frequency E5a/E5b receiver
can process in parallel both signals, thus obtaining
measurements from 2 wide-band signals that were
generated based on the same satellite payload module (same
filter with excellent stability over the E5 band, same HPA)

at 2 different frequencies.

Compared to the Galileo E1 OS, and to a larger extend GPS L1
C/A, the Galileo E5a and E5b signals will provide enhanced

) ) ) . tracking capabilities, and thus are very promising for precise
e The E5a signal is transmitted in the frequency band [1164ositioning applications. Moreover, [3] specifies that both

MHz — 1191.795 MHz] and centered of3s,=1176.45

Galileo E5a and E5b signals should be received with a

MHz. It will fully support the Galileo Open Service (OS) minimum power 2 dB above the Galileo E1 OS. This also
and will support the Safety of Life (SoL) service through itsmeans a better performance in case of signal obstruction.

ranging function. It is composed of a data and pilot channel

with equal power. The data channel broadcasts the F/NAVYhe Galileo ES signal performances were presented in [1] and
message with a symbol rate of 50 sps. Since the useful daidll not be detailed in here. Itis still worth mentioning that:

is encoded using a convolutional code with a constrajnt %3
the actual data bit rate is 25 bps. Galileo E5a is Quadra-
Phase Shift Keying (QPSK)-modulated and uses a 10230-
chip long spreading code with a chipping r#teof 10.23
Mcps. This means that it is a wide-band signal that will,
exhibit excellent resistance towards thermal, multipath and
narrow-band interference compared to the currently
available GPS C/A signal. It is also worth noting that the

the coherent code tracking performance (against thermal
noise, multipath and interference) of the Galileo E5 signal
is extremely good compared to any other GNSS signals due
to its very wide bandwidth

the coherent code tracking of the Galileo E5a and E5b is
equivalent to that of a BPSK(10) signal.

2) GPSL5 Sgnal

Galileo E5a signal will overlap the GPS L5 signal, whichThe GPS L5 signal is transmitted in centered fon=
has similar signal characteristics. It means that it will likelyfz,=1176.45 MHz. It is composed of a data and a pilot
be part of GPS/Galileo receivers using the E5a/LScomponent. Itis a QPSK-modulated signal and uses 10230-chip

frequency band.

e The E5b signal is transmitted in the frequency banci
[1191.795 MHz- 1215 MHZz], centered off;5,=1207.14

MHz. The Galileo E5b signal will support the OS, the SoLB.

full service (ranging and integrity functions) and the

long spreading codes with a chipping rate of 10.23 Mcps. As a
onsequence, it is very similar to Galileo E5a signal and
xhibits very similar performance.

Observable Mode

Commercial Service (CS). Itis composed of data and a pildt€t US denoteP,” and ¢* the code and carrier phase
channels with equal power. The data channel broadcasts tRgeudorange measurements from satefljteat frequencyX.
I/INAV message (corresponding to the SoL service) with al heir usual model is provided by:

symbol rate of 250 sps This means a useful data bit rate ofasy(k)

125 bps due to the convolutional encoding with a constraint” X

1/2. Galileo E5b uses a 10230-chip long spreading code
with a chipping rat¢, of 10.23 MHz. Although the Galileo
E5b does not coincide spectrally with any planned GPS

signal, it has the same frequency and modulation as the

future COMPASS B2 signal, which might be interoperable
with Galileo E5b, and is very close to the future GLONASS
L3 signal.
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pSY (k) + c(dTSY (k) — deSv (k) 15 (1)
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+TSY (k) — 1Y (k) + MP% (k) + n5 (k)

