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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 presents a technique to overcome this problem in 
the case of the reception of Galileo signals in the E5 band only. 
This technique is based on a local 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.  
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I.  INTRODUCTION 

Future Galileo and GPS open signals in Aeronautical 
RadioNavigation Service (ARNS) bands - E5a, E5b, E1 OS for 
Galileo and GPS L5, L1C - were designed so that they can bring 
significant improvements to most of the users compared to the 
current GPS L1 C/A signal performances. Receivers will thus 
be able to track the different signals with a lower tracking noise 
and a lower multipath susceptibility, and an increased resistance 
to interferers, consequently providing cleaner code and phase 
pseudorange measurements. This enhancement was obtained 
thanks to, among others, the use of higher code chipping rates 
(10.23 MHz for Galileo E5a/E5b and GPS L5), innovative 
modulations (ALTBOC, MBOC) and the use of a pilot channel 
in parallel with the traditional data channel. 

The use of these open signals together can bring further obvious 
improvements such as (1) a more accurate and robust 
ionospheric delay estimation, (2) improved ambiguity 
resolution performances (in terms of success rate and time to 
fix), (3) potential tropospheric delay estimation, and (4) 
frequency diversity against potential intentional or 
unintentional jammers. These different points were backed up 
by many different investigations and papers from different user 
community needing high precision and reliable positioning, 
showing a great interest in a triple-frequency Galileo/GPS 
receiver. 

Based on this triple frequency baseline, it is however important 
when it comes to sensitive applications, to consider degraded 

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 Galileo E5a/E5b 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.  

The motivation behind this investigation is to show that for a 
triple frequency Galileo/GPS receiver, whatever the jammed 
band, it is always possible to estimate accurately the 
ionospheric delay affecting pseudorange measurements and 
thus keep an interesting accuracy positioning for the receiver. 
Moreover, an extension of this conclusion is the potential use 
of the E5 band alone for precise positioning applications. 

The authors have already presented initial results in 2009 [1] 
and 2012 [2], both using Galileo E5 signals only. These articles 
investigated the use of an ionospheric delay estimation process 
based on a Kalman Filter (KF) which was used code and carrier 
phase geometry free combinations, jointly with a simplified 
linear local model of the Vertical Total Electron Content 
(VTEC) to represent the ionospheric delay of any visible 
satellites. The initial results, based on simulations, were 
promising since the ionospheric delay estimation error standard 
deviation was at the decimeter-level for high level of solar 
activity assuming that the true ionosphere was perfectly 
modeled by the NeQuick model. This paper goes further by 
providing the following: 

 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 
results 



 More extensive results in Europe based on more 
simulations (previous results were obtained in Sevilla, 
Toulouse and Stockholm during two 24h time periods 
representing high solar activity). 

II. DESCRIPTION OF GALILEO E5 AND GPS L5 SIGNALS 

AND ASSOCIATED OBSERVABLE MODELS 

A. Presentation of the Galileo E5 and GPS L5 Signals 

1) Galileo E5 Signals  
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 band [4; 5]. 

The Galileo E5 signal has 2 components:  

 The E5a signal is transmitted in the frequency band [1164 
MHz – 1191.795 MHz] and centered on ா݂ହ=1176.45 
MHz. It will fully support the Galileo Open Service (OS) 
and will support the Safety of Life (SoL) service through its 
ranging function. It is composed of a data and pilot channel 
with equal power. The data channel broadcasts the F/NAV 
message with a symbol rate of 50 sps. Since the useful data 
is encoded using a convolutional code with a constraint ½, 
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 rate ݂ of 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 
Galileo E5a signal will overlap the GPS L5 signal, which 
has similar signal characteristics. It means that it will likely 
be part of GPS/Galileo receivers using the E5a/L5 
frequency band. 

 The E5b signal is transmitted in the frequency band 
[1191.795 MHz – 1215 MHz], centered on ா݂ହ=1207.14 
MHz. The Galileo E5b signal will support the OS, the SoL 
full service (ranging and integrity functions) and the 
Commercial Service (CS). It is composed of data and a pilot 
channels with equal power. The data channel broadcasts the 
I/NAV message (corresponding to the SoL service) with a 
symbol rate of 250 sps This means a useful data bit rate of 
125 bps due to the convolutional encoding with a constraint 
1/2. Galileo E5b uses a 10230-chip long spreading code 
with a chipping rate ݂ 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. 

It can be seen that Galileo E5a and Galileo E5b are present in 
adjacent bands. In order to take advantage of that, the 2 signals 
are transmitted coherently using an ALTBOC(15,10) 
multiplexing [6]. The whole Galileo E5 signal is thus an extra 
wide-band signal (more than 50 MHz wide) that can be 
received: 

 as a whole: this means that the user can process an extra-
wide band signal for positioning, thus enjoying pseudorange 
measurements that are the most resistant GNSS signals 
towards thermal noise, multipath and narrow-band 
interference [7].  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 
positioning applications. Moreover, [3] specifies that both 
Galileo E5a and E5b signals should be received with a 
minimum power 2 dB above the Galileo E1 OS. This also 
means a better performance in case of signal obstruction. 