MPyY, (k) = MP,Y, (k) (5)
+b5¥ (k) + AxASY = Sy Sy
A - +ryx, | Thpx, (k) — byl (k)
where
+n1§§(1 (k) — n;’;(z (k)
e the superscripf, refers to the satellitg, 2
e p represents the true satellite-receiver range, With Ky x, = %
e dT represents the satellite clock bias, ¥4
e dtrepresents the receiver clock bias, In the case of an E5a and E5b combination, the coefficient
* T represents the tropospheric delay, Kgsp psq 1S €qual to 19.9 when estimating the ionosphericydela
* Iy represents the ionospheric delay at fieq. at E5a. This means that all the tracking errors (due to multipath,
* MPy andMF, represent the errors due to multipath onpgise  interference) and hardware biases are multiplied by 19.9
the code and phase pseudoranges, ~ when estimating the ionospheric delay at E5a. It is quite clear
e np andn, represent the error due to thermal noise orthat this is very detrimental to the accuracy of the ionospheric
the code and phase pseudoranges, delay estimation. It is then interesting to use dual frequency
e byY andb,’, represent the satellite+receiver code anddeometry-free carrier-phase combinations instead:
phase biases at frequenty Syepy Sy
e Ay represents the carrier phase ambiguity at frequency Kx1xz (‘le () = ¢k, (k))
X, —Iy¥ (k)
e ]y represents the wavelength of the carkier s s
x fep g MP,% (k) — MP,% (k) ()
In order to gather the elements of (1) and (2) that are common _ | +b5Y (k) — b5, (k) |
to the different frequencies and observables of sat§jlitthey | +rex ?Xl ‘g'xz
can be re-written as: VL Ay U =ty (k)
PSY (k) = DY (k) + 15 (k) + MPS% (k) - \ Ay, Ay — Ay, Ay /
+ nf,f;((k) + b,ff;((k) In this case, the multiplication factor is not as problematic as
sy s Sy sy the carrier phase tracking errors are only atrtimelcm level.
oy (k) =D (k) — I* (k) + MP, (k) However, in this case, a float ambiguity term (coming from the
+n,re (k) + byYy (k) 4) carrier phase ambiguities) Ay, Ay — Ay, Ay’ - has to be
+ AXA)S(Y estimated as well. It is thus necessary to estimate the ambiguity
terms together with the ionosphere term. As a consequence, the
where system has more unknowns than measurements.
D% (k) = p* (k) + c(dT¥ (k) — dt¥ (k) + T (k) B. Single Frequency Measurements
Itis We!l—known that the ionospheric term can be approximateds on|y one frequency is available, the ionos[jﬂnde|ay of each
at the first order, by: satellite can then be estimated using the Code-Minus-Carrier
5 403 - STECSY (k) (CMC) combinations as follows:
IX (k) = f2 1 Sy Sy
X 5 (B () = 937 (1))
where Iy (k) Ko
e [y is the signal’s carrier frequency, and ~ 1 MPSY (k) +n, (k)
e STEC is the Slant Total Electron Content (TEC), which +—< o e ra s )
represents the TEC along the signal propagation path. 2\+bpk, () — b)Yy (k) — Ay, AYY
The above equation takes into account the fact that code
[ll.  PRESENTATION OF THEH ONOSPHEREESTIMATION tracking errors are two degrees of magnitude greater than the
TECHNIQUES carrier phase tracking errors. As it can be seen, the CMC

combination also integrates the carrier phase ambiguities and

The referepce ionosphere de]ay estimation technique is fu”t¥|us these ambiguities have to be jointly estimated with the
presented in [2] and is only briefly described here. ionosphere delay.

A. Dual Freguency Measurements C. Local lonospheric Mode!

The ionosphere delay for each visible satellite can be estimat
from two signal at two frequenciesing dual-frequency code
geometry-free combinations as follows:

99 reduce the number of unknowns in the dual-frequency and
single-frequency systems shown above, it is possible to try to
use a simple local ionospheric delay model. This creates



another advantage which is to link the ionospheric delaysterm e long, and long, are the user and pierce point
associated with each visible satellite with a set of parameters to  |ongitudes.

estimate. Modeling the local variations of the vertical | , ,

ionospheric delay around the user to facilitate the estimation ¢4Sing the fact that the ionospheric delay at frequexcyor
the ionospheric slant delay has been used for single-frequenggtelliteSy can be modeled as:

(GPSL1 C/A) ionospheric estimation in{8] and has also been . M ESY R

used for dual frequency GPS L1/L2 measurementsdyiti the 157 () = 40.3 - MF™Y (k)VTEC, (k)

context of Precise Point Positioning (PPP) using a network of fle
reference stations. These models assume that the ionOSpthfiFollows that:
delays can be modeled using: '
I\SY
e A single layer ionospheric model that is such that each’x (k)
point of the ionosphere layer equals the VTEC VTEC, (k)
e Alocal VTEC model that is such that the VTEC at any +max(Alati};(k),0) - gn (k)

ionospheric pierce point (intersection between the assumed ¢ . Sy

single-layer ionosphere and the signal propagation path)= Ky (k) | +min(Alat,!, k), 0) - gs(k)

can be modeled as a function of: + max(Along,f‘;(k), 0)- gp(k)

o the VTEC at a specific reference point, and \ ) Sy

o a VTEC gradient according to the differerindatitude + min(Along,}, (k),0) - gw (k)
and longitude between the pierce point location and th@here
reference position. <

e A mapping function that maps the VTEC at the ionospherg K;Y(k) = w
pierce point into the STEC. A typical mapping function to ! Tiy

transform the VTEC into an STEC is [Lestarquit et al,e Alat;i};,(k) = latf,Y(k) — lat, (k)

\} (10)
)

1999]: . Alongz};(k) = longzy(k) — long, (k)
1
MF% (k) = _— . :
R, cos(ES¥ (k) 2 (8) D. lonosphere Estimation using Galileo E5 Only
1= R, + h; The ionospheric delay estimation described in [2] is based on
Kalman filter that uses (1) the dual frequency code and carrier
where phase measurements as measurements attee(®cal VTEC
« R, is the Earth radius (6378.1363 km), model parameters and the ambiguity terms as state parameters
e F is the satellite elevation (in rad), and The state matrix is thus:
e h; is the height of the maximum TEC, which is also the ) )
height of the ionosphere layer modeled as a single-layer. 'APES;a‘ESb(k)" VTEC(i;{Sk) 'Nﬁi,sa,ESb(k)'
Nine simple local VTEC models derived from the above APz, pey () Zi(k) Npzsa,zs5 ()
general model were tested in [2] in the case of a Galileo o gz (k) P
E5a/E5b receiver. The elected one was based on the the APpgy psp () | G (k) Nphsa gsp ()
expression of the VTEC at the ionosphere pierce point as a ApS: |~ H el + NS (k)
function of 5 parameters: EsbiEsa ESb,ESa ESAESD
. A@gsp psq (k) A;ZSb Fsa Nqo,zESa,ESb(k)
The VTEC at the zenith of the userec,, and .
4 VTEC gradients in the Nortfy,, East gz, Southgs, _A<pggb£5a(k)_ i A?éb,ESa | _N;)‘T}ESa,ESb(k)_

Westg,, directions _
e The considered latitude of the ionosphere pierce poin‘f"'th

and the user location is the geomagnetic latitude. APSY — pSY _pSy
) E5a,E5b Esa ~ 'E5b
This local VTEC model can be represented as: . A‘Png,ma = (Pl?S{b _ (p:;a
VTEC, (k) ¢ Afilsb,ESa = )“ESbA?éb - xESaAi:ga
/ . VTEG() \ o Npho,psp@NdNJL o po are the observation noise assumed
+max(latp"(k) — lat, (k), 0) - gn(k) Gaussian.
=| +min(lat)Y (k) — lat,(k),0) - gs(k) ©) 1 [Kgsq(k) Alat (k) Along (k) 0,
+max(longf,y(k) - longu(k),O) - ge(k) * H= Kesa,Esb I?ESa(k) Alat (k) m (k) KESa,Esz;I:n
+min(long,’ (k) — long, (k), 0) - g (k) where
where

e lat, and lat, are the user and pierce point latitudes, and



[KESa(k)] ® Nyrecs Nays Nggs Nags NGy NS - 0,sy are independent

Ry, (k) = ESa(k) Gaussian noise with a unit variance, and

2 e W, is the Earth rotation rate (rad/s)
ESa(k)
max(Alaty}, (1), 0) min(Alaty, (K), 0) E. lonosphere Estimation for Galileo E5/GPSL5

fat (o = [max(@lat;3,(0, 0) min(Alatyz, (K), 0)| When using Galileo E5 and GPS L5, the estimation process has

to be amended since Galileo will provide dual-frequency

maX(AIat (k) 0) mm(mat » (), 0) measurements, while GPS will only provide measurements on

maX(Along »(K), 0) mm(AlO“g p (K, 0)] L5. Using CMC measurements for GPS L5, the system to solve
o Zlong (k)= |max(Alongup(k) ,0) mln(Alongup(k) 0], is now:
r S1 b _ . - _
~ [max(Alongup(k) 0) mln(Alongup(k) O)J APESSa,Esb(k) VTEC(};Cgk) Np155a55b(k)
e 0,is anby-n zero matrix ) é;N(k) Npsa, ESb(k)
=, . . . N
e [, is a nby-n identity matrix APS (o) 95 (k) s,
ESaESb Ny (k)
It is interesting to note that this system has the advantage to gw (k) P.ESa,ESD
. . . , (k)
separate the inter-frequency bias from the ionospheric delay @55 550 A <pE5aE5b(k)
terms since the inter-frequency bias will be absorbed by the A(pESb,E;,a(k) s, k)
.. . =H| A “bEsa |+ quSaESb
(float) ambiguity state once the filter has converged. — ESb,
.. . . . Ap.z k
The transition matrix is based on the following assumptions: Pes, 55“( ) A e ¢E5aESb(k)
. . cMC; 1(k) "
e The ionosphere-related terms are modeled as first-order s A CMCLS(k)
Gauss-Markov processes. CMCy5 (k) 25 CMCLS(k)
e The ambiguity terms are modeled as first-order Gauss- o LS
Markov processes since these states will absorb the potential cmcpr (k) ASh NS (k)
variation of the hardware biases as well as the ionosphere ] : - s 4 R eMeLs

The transition matrix associated to the reference loc
ionosphere model is thus:

modeling error

The Earth rotation is taken into account to update the verticdis it is easy to have the expression of the mattidxom this
ionospheric delay between 2 consecutive time updates.  system from what was presented in the Galileo E5 only case, this
ill not be detailed here. The same deduction can be done
egarding the transition matrb

F. lonosphere Estimation for Dual Constellation / Dual

[ VTEC,(k+ 1) 1 [ VTEC, (k) T Frequency
gnk+1) gn(k) rOVTEC " NVTECT ) ) ) _
gs(k+ 1) gs(k) GGy " Nay For references, a third test case was investigated. This test case
gp(k+ 1) g (K) 06, * Ngg aimed at assessing the performance of the estimation process in
O " NG the case of Galileo E5 together with another constellation that
gw(k+1) = F gw(k) + E E N . . . .