The Galileo E5 signal performances were presented in [1] and 
will not be detailed in here. It is still worth mentioning that: 

 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) GPS L5 Signal 
The GPS L5 signal is transmitted in centered on ݂ହ =ா݂ହ=1176.45 MHz. It is composed of a data and a pilot 
component. It is a QPSK-modulated signal and uses 10230-chip 
long spreading codes with a chipping rate of 10.23 Mcps. As a 
consequence, it is very similar to Galileo E5a signal and 
exhibits very similar performance. 

B. Observable Model 

Let us denote ��ೊ and ��ೊ the code and carrier phase 
pseudorange measurements from satellite ܵ at frequency ܺ . 
Their usual model is provided by: ��ೊሺ݇ሻ
= ൮ ��ೊሺ݇ሻ + ܿ(݀ܶ�ೊሺ݇ሻ − ೊሺ݇ሻ൯+ܶ�ೊሺ݇ሻ�ݐ݀ + �ೊሺ݇ሻܫ + �ೊሺ݇ሻ,��ܯ + ݊�,�ೊ ሺ݇ሻ+ܾ�,�ೊ ሺ݇ሻ ) 

(1) 



��ೊሺ݇ሻ
= ൮ ��ೊሺ݇ሻ + ܿ(݀ܶ�ೊሺ݇ሻ − ೊሺ݇ሻ൯+ܶ�ೊሺ݇ሻ�ݐ݀ − �ೊሺ݇ሻܫ + �ೊ,��ܯ ሺ݇ሻ + ݊�,�ೊ ሺ݇ሻ+ܾ�,�ೊ ሺ݇ሻ + ��ೊߣ ) 

(2) 

where 

 the superscript ܵ refers to the satellite ܻ,  � represents the true satellite-receiver range,  ݀ܶ represents the satellite clock bias,  ݀ݐ represents the receiver clock bias,  ܶ represents the tropospheric delay,  ܫ represents the ionospheric delay at freq. ܺ,  ܯ�� and ܯ�� represent the errors due to multipath on 
the code and phase pseudoranges,  ݊� and  ݊ � represent the error due to thermal noise on 
the code and phase pseudoranges, 

 ܾ�,�ೊ  and ܾ �,�ೊ  represent the satellite+receiver code and 
phase biases at frequency ܺ.  � represents the carrier phase ambiguity at frequency ܺ,  ߣ represents the wavelength of the carrier ܺ. 

In order to gather the elements of (1) and (2) that are common 
to the different frequencies and observables of satellite ܵ, they 
can be re-written as: ��ೊሺ݇ሻ = ೊሺ݇ሻ�ܦ + �ೊሺ݇ሻܫ + +�ೊሺ݇ሻ,��ܯ ݊�,�ೊ ሺ݇ሻ + ܾ�,�ೊ ሺ݇ሻ (3) 

��ೊሺ݇ሻ = ೊሺ݇ሻ�ܦ − �ೊሺ݇ሻܫ + �ೊ,��ܯ ሺ݇ሻ+ ݊�,�ೊ ሺ݇ሻ + ܾ�,�ೊ ሺ݇ሻ+  ��ೊߣ

(4) 

where ܦ�ೊሺ݇ሻ = ��ೊሺ݇ሻ + ܿ(݀ܶ�ೊሺ݇ሻ − ೊሺ݇ሻ൯�ݐ݀ + ܶ�ೊሺ݇ሻ 
It is well-known that the ionospheric term can be approximated, 
at the first order, by: ܫ�ೊሺ݇ሻ = ͶͲ.͵ ∙ ೊሺ݇ሻ݂ଶ�ܥܧܶܵ  

where 

 ݂ is the signal’s carrier frequency, and  ܵܶܥܧ is the Slant Total Electron Content (TEC), which 
represents the TEC along the signal propagation path. 
 

III.  PRESENTATION OF THE IONOSPHERE ESTIMATION 
TECHNIQUES 

The reference ionosphere delay estimation technique is fully 
presented in [2] and is only briefly described here. 

A. Dual Frequency Measurements 

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

భ,మߢ ቀ�భ�ೊሺ݇ሻ − �మ�ೊሺ݇ሻቁ
= (  

భ�ೊሺ݇ሻܫ 
భ,మߢ+ ( 

భ�ೊ,��ܯ ሺ݇ሻ − మ�ೊ,��ܯ ሺ݇ሻ+ܾ�,భ�ೊ ሺ݇ሻ − ܾ�,మ�ೊ ሺ݇ሻ+݊�,భ�ೊ ሺ݇ሻ − ݊�,మ�ೊ ሺ݇ሻ ) )  
 

 
(5) 

with ߢభ,మ = మమమమ −భమ   

 
In the case of an E5a and E5b combination, the coefficient ߢாହ,ாହ is equal to 19.9 when estimating the ionospheric delay 
at E5a. This means that all the tracking errors (due to multipath, 
noise, interference) and hardware biases are multiplied by 19.9 
when estimating the ionospheric delay at E5a. It is quite clear 
that this is very detrimental to the accuracy of the ionospheric 
delay estimation. It is then interesting to use dual frequency 
geometry-free carrier-phase combinations instead: ߢభ,మ ቀ�భ�ೊሺ݇ሻ − �మ�ೊሺ݇ሻቁ