S, I OGw NGy would have two available signals in the E5 band. This case is
Agsapsp(k+1) AEsa sb (1) Gp " Nys; interesting as it would allow using dual frequency carrier phase
ASEZSa esp(k+1) ESa gsp K measurements instead of CMC, which are much noisier. As a

| Oa'Nsn | consequence, a ‘fictitious’ GPS constellation was used that
AESa ESb(k+ 1] ESa Esb(k)— assumed that GPS satellites were able to transmit an
ith ALTBOC(15,10) on the same frequency as Galileo E5. By
wi doing so, the idea was to test the estimation process using dual
1 0 0 W, 0 constellation dual frequency carrier phase measurements.
0 1.0 0 0 As in the case of Galileo E5/GPS L5, the Kalman filter
F= 0 0 1 o0 0 . .
=lo 0 0 1 0 equations can be deduced from what was presented in the
Galileo E5 only case as the local VTEC model is assumed the
0 00 0 0 1 same.

where

® OyTEC, OGy: OGss OGg: Oy are the standard deviations

G. Local VTEC Mod€l based on 3 Gradients

associated with the variation of the local ionospherdn [2], the true VTEC variations from obtained from the

parameters NeQuick model were analyzed. It was observed that there could
6, corresponds to the standard deviation associated with thee some potential strong variations of the gradients in the
variation of the ambiguity term (mostly due to the North/South directions over Europe. This is why it was decided
ionosphere modeling error variatjon in the first place to have separate North and South gradients



However, the variation in the East/West direction appeare€.
more linear. As a consequence, in the frame of this papef,
another local VTEC model will be tested based on only 3

Smulation Parameters

e receiver mask was chosen equal to 10°.

gradients: North, South and East/West. The will to test thi€ive locations were selected to represent a diversity in terms of
model is to see how a model with less parameters would behavatitudes and longitudes:

in particular taking advantage of a greater observability of eac
parameter.

IV. PRESENTATION OF THESIMULATION TOOL AND FILTER

SETTINGS
A. Smulation Tool .
The simulation tool is exactly the same as the one used.in [2
There are however two differences: U

e the true ionosphere is now modeled using the
NeQuick2 model, an evolution of the NeQuick model
freely available on the ITU website and used in; [12
13; 14]. For visualization purposes, the G/dr the
considered Galileo E5 sign&igomponent at the user
antenna output is shown in FigurErteur ! Source
du renvoi introuvable. The difference between
NeQuickl and NeQuick2 is mainly that the variation
of the VTEC are not as sharp in NeQuick2 as it is in
NeQuickl due to modifications in the modeling of the
high altitude ionosphere layers.

o GPS satellites are assumed to follow the GPS
constellation defined in [4]. The link budget associated
with the GPS satellites takes into account the power
output difference between GPS and Galileo signals.

Sevilla, which is supposed to be close to the VTEC peak and
should thus have higher VTEC gradients

Toulouse, which is in the middle of Europe (in terms of
latitude) and should have average VTEC gradients, and
Stockholm, which is in the upper part of Europe (in terms of
latitude) and should have low VTEC gradients

Beijing, which sees an ionosphere activity that should be
similar to Sevilla (see Figure 2)

Shanghai, which is very close to the VTEC peak and can be
considered as a worst case scenario (see Figure 2).

Catogeaphy of bhe watcal onowtwnc detiy o e UT = 52

tongaste

Multipath are generated assuming single reflector (the Figure 2 — Representation of the VTEC with the VTEC Peak
Earth surface) and the user antenna located on a pole Located over Southern Asia

2 meters above the ground. Also, four time periods were used to represent the TEC during

% aplurality of ionosphere activities. These periods were selected
“ thanks to the table of the monthly R12 indexes over the period
19312001 provided by ITU (its cumulative distribution is
shown inFigure 3 [12]. The four periods selected were:

S

CiNo (dBW/Hz)
B
&

0
10 20 30 40 50 60

Satellite Elevation (°)

70 80 a0

Figure1 - C/Noof Galileo E5a Signals at the Antenna Output
B. Kalman Filter Settings
L]

The observation noise variance was chosen to be the product of
a C/Ni-dependent term and an elevation-dependent term. The
C/No-dependent term is the usual theoretical tracking noise
variarce[11]. The elevation-dependent variance represents the
impact of multipath and was chosen to be equal to

1 1

1 (3 + sin(ESY(k))>'

The chosen covariance matrix for the process noise was set
empirically to allow for a variation of 0.1 cm/s for the vertical
ionosphere component, 0.5 cm/rad/s for the gradients, and
0.01cm/s for the ambiguity terms.

May 1958, it has a R12 value representing an extremely
active ionosphere (99% of all the R12 values in the ITU
table are lower)

May 1980 it has a R12 value representing a very active
ionospherd95% of all the R12 values in the ITU table are

lower)

Sept. 2002 it has a R12 value representing an active
ionosphere (66% of all the R12 values in the ITU table are
lower)

July 1998 it has a R12 value representing an median
ionosphere activity (50% of all the R12 values in the ITU
table are lower)



N situation is the chosen model itself: the local VTEC model itself
as well as the mapping function.

\

The dual constellation dual frequency configuration allows
having worst case ionosphere estimation error below 2 meters
and a standard deviation of the ionosphere estimation error
below 30 cm in the 3 European cities. When looking only at
g satellites above 30° (see Table 2), these worst case results show
/ a maximum error below 1 m and a standard deviation of the
estimation error below 20 cm in the 3 European cities. This is
an excellent result considering that these results include the top

o w o0 0 250 550 1% of the strongest ionosphere activity.
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Finally, the Galileo E5/GPS L5 configuration appears to
provide the worst results. This is even quite significant for
simulations in Toulouse and Sevilla where the ionosphere is
) V- .SIMULATION RESULTS more active. The main reason that the GPS L5 CMC
A. Analysis of Resultsin Europe measurements are much more affected by multipath than

The simulations were then run for the 5 locations, for the 4 tim@2lileo ESa/ESb dual frequency carrier-phase measurements.
slots, and for all the configurations (Galileo E5 only, Galileo! NiS can create local errors that leak into the ionosphere
E5/GPS L5, Galileo E5/*fictitious GPS dual frequency’). parameters resulting in large estimation errors, particular for

low elevation satellites
Four output of the simulations are analyzed:

Figure 3 — Cumulative Distribution of Monthly R12 indexes

From Table 1, it can also be seen that the choice of 3 or 4
¢ the maxionosphere estimation error at L1, gradients does not make much of a difference in the estimation
e the 68th percentile of the ionosphere estimation erroprocess. Thus validating that the VTEC is almost linear in the

atL1 East/West direction.
. g;e£5th percentile of the ionosphere estimation errof  petailed Analysis of Results for Toulouse in May 1980

e the 99th percentile of the ionosphere estimation erroin order to understand the estimation process, a specific
atLl analysis of a test case is interesting. The test case chosen here

. N . . ._is the case of Toulouse in May 1980. The number of visible
The ionosphere estimation errors are given at L1 since this y

IS Balileo and GPS satellites over a day is shown in Figure 4
the usual reference frequency at the moment. In the following, y g

the statistics are computed considering only the ionosphere
estimation error of:

Galileo/GPS - 3 Gradients
20

Galileo

o all Galileo satellites above the receiver mask (10°) and dy 1] | \‘i |
¢ all Galileo satellites above 30°, still considering that il L] 11 }
all satellites above 10° are use ‘ T | |

The results for the European cities of the simulations are
provided in Table 1 for satellites above 10°, and in Table 2 for
the satellites above 30° (Table 2 also only presents the results
for the 4-gradient local VTEC model)n these tables, the
lowest values for a given day and location are in bold.

[
—

Number of Satellites Used

It appears generally that the best results are obtained when using B

dual constellation with dual-frequency. The main advantage of
this configuration over the Galileo E5 only configuration is to
limit the occurrence of large errors as seen with the maximum

5

I I L
10 15 20 25
GPS time of the day (h)

and 99' percentile of the ionosphere estimation error. This is Figure 4 - Number of Visible Satellites (above 10°) in Toulouse in

true mostly in the difficult cases (very high ionosphere activity).

the Considered Scenario

This means that the use of the dual constellation dual frequency ) i .
case allows a better assessment of the rising and settigthe dual constellation dual frequency configuratieigure 5
satellites’ ionosphere delay, probably due to the fact that twice ~ and Figure 6 show the output of the estimation process (vertical
as many satellites are used and that the ionosphere soundindoosphere and gradients respectively). The observation of the
thus more distributed around the user. However, for a quiet@stimated gradient show that while the estimated North and
ionosphere, the results between the dual constellation duSbuth gradients can differ quite significantly, thus justifytime
frequency and single constellation dual frequency are quitese of 2 different parameters, this is not the case of the East and
comparable. The main reason is that the main source of errorWfest gradients that tend to remain with the same value. This
the proposed ionosphere estimation process in a quietekplains that the cases of 3 and 4 gradients in the estimation
process do not lead to significantly different results.
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Figure 5 — Estimated Vertical lonosphere based on Two Dual
Frequency (in E5) Constellations in Toulouse in May 1980
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Figure 6 — Estimated Gradients based on Two Dual Frequency (in
ES5) Constellations in Toulouse in May 1980 conditions