=
( 
   

భ�ೊሺ݇ሻܫ−
భ,మߢ+ (  

భ�ೊ,��ܯ  ሺ݇ሻ − మ�ೊ,��ܯ ሺ݇ሻ+ܾ�,భ�ೊ ሺ݇ሻ − ܾ�,మ�ೊ ሺ݇ሻ+݊�,భ�ೊ ሺ݇ሻ − ݊�,మ�ೊ ሺ݇ሻ+ߣభ�భ�ೊ − మ�మ�ೊߣ )  
 

) 
    

(6) 

In this case, the multiplication factor is not as problematic as 
the carrier phase tracking errors are only at the mm/cm level. 
However, in this case, a float ambiguity term (coming from the 
carrier phase ambiguities) - ߣభ�భ�ೊ −  మ�మ�ೊ - has to beߣ
estimated as well. It is thus necessary to estimate the ambiguity 
terms together with the ionosphere term. As a consequence, the 
system has more unknowns than measurements. 

B. Single Frequency Measurements 

If only one frequency is available, the ionospheric delay of each 
satellite can then be estimated using the Code-Minus-Carrier 
(CMC) combinations as follows: ͳʹ ቀ�భ�ೊሺ݇ሻ − �భ�ೊሺ݇ሻቁ

≈ ( 
+భ�ೊሺ݇ሻܫ ͳʹ ( భ�ೊ,��ܯ ሺ݇ሻ + ݊�,భ�ೊ ሺ݇ሻ+ܾ�,భ�ೊ ሺ݇ሻ − ܾ�,భ�ೊ ሺ݇ሻ −   ((భ�భ�ೊߣ

(7) 

The above equation takes into account the fact that code 
tracking errors are two degrees of magnitude greater than the 
carrier phase tracking errors. As it can be seen, the CMC 
combination also integrates the carrier phase ambiguities and 
thus these ambiguities have to be jointly estimated with the 
ionosphere delay.  

C. Local Ionospheric Model 

To 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 delay terms 
associated with each visible satellite with a set of parameters to 
estimate. Modeling the local variations of the vertical 
ionospheric delay around the user to facilitate the estimation of 
the ionospheric slant delay has been used for single-frequency 
(GPS L1 C/A) ionospheric estimation in [8; 9] and has also been 
used for dual frequency GPS L1/L2 measurements in [10] in the 
context of Precise Point Positioning (PPP) using a network of 
reference stations. These models assume that the ionospheric 
delays can be modeled using: 

 A single layer ionospheric model that is such that each 
point of the ionosphere layer equals the VTEC  A local VTEC model that is such that the VTEC at any 
ionospheric pierce point (intersection between the assumed 
single-layer ionosphere and the signal propagation path) 
can be modeled as a function of: 
o the VTEC at a specific reference point, and  
o a VTEC gradient according to the difference in latitude 

and longitude between the pierce point location and the 
reference position.   A mapping function that maps the VTEC at the ionosphere 

pierce point into the STEC. A typical mapping function to 
transform the VTEC into an STEC is [Lestarquit et al, 
ೊሺ݇ሻ�ܨܯ :[1999 = ͳ√ͳ − ቆܴܿܧ)ݏ�ೊሺ݇ሻ൯ܴ + ℎ� ቇଶ 

(8) 

where 

 ܴ is the Earth radius (6378.1363 km),  ܧ is the satellite elevation (in rad), and  ℎ� is the height of the maximum TEC, which is also the 
height of the ionosphere layer modeled as a single-layer. 

Nine simple local VTEC models derived from the above 
general model were tested in [2] in the case of a Galileo 
E5a/E5b receiver. The elected one was based on the the 
expression of the VTEC at the ionosphere pierce point as a 
function of 5 parameters: 

 The VTEC at the zenith of the user �ܶܥܧ�, and   4 VTEC gradients in the North ݃ே, East ݃ா, South ݃ �, 
West ݃ ௐ directions  The considered latitude of the ionosphere pierce point 
and the user location is the geomagnetic latitude. 

This local VTEC model can be represented as: �ܶܥܧ�̂ ሺ݇ሻ
=

( 
   

ೊሺ݇ሻ��ݐ݈ܽ)�ܽ݉+ሺ݇ሻ�ܥܧܶ� − ,ሺ݇ሻ�ݐ݈ܽ Ͳ൯ ∙ ݃ேሺ݇ሻ+݉�݊(݈ܽݐ��ೊሺ݇ሻ − ,ሺ݇ሻ�ݐ݈ܽ Ͳ൯ ∙ ݃�ሺ݇ሻ+݉ܽ�(݈݃݊��ೊሺ݇ሻ − ,ሺ݇ሻ�݈݃݊ Ͳ൯ ∙ ݃ாሺ݇ሻ+݉�݊(݈݃݊��ೊሺ݇ሻ − ,ሺ݇ሻ�݈݃݊ Ͳ൯ ∙ ݃ௐሺ݇ሻ) 
    

(9) 

where 

 ݈ܽݐ݈ܽ ݀݊ܽ �ݐ� are the user and pierce point latitudes, and 

 ݈݈݃݊ ݀݊ܽ �݃݊� are the user and pierce point 
longitudes. 