Figure 8 and Figure 9 show the ionosphere delay error as a
function of the ionosphere pierce point longitude and
geomagnetic latitude with respect to the user location
(respectively). It can be seen that the highest uncertainty seem
to come on the latitude (North/South) since the plots create a
wide area. On the other hand, in the East/West direction
(longitude), a trend seem to appear as a second order function
in which the ionosphere error seems to grow when the
difference between the longitude of the pierce point and of the
user increases. This could mean that a more optimal local
VTEC could be found.

Other local VTEC were tested to take into account this
observation, in particular by adding a second order coefficient
for the gradients. However, no improvement was noticeable in
other tested configurations. It is believed that the use of a more
optimal local VTEC model might only bring marginal
improvement since there is also an uncertainty on the actual
accuracy of the mapping function when the ionosphere is very
active.

Galileo/GPS - 4 Gradients

lonospheric Delay Estimation Error de Galileo(m)
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&

2 I L I L
04 -03 02 0.1 o 01 02 03
long pierce gafiles - long user galileo

Figure 7 represents _the actual ionosphere EStimatiQn error at Ligure 8 — lonosphere Estimation Error (at L1) as a Function of the
for the Galileo satellites. It can be seen that the major errors are pierce Point Longitude based on Two Dual Frequency (in E5)
coming from rising and setting satellites, while when the Constellations in Toulouse in May 1980 conditions
satellite is at medium to high elevation, the estimation error is

almost systematically below 0.5 meter.

Galileo/GPS - 3 Gradients
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Figure 7 — lonosphere Estimation Error (at L1) based on Two Dual
Frequency (in E5) Constellations in Toulouse in May 1980

conditions
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Figure 9 — lonosphere Estimation Error (at L1) as a Function of the
Pierce Point Latitude based on Two Dual Frequency (in E5)
Constellations in Toulouse in May 1980 conditions



C. Analysisof Resultsin Asia (6]

Table 3andTable 4show the results for Beijing and Shanghai
only for the dual frequency cases and only for the 4-gradierit]
local VTEC model. It can be seen that the results in Beijing are
similar to the ones in Europe, which is not surprising as it has a
similar geomagnetic latitude. 8]
However, Shanghai shows very large estimation errors with
worst case situations reaching almost 5m (above 60cm standard
deviation). This is due to the difficulty for the proposed linear
VTEC model to accommodate the vicinity of the VTEC peak{g]
that creates large non-linear variations. Still the results can be
seen as reasonable given the conditions.

VI. CONCLUSIONS

This paper has shown further results to the ionosphere delay
estimation process that was presented in [1], [15] and [2]. In
particular, it is based on a more representative ionosphe ]
condition due to the use of the latest NeQuick model for the
simulations. It also proposed the use of a new local VTE({iz]
model and of new receiver configurations.

(10]

The simulation results show that the proposed ionosphet[é3]
estimation process, when having access only to the E5 band and
to two constellations with two frequencies in the band, can bgy
quite interesting in Europe even in case of a very active
ionosphere. Indeed, it was shown that in one of the worst case
situations (top 1% of the greatest ionosphere activity), thes)
standard deviation of the ionosphere estimation error at L1 was
below 30 cm for satellites above 10° and below 20cm for
satellitesabove 30°. It also showed that the maximum error was
around 2m (and below 1m 99% of the time).

It was also shown that it was very interesting even if only one
dual frequency constellation (Galileo) was available in the E5
band as a significant performance degradation with respect to
the dual constellation configuration was only seen for
extremely active ionosphere conditions.

Finally, the use of a second constellation with only one signal
in the E5 band was shown not to be very interesting as it
increased the estimation error due to the use of CMC
measurements.

The limitation of the model was also highlighted when the user
location becomes too close to the VTEC peak location as the
simple linear local model then cannot accommodate large and
steep VTEC variations in several directions.
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Table 1 - Performance Analysis of the lonospheric Delay Estimationd3rat&uropean Cities using the 6 Test Cases (Galileo Only,
Galileo/GPS, Galileo/Fictitious GPS in the case of 3 and 4 gradiertteeftocal VTEC model)

Stockholm Toulouse Seville
1958 | 1980 | 2002 | 1998 | 1958 | 1980 | 2002 | 1998 | 1958 | 1980 [ 2002 | 1998
. 68" perc. | 025 024 0.18] 0.12[ 025 [ 026 [ 0.16 | 0.11J 033 [ 031 | 0.21 | 0.14
gg'gfﬁ 95" perc. | 0.68 | 0.64 | 057 | 0.37| 069 | 0.70 | 0.44 | 0.32] 082 | 0.81 | 059 | 0.43
4Grad?’ 99" perc. | 1.01 | 093 | 1.10| 0.74] 097 | 1.18 | 0.76 | 058 1.31 | 1.08 | 0.89 | 0.66
Max 257 | 147 241|121 182 | 171 1.23| 1.33) 253 | 252 | 2.18 | 1.17
. 68" perc. | 0.26 | 024 | 0.18] 0.12[ 027 [ 027 0.17] 0.12] 036 | 0.35| 0.20 | 0.14
gg'gfﬁ 95" perc. | 0.70 | 0.65 | 057 | 037| 0.77 | 081 | 043 | 0.3 | 1.00| 1.01 | 0.66 | 0.48
BGradY 99" perc. | 1.02 ] 094 | 098] 0.63| 12.02 | 1.14 | 0.69| 053] 149 | 1.39 | 1.03 | 0.66
Max 228 | 155] 2.10] 1.19| 168 | 154 | 112 | 1.23| 284 | 284 | 165 | 1.15
Galileo | 68"perc. [ 0.21] 0.27] 0.19] 0.09] 053 | 053] 0.23] 0.17] 067 | 066 | 0.22 | 0.26
E5/ GPS | 95"perc. [ 059 | 077 | 0.49| 034 | 169 | 1.68| 0.73| 054 1.79| 1.80| 0.95 | 0.82
L5 99 perc. | 089 | 1.32| 074 | 054 | 258 | 255 | 1.28 | 1.03| 283 | 296 | 2.26 | 1.44
4Grad. [ Max 218 234 | 1.19 | 0.93| 3.42 | 3.42| 3.03| 1.74| 467 | 455 | 3.62 | 2.37
Galileo | 68" perc. | 0.20 [ 0.28 0.18] 0.11] 058 | 059 | 0.26| 0.16] 0.79 [ 0.76 | 0.24 | 0.28
E5 / GPS | 95" perc. | 066 | 064 | 0.53| 030 | 1.84 | 1.88| 0.74| 055 1.93 | 1.91| 0.86 | 0.93
L5 99" perc. | 1.03 | 1.14 | 077 | 045 | 280 | 289 | 1.20 | 1.09| 268 | 3.14 | 1.84 | 1.40
3Grad. [ Max 165| 169 | 1.46| 0.70| 367 | 421 | 2.81| 1.76| 567 | 590 | 3.75 | 2.76
Galileo |68 perc. [ 025 024 0.17] 0.10] 0.26 [ 027 [ 0.14] 0.11] 031 ] 032 0.19 | 0.13
E5 / GPS | 95" perc. | 0.62 | 056 | 0.47 | 0.28 | 0.72 | 0.70 | 0.41 | 0.29] 0.78 | 0.78 | 0.51 0.38
«Bi-Freq» | 99" perc. | 0.89 | 0.77 | 0.78 | 048 | 096 | 1.04 | 065 | 0.54| 1.18 | 1.11 | 0.77 | 055
4Grad. [ Max 145 | 1.29 | 1.25] 0.73| 155 | 147 [ 1.15] 1.19| 1.90 | 1.93 | 1.48 | 1.16
Galileo | 68"perc. | 0.26 | 0.24 | 0.17 | 0.10] 029 | 030 | 0.15] 0.11] 032 034 | 0.17 | 0.13
E5 / GPS [ 95" perc. | 065 | 058 | 0.50 | 0.29 | 0.77 | 0.76 | 0.42 | 0.29] 0.93 ] 0.92| 0.59 | 0.38
«BI-Freq» g9 perc. | 089 | 081 | 0.76 | 044 | 1.14 [ 1.21| 061 [ 0.52]| 1.28 | 1.27 | 0.79 | 056
3Grad. Mgy 142 | 121 1 118 | 063 ] 163 | 170 | 108 | 1.14] 18 | 178 | 134 | 1.09

Table 2 - Performance Analysis of the lonospheric Delay Estimation Process in European Cities using the 3 Test Cases (Galileo Only,
Galileo/GPS, Galileo/Fictitious GPSin the case of 4 gradientsfor thelocal VTEC model)