Using the fact that the ionospheric delay at frequency ଵܺ for 
satellite ܵ can be modeled as: ̂ܫభ�ೊሺ݇ሻ = ͶͲ.͵ ∙ ̂ܥܧܶ�ೊሺ݇ሻ�ܨܯ ሺ݇ሻ݂భଶ  

It follows that: ̂ܫభ�ೊሺ݇ሻ
= �భ�ೊሺ݇ሻ

( 
   

ೊ��,�ݐ݈ܽ∆)ሺ݇ሻ+max�ܥܧܶ� ሺ݇ሻ, Ͳ൯ ∙ ݃ேሺ݇ሻ+min(∆݈ܽݐ�,��ೊ ሺ݇ሻ, Ͳ൯ ∙ ݃�ሺ݇ሻ+max(∆݈݃݊�,��ೊ ሺ݇ሻ, Ͳ൯ ∙ ݃ாሺ݇ሻ+ min(∆݈݃݊�,��ೊ ሺ݇ሻ, Ͳ൯ ∙ ݃ௐሺ݇ሻ) 
    

(10) 

where 

 �ܺͳ�ೊሺ݇ሻ = ସ.ଷ∙ெி�ೊሺ�ሻܺ ͳమ  

 ∆݈ܽݐ�,��ೊ ሺ݇ሻ = ሺ݇ሻܻܵݐ݈ܽ − ೊ��,�݈݃݊∆ ሺ݇ሻ ݑݐ݈ܽ ሺ݇ሻ = ሺ݇ሻܻ݈ܵ݃݊ −  ሺ݇ሻݑ݈݃݊
 

D. Ionosphere Estimation using Galileo E5 Only  

The ionospheric delay estimation described in [2] is based on a 
Kalman filter that uses (1) the dual frequency code and carrier 
phase measurements as measurements and (2) the local VTEC 
model parameters and the ambiguity terms as state parameters.  

The state matrix is thus: 

[  
   
   
 ∆�ாହ,ாହ�భ ሺ݇ሻ∆�ாହ,ாହ�మ ሺ݇ሻ…∆�ாହ,ாହ� ሺ݇ሻ∆�ாହ,ாହ�భ ሺ݇ሻ∆�ாହ,ாହ�మ ሺ݇ሻ…∆�ாହ,ாହ� ሺ݇ሻ]  

   
   
 
= ܪ

[  
   
   
ሺ݇ሻ݃ேሺ݇ሻ݃�ሺ݇ሻ݃ாሺ݇ሻ݃ௐሺ݇ሻ�ாହ,ாହ�భ�ாହ,ாହ�మ…�ாହ,ாହ��ܥܧܶ�   ]  

   
   
  
+

[  
   
   
 �ܰ,ாହ,ாହ�భ ሺ݇ሻ

�ܰ,ாହ,ாହ�మ ሺ݇ሻ…�ܰ,ாହ,ாହ� ሺ݇ሻܰ�,ாହ,ாହ�భ ሺ݇ሻܰ�,ாହ,ாହ�మ ሺ݇ሻ…ܰ�,ாହ,ாହ� ሺ݇ሻ]  
   
   
 
 

with 

 ∆PEହୟ,EହୠୗY = PEହୟୗY − PEହୠୗY  

 ∆φEହୠ,EହୟୗY = φEହୠୗY − φEହୟୗY  

 AEହୠ,Eହୟୗభ = λEହୠAEହୠୗY − λEହୟAEହୟୗY  

 NP,Eହୟ,Eହୠୗభ and Nφ,Eହୟ,Eହୠୗభ  are the observation noise assumed 
Gaussian. 

 ܪ = ଵ��5ೌ,�5್ [�̿ாହሺ݇ሻ�̿ாହሺ݇ሻ  ∆݈ܽ̿̿ݐ ̿̿ ̿̿ ሺ݇ሻ∆݈ܽ̿̿ݐ ̿̿ ̿̿ ሺ݇ሻ  ∆݈̿̿݃݊ ̿̿ ̿̿ ̿̿ ሺ݇ሻ∆݈̿̿݃݊ ̿̿ ̿̿ ̿̿ ሺ݇ሻ   Ͳ̿�ߢாହ,ாହܫ�̿   ] 
where 



 K̿Eହୟሺkሻ = [  
  Kாହୗభ ሺkሻKாହୗమ ሺkሻ…Kாହୗn ሺkሻ]  

  ,   
 ∆lat̿̿ ̿̿ ̿ ሺkሻ = [  

  max ሺ∆lat�,�ୗభ ሺkሻ, Ͳሻmax ሺ∆lat�,�ୗమ ሺkሻ, Ͳሻ…max ሺ∆lat�,�ୗn ሺkሻ, Ͳሻ   
min ሺ∆lat�,�ୗభ ሺkሻ, Ͳሻmin ሺ∆lat�,�ୗమ ሺkሻ, Ͳሻ…min ሺ∆lat�,�ୗn ሺkሻ, Ͳሻ]  

  ,  
  ∆long̿̿ ̿̿ ̿̿ ̿̿ ሺkሻ = [  

  max ሺ∆long�,�ୗభ ሺkሻ, Ͳሻmax ሺ∆long�,�ୗమ ሺkሻ, Ͳሻ…max ሺ∆long�,�ୗn ሺkሻ, Ͳሻ   
min ሺ∆long�,�ୗభ ሺkሻ, Ͳሻmin ሺ∆long�,�ୗమ ሺkሻ, Ͳሻ…min ሺ∆long�,�ୗn ሺkሻ, Ͳሻ]  

  
, 

 Ͳ̿n is a n-by-n zero matrix  In̿ is a n-by-n identity matrix 

It is interesting to note that this system has the advantage to 
separate the inter-frequency bias from the ionospheric delay 
terms since the inter-frequency bias will be absorbed by the 
(float) ambiguity state once the filter has converged. 

The transition matrix is based on the following assumptions: 

 The ionosphere-related terms are modeled as first-order 
Gauss-Markov processes.   The ambiguity terms are modeled as first-order Gauss-
Markov processes since these states will absorb the potential 
variation of the hardware biases as well as the ionosphere 
modeling error  The Earth rotation is taken into account to update the vertical 
ionospheric delay between 2 consecutive time updates.  

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

[  
   
   
  VTECuሺk + ͳሻgNሺk + ͳሻg�ሺk + ͳሻgEሺk + ͳሻgሺk + ͳሻAEହୟ,Eହୠୗభ ሺk + ͳሻAEହୟ,Eହୠୗమ ሺk + ͳሻ…AEହୟ,Eହୠୗn ሺk + ͳሻ]  

   
   
  
= F

[  
   
   
  VTECuሺkሻgNሺkሻgୗሺkሻgEሺkሻgሺkሻAEହୟ,Eହୠୗభ ሺkሻAEହୟ,Eହୠୗమ ሺkሻ…AEହୟ,Eହୠୗn ሺkሻ]  

   
   
  
+

[  
   
  σEC ∙ nEC

σGN ∙ nG�
σGS ∙ nGS
σGE ∙ nGE
σGW ∙ nGW
σA ∙ nASభ…
σA ∙ nAS ]  

   
  
 

with  

F = [  
   ͳ Ͳ Ͳ Ͳ ͳ ͲͲ Ͳ ͳ  
 Ͳ Ͳ Ͳ… … …Ͳ Ͳ Ͳ   

We … ͲͲ … ͲͲ … Ͳ 
    ͳ   … Ͳ …   … … Ͳ   Ͳ ͳ   ]  

    
where 

 σEC, σGN, σGS, σGE, σGW, are the standard deviations 
associated with the variation of the local ionosphere 
parameters,   σA corresponds to the standard deviation associated with the 
variation of the ambiguity term (mostly due to the 
ionosphere modeling error variation). 

 nEC, nGN, nGS, nGE, nGW, nASభ , … , nASY are independent 

Gaussian noise with a unit variance, and  We is the Earth rotation rate (rad/s) 
 

E. Ionosphere Estimation for Galileo E5/GPS L5 

When using Galileo E5 and GPS L5, the estimation process has 
to be amended since Galileo will provide dual-frequency 
measurements, while GPS will only provide measurements on 
L5. Using CMC measurements for GPS L5, the system to solve 
is now: 

[  
   
   
   
   
  ∆�ாହ,ாହ�భ ሺ݇ሻ∆�ாହ,ாହ�మ ሺ݇ሻ…∆�ாହ,ாହ� ሺ݇ሻ∆�ாହ,ாହ�భ ሺ݇ሻ∆�ாହ,ாହ�మ ሺ݇ሻ…∆�ாହ,ாହ� ሺ݇ሻܥܯܥହ�భ′ሺ݇ሻܥܯܥହ�మ′ሺ݇ሻ…ܥܯܥହ�′ ሺ݇ሻ ]  

   
   
   
   
  

= ܪ

[  
   
   
   
   
′ሺ݇ሻ݃ேሺ݇ሻ݃�ሺ݇ሻ݃ாሺ݇ሻ݃ௐሺ݇ሻ�ாହ,ாହ�భ�ாହ,ாହ�మ…�ாହ,ாହ��ହ�భ′�ହ�మ′…�ହ��ܥܧܶ�  ]  

   
   
   
   
 

+

[  
   
   
   
   
 �ܰ,ாହ,ாହ�భ ሺ݇ሻ

�ܰ,ாହ,ாହ�మ ሺ݇ሻ…�ܰ,ாହ,ாହ� ሺ݇ሻܰ�,ாହ,ாହ�భ ሺ݇ሻܰ�,ாହ,ாହ�మ ሺ݇ሻ…ܰ�,ாହ,ாହ� ሺ݇ሻ
�ܰெ�,ହ�భ′ ሺ݇ሻ
�ܰெ�,ହ�మ′ ሺ݇ሻ…�ܰெ�,ହ�′ ሺ݇ሻ ]  

   
   
   
   
 

 

 
As it is easy to have the expression of the matricx ܪ from this 
system from what was presented in the Galileo E5 only case, this 
will not be detailed here. The same deduction can be done 
regarding the transition matrix ܨ. 