Stockholm Toulouse Seville
1958 | 1980 | 2002 | 1998 | 1958 | 1980 | 2002 | 1998 | 1958 | 1980 | 2002 | 1998
. 68" perc. | 0.14 | 0.14 | 0.10 | 0.07] 0.15 | 0.15| 0.10| 0.08) 0.19 | 0.19 | 0.12 0.09
gg'gi? 95" perc. | 0.36 | 0.33 | 0.24 | 0.18| 038 | 0.37 | 0.23| 0.18] 048 | 049 | 0.30 | 0.22
4 Grad?/ 99" perc. | 050 | 0.47 | 0.33| 0.26| 050 | 051 | 0.32| 0.28] 0.70 | 0.68 0.43 0.30
Max 0.73 | 0.70 | 0.57 | 0.39| 0.68 | 0.67 | 0.39| 0.48] 0.80 | 0.84 | 0.61 0.43
Galileo 68" perc. | 0.18 | 0.20 | 0.14 | 0.04]| 0.34 | 0.34 | 0.16| 0.11] 0.48 | 0.46 | 0.17 | 0.20
E5 / GPS | 95" perc. | 0.40 | 0.42 | 0.33| 0.13] 0.90 | 0.90 | 0.37 | 0.28] 1.01 | 0.96 | 0.47 0.40
L5 99" perc. | 0.57 | 0.57 | 0.51 | 0.21] 140 | 1.39 | 0.50| 0.43] 1.45| 1.42 | 0.70 0.59
4 Grad. Max 0.75|0.75 | 0.58 | 0.33] 166 | 1.63 | 0.99| 0.63] 2.22 | 2.16 1.54 0.94
Galileo | 68"perc. | 0.14 [ 0.13] 0.10] 0.07] 0.17 [ 0.18] 0.10] 0.07] 021 [ 0.21| 0.10 | 0.08
E5 / GPS | 95" perc. | 0.37 | 0.35| 0.24 | 0.15] 0.39 | 0.40 | 0.20 | 0.16] 0.50 | 0.51 | 0.27 0.21
«Bi-Freg» | 99" perc. | 0.54 | 0.50 | 0.33 | 0.21] 054 | 0.53 | 0.30| 0.27] 0.71 | 0.67 | 0.38 0.30
4 Grad. Max 0.73 | 0.70 | 0.57| 0.28) 0.71 | 066 | 0.40| 0.43] 1.03 | 0.98 0.49 0.46




Table 3 - Perfor mance Analysis of the lonospheric Delay Estimation Process in European Cities using the 6 Test Cases (Galileo Only,

Galileo/GPS, Galileo/Fictitious GPSin the case of 3 and 4 gradientsfor thelocal VTEC model)

Beijing Shanghai

1958 | 1980 | 2002 | 1998 | 1958 | 1980 | 2002 | 1998

Galileo 68" perc. | 0.35| 0.33 | 0.19 | 0.14 | 0.62 | 0.63 | 0.40 | 0.22
E5 Only 95" perc. | 0.91 | 0.89 | 055 | 0.39| 1.75 | 1.75 | 1.10 | 0.68
4Grad. 99" perc. | 1.30 | 1.42 | 0.78 | 0.69 | 2.64 | 2.60 | 1.80 | 1.09
Max 259 | 268 | 1.32 | 1.49| 437 | 448 | 2.80 | 1.97

Galileo 68" perc. | 0.29 | 0.30 | 0.15| 0.13 | 0.60 | 0.61 | 0.38 | 0.20
E5/ GPS | 95"perc. | 0.81 | 0.80 | 0.44 | 035 | 1.77 | 1.77 | 1.18 | 0.64
«Bi-Freg» | 99" perc. | 1.08 | 1.09 | 0.62 | 053 | 2.84 | 2.84 | 2.05 | 1.23
4 Grad. Max 1.76 | 207 | 092 | 095 443 | 431 | 263 | 1.94

Table 4 - Performance Analysis of the lonospheric Delay Estimation Process in European Cities using the 3 Test Cases (Galileo Only,

Galileo/GPS, Galileo/Fictitious GPSin the case of 4 gradientsfor thelocal VTEC model)

Beijing Shanghai
1058 | 1980 | 2002 | 1998 | 1958 | 1980 | 2002 | 1998
. 68" perc. | 0.20 | 0.18 | 0.10 | 0.08 | 0.39 | 0.39 | 0.26 | 0.12
Eg'gi‘l’y 95" perc. | 0.50 | 0.48 | 0.26 | 0.19 | 1.10 | 1.02 | 0.69 | 0.39
gy 99 perc. | 0.63 | 059 | 0.37 | 028 | 1.61 | 1.60 | 1.09 | 0.60
Max 083 | 0.81 | 057 | 0.45 | 2.77 | 2.69 | 1.67 | 0.89
Galileo | 68" perc. | 0.20 | 0.19 | 0.10 | 0.08 | 0.38 | 0.38 | 0.24 | 0.12
E5 / GPS | 957 perc. | 049 | 048 | 0.23 | 017 | 1.12 | 1.04 | 0.72 | 0.40
«Bi-Freq» | 99" perc. | 0.63 | 0.60 | 0.32 | 0.25 | 1.77 | 1.73 | 1.29 | 0.68
4Grad. | Max 0.73 | 0.74 | 0.40 | 0.37 | 2.81 | 2.73 | 1.63 | 0.98
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