F. Ionosphere Estimation for Dual Constellation / Dual 
Frequency 

For references, a third test case was investigated. This test case 
aimed at assessing the performance of the estimation process in 
the case of Galileo E5 together with another constellation that 
would have two available signals in the E5 band. This case is 
interesting as it would allow using dual frequency carrier phase 
measurements instead of CMC, which are much noisier. As a 
consequence, a ‘fictitious’ GPS constellation was used that 
assumed that GPS satellites were able to transmit an 
ALTBOC(15,10) on the same frequency as Galileo E5. By 
doing so, the idea was to test the estimation process using dual 
constellation dual frequency carrier phase measurements.  

As in the case of Galileo E5/GPS L5, the Kalman filter 
equations can be deduced from what was presented in the 
Galileo E5 only case as the local VTEC model is assumed the 
same. 

 
G. Local VTEC Model based on 3 Gradients 

In [2], the true VTEC variations from obtained from the 
NeQuick model were analyzed. It was observed that there could 
be some potential strong variations of the gradients in the 
North/South directions over Europe. This is why it was decided 
in the first place to have separate North and South gradients. 



However, the variation in the East/West direction appeared 
more linear. As a consequence, in the frame of this paper, 
another local VTEC model will be tested based on only 3 
gradients: North, South and East/West. The will to test this 
model is to see how a model with less parameters would behave, 
in particular taking advantage of a greater observability of each 
parameter. 
 

IV.  PRESENTATION OF THE SIMULATION TOOL AND FILTER 

SETTINGS 

A. Simulation Tool 

The simulation tool is exactly the same as the one used in [2]. 
There are however two differences: 

 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 C/N0 for the 
considered Galileo E5 signals’s component at the user 
antenna output is shown in Figure 1Erreur ! Source 
du renvoi introuvable.. The difference between 
NeQuick1 and NeQuick2 is mainly that the variation 
of the VTEC are not as sharp in NeQuick2 as it is in 
NeQuick1 due to modifications in the modeling of the 
high altitude ionosphere layers.  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.  Multipath are generated assuming single reflector (the 
Earth surface) and the user antenna located on a pole 
2 meters above the ground. 

 

Figure 1 – C/N0 of Galileo E5a Signals at the Antenna Output 

B. Kalman Filter Settings 

The observation noise variance was chosen to be the product of 
a C/N0-dependent term and an elevation-dependent term. The 
C/N0-dependent term is the usual theoretical tracking noise 
variance [11]. The elevation-dependent variance represents the 
impact of multipath and was chosen to be equal to ଵସ ቆ͵ + ଵsinቀESYሺkሻቁቇ. 

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. 

C. Simulation Parameters 

The receiver mask was chosen equal to 10°. 

Five locations were selected to represent a diversity in terms of 
latitudes and longitudes: 

 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). 

 

Figure 2 – Representation of the VTEC with the VTEC Peak 
Located over Southern Asia 

Also, four time periods were used to represent the TEC during 
a plurality of ionosphere activities. These periods were selected 
thanks to the table of the monthly R12 indexes over the period 
1931-2001 provided by ITU (its cumulative distribution is 
shown in Figure 3) [12]. The four periods selected were: 

 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 
ionosphere (95% 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) 



 

Figure 3 – Cumulative Distribution of Monthly R12 indexes 

V. SIMULATION RESULTS 

A. Analysis of Results in Europe 

The simulations were then run for the 5 locations, for the 4 time 
slots, and for all the configurations (Galileo E5 only, Galileo 
E5/GPS L5, Galileo E5/’fictitious GPS dual frequency’). 

Four output of the simulations are analyzed: 

 the max ionosphere estimation error at L1,  the 68th percentile of the ionosphere estimation error 
at L1  the 95th percentile of the ionosphere estimation error 
at L1  the 99th percentile of the ionosphere estimation error 
at L1 

The ionosphere estimation errors are given at L1 since this is 
the usual reference frequency at the moment. In the following, 
the statistics are computed considering only the ionosphere 
estimation error of: 

 all Galileo satellites above the receiver mask (10°) and   all Galileo satellites above 30°, still considering that 
all satellites above 10° are use.  

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). In these tables, the 
lowest values for a given day and location are in bold.  

It appears generally that the best results are obtained when using 
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 
and 99th percentile of the ionosphere estimation error. This is 
true mostly in the difficult cases (very high ionosphere activity). 
This means that the use of the dual constellation dual frequency 
case allows a better assessment of the rising and setting 
satellites’ ionosphere delay, probably due to the fact that twice 
as many satellites are used and that the ionosphere sounding is 
thus more distributed around the user. However, for a quieter 
ionosphere, the results between the dual constellation dual 
frequency and single constellation dual frequency are quite 
comparable. The main reason is that the main source of error of 
the proposed ionosphere estimation process in a quieter 

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 
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 
1% of the strongest ionosphere activity.  

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 
more active. The main reason that the GPS L5 CMC 
measurements are much more affected by multipath than 
Galileo E5a/E5b dual frequency carrier-phase measurements. 
This can create local errors that leak into the ionosphere 
parameters resulting in large estimation errors, particular for 
low elevation satellites  

From Table 1, it can also be seen that the choice of 3 or 4 
gradients does not make much of a difference in the estimation 
process. Thus validating that the VTEC is almost linear in the 
East/West direction. 

B. Detailed Analysis of Results for Toulouse in May 1980 

In order to understand the estimation process, a specific 
analysis of a test case is interesting. The test case chosen here 
is the case of Toulouse in May 1980. The number of visible 
Galileo and GPS satellites over a day is shown in Figure 4.  

 
Figure 4 – Number of Visible Satellites (above 10°) in Toulouse in 

the Considered Scenario 

In the dual constellation dual frequency configuration, Figure 5 
and Figure 6 show the output of the estimation process (vertical 
ionosphere and gradients respectively). The observation of the 
estimated gradient show that while the estimated North and 
South gradients can differ quite significantly, thus justifying the 
use of 2 different parameters, this is not the case of the East and 
West gradients that tend to remain with the same value. This 
explains 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 Ionosphere based on Two Dual 

Frequency (in E5) Constellations in Toulouse in May 1980 

 
Figure 6 – Estimated Gradients based on Two Dual Frequency (in 

E5) Constellations in Toulouse in May 1980 conditions 

Figure 7 represents the actual ionosphere estimation error at L1 
for the Galileo satellites. It can be seen that the major errors are 
coming from rising and setting satellites, while when the 
satellite is at medium to high elevation, the estimation error is 
almost systematically below 0.5 meter. 

 
Figure 7 – Ionosphere Estimation Error (at L1) based on Two Dual 

Frequency (in E5) 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.  

 
Figure 8 – Ionosphere Estimation Error (at L1) as a Function of the 

Pierce Point Longitude based on Two Dual Frequency (in E5) 

Constellations in Toulouse in May 1980 conditions 

 

 
Figure 9 – Ionosphere 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. Analysis of Results in Asia 

Table 3 and Table 4 show the results for Beijing and Shanghai 
only for the dual frequency cases and only for the 4-gradient 
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. 
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 
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 ionosphere 
condition due to the use of the latest NeQuick model for the 
simulations. It also proposed the use of a new local VTEC 
model and of new receiver configurations. 

The simulation results show that the proposed ionosphere 
estimation process, when having access only to the E5 band and 
to two constellations with two frequencies in the band, can be 
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), the 
standard deviation of the ionosphere estimation error at L1 was 
below 30 cm for satellites above 10° and below 20cm for 
satellites above 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 Ionospheric Delay Estimation Process in European Cities using the 6 Test Cases (Galileo Only, 
Galileo/GPS, Galileo/Fictitious GPS in the case of 3 and 4 gradients for the local VTEC model) 

 
Stockholm Toulouse Seville 

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

Galileo 
E5 Only 
4 Grad. 

68th perc. 0.25 0.24 0.18 0.12 0.25 0.26 0.16 0.11 0.33 0.31 0.21 0.14 
95th perc. 0.68 0.64 0.57 0.37 0.69 0.70 0.44 0.32 0.82 0.81 0.59 0.43 
99th perc. 1.01 0.93 1.10 0.74 0.97 1.18 0.76 0.58 1.31 1.08 0.89 0.66 
Max 2.57 1.47 2.41 1.21 1.82 1.71 1.23 1.33 2.53 2.52 2.18 1.17 

Galileo 
E5 Only 
3 Grad. 

68th perc. 0.26 0.24 0.18 0.12 0.27 0.27 0.17 0.12 0.36 0.35 0.20 0.14 
95th perc. 0.70 0.65 0.57 0.37 0.77 0.81 0.43 0.3 1.00 1.01 0.66 0.48 
99th perc. 1.02 0.94 0.98 0.63 1.02 1.14 0.69 0.53 1.49 1.39 1.03 0.66 
Max 2.28 1.55 2.10 1.19 1.68 1.54 1.12 1.23 2.84 2.84 1.65 1.15 

Galileo 
E5 / GPS 
L5 
4 Grad. 

68th perc. 0.21 0.27 0.19 0.09 0.53 0.53 0.23 0.17 0.67 0.66 0.22 0.26 
95th perc. 0.59 0.77 0.49 0.34 1.69 1.68 0.73 0.54 1.79 1.80 0.95 0.82 
99th perc. 0.89 1.32 0.74 0.54 2.58 2.55 1.28 1.03 2.83 2.96 2.26 1.44 
Max 2.18 2.34 1.19 0.93 3.42 3.42 3.03 1.74 4.67 4.55 3.62 2.37 

Galileo 
E5 / GPS 
L5 
3 Grad. 

68th perc. 0.20 0.28 0.18 0.11 0.58 0.59 0.26 0.16 0.79 0.76 0.24 0.28 
95th perc. 0.66 0.64 0.53 0.30 1.84 1.88 0.74 0.55 1.93 1.91 0.86 0.93 
99th perc. 1.03 1.14 0.77 0.45 2.80 2.89 1.20 1.09 2.68 3.14 1.84 1.40 
Max 1.65 1.69 1.46 0.70 3.67 4.21 2.81 1.76 5.67 5.90 3.75 2.76 

Galileo 
E5 / GPS 
«Bi-Freq»  
4 Grad. 

68th perc. 0.25 0.24 0.17 0.10 0.26 0.27 0.14 0.11 0.31 0.32 0.19 0.13 
95th perc. 0.62 0.56 0.47 0.28 0.72 0.70 0.41 0.29 0.78 0.78 0.51 0.38 
99th perc. 0.89 0.77 0.78 0.48 0.96 1.04 0.65 0.54 1.18 1.11 0.77 0.55 
Max 1.45 1.29 1.25 0.73 1.55 1.47 1.15 1.19 1.90 1.93 1.48 1.16 

Galileo 
E5 / GPS 
«Bi-Freq» 
3 Grad. 

68th perc. 0.26 0.24 0.17 0.10 0.29 0.30 0.15 0.11 0.32 0.34 0.17 0.13 
95th perc. 0.65 0.58 0.50 0.29 0.77 0.76 0.42 0.29 0.93 0.92 0.59 0.38 
99th perc. 0.89 0.81 0.76 0.44 1.14 1.21 0.61 0.52 1.28 1.27 0.79 0.56 
Max 1.42 1.21 1.18 0.63 1.63 1.70 1.08 1.14 1.82 1.78 1.34 1.09 

 
Table 2 - Performance Analysis of the Ionospheric Delay Estimation Process in European Cities using the 3 Test Cases (Galileo Only, 

Galileo/GPS, Galileo/Fictitious GPS in the case of 4 gradients for the local VTEC model) 

 
Stockholm Toulouse Seville 

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

Galileo 
E5 Only 
4 Grad. 

68th 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 
95th perc. 0.36 0.33 0.24 0.18 0.38 0.37 0.23 0.18 0.48 0.49 0.30 0.22 
99th perc. 0.50 0.47 0.33 0.26 0.50 0.51 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 
E5 / GPS 
L5 
4 Grad. 

68th 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 
95th 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 
99th perc. 0.57 0.57 0.51 0.21 1.40 1.39 0.50 0.43 1.45 1.42 0.70 0.59 
Max 0.75 0.75 0.58 0.33 1.66 1.63 0.99 0.63 2.22 2.16 1.54 0.94 

Galileo 
E5 / GPS 
«Bi-Freq» 
4 Grad. 

68th perc. 0.14 0.13 0.10 0.07 0.17 0.18 0.10 0.07 0.21 0.21 0.10 0.08 
95th 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 
99th perc. 0.54 0.50 0.33 0.21 0.54 0.53 0.30 0.27 0.71 0.67 0.38 0.30 
Max 0.73 0.70 0.57 0.28 0.71 0.66 0.40 0.43 1.03 0.98 0.49 0.46 

 



Table 3 - Performance Analysis of the Ionospheric Delay Estimation Process in European Cities using the 6 Test Cases (Galileo Only, 
Galileo/GPS, Galileo/Fictitious GPS in the case of 3 and 4 gradients for the local VTEC model) 

 
Beijing Shanghai 

1958 1980 2002 1998 1958 1980 2002 1998 

Galileo 
E5 Only 
4 Grad. 

68th perc. 0.35 0.33 0.19 0.14 0.62 0.63 0.40 0.22 
95th perc. 0.91 0.89 0.55 0.39 1.75 1.75 1.10 0.68 
99th perc. 1.30 1.42 0.78 0.69 2.64 2.60 1.80 1.09 
Max 2.59 2.68 1.32 1.49 4.37 4.48 2.80 1.97 

Galileo 
E5 / GPS 
«Bi-Freq»  
4 Grad. 

68th perc. 0.29 0.30 0.15 0.13 0.60 0.61 0.38 0.20 
95th perc. 0.81 0.80 0.44 0.35 1.77 1.77 1.18 0.64 
99th perc. 1.08 1.09 0.62 0.53 2.84 2.84 2.05 1.23 
Max 1.76 2.07 0.92 0.95 4.43 4.31 2.63 1.94 

 
 

Table 4 - Performance Analysis of the Ionospheric Delay Estimation Process in European Cities using the 3 Test Cases (Galileo Only, 
Galileo/GPS, Galileo/Fictitious GPS in the case of 4 gradients for the local VTEC model) 

 
Beijing Shanghai 

1958 1980 2002 1998 1958 1980 2002 1998 

Galileo 
E5 Only 
4 Grad. 

68th perc. 0.20 0.18 0.10 0.08 0.39 0.39 0.26 0.12 
95th perc. 0.50 0.48 0.26 0.19 1.10 1.02 0.69 0.39 
99th perc. 0.63 0.59 0.37 0.28 1.61 1.60 1.09 0.60 
Max 0.83 0.81 0.57 0.45 2.77 2.69 1.67 0.89 

Galileo 
E5 / GPS 
«Bi-Freq» 
4 Grad. 

68th perc. 0.20 0.19 0.10 0.08 0.38 0.38 0.24 0.12 
95th perc. 0.49 0.48 0.23 0.17 1.12 1.04 0.72 0.40 
99th perc. 0.63 0.60 0.32 0.25 1.77 1.73 1.29 0.68 
Max 0.73 0.74 0.40 0.37 2.81 2.73 1.63 0.98 
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