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Abstract

Triple frequency GNSS will be fully operational within the next decade, opening opportunities for new applications. Dual frequency
GNSS already allow to study the ionosphere through the estimation of Total Electron Content (TEC). However, the precision is limited
by the ambiguity resolution process. This paper studies a triple frequency TEC monitoring technique in which the use of Geometry-Free
and Tono-Free linear combinations improves the ambiguity resolution process and therefore the precision of TEC. We have tested it on a
set of triple frequency Giove-A/-B data from January and December 2008. The conclusions achieved are (1) TEC values are affected by
an error of about 2-2.5 TECU produced through the ambiguity resolution process; (2) the error caused by the Geometric Free phase
combination delays (hardware, multipath, noise, antenna phase center) on TEC is about 0.2 TECU; (3) the total error on TEC approx-
imately reach 2-3 TECU.
© 2010 COSPAR. Published by Elsevier Ltd. All rights reserved.
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1. Introduction using Geometric Free (GF) combinations of one-way code
(P;‘k) and/or phase (45;7,() measurements, respectively, in

Triple frequency Global Navigation Satellite Systems  meters and cycles:

(GNSS) will be fully operational within the next decade. p o _p _pi (1)

Nowadays, the Global Positioning System (GPS) transmits pGE T pk T pm 4

two carrier signals, while the third frequency (Table 1) is @, = @, — (i/fu) P, (2)

under commissioning. Galileo transmits in three frequency ) . .

bands (L1-E5-E6) whereby for ES we will have the choice ~ With / the frequency and k, m the carrier considered.

of three signals (E5a, ESb and E5-AltBOC, see Table 1). In j[he_‘t combination, all fl.requency—l.ndependent effects

The open services are realized by using the L1 and E5 sig-  2r¢ eliminated, so that only 10n0.spherlc delay anq other

nals, while E6 signals are encrypted. Up to now, the first freq}lency-dependent effects remain, such as satellite and

two Galileo test satellites, Giove-A and Giove-B, have been ~ receiver hardware delays, multipath delays, measurement

launched and tested successfully. noise, satellite and receiver antenna phase center delays
Dual frequency GNSS measurements makes it possible ~ and — for phase measurements — the integer ambiguity

to reconstruct the slant total electron content (TEC) of V- While neglecting multipath delays, measurement noise

the ionosphere, i.e. the integral of the electron concentra-  a0d hardware/antenna phase delays, Egs. (1) and (2) can

tion on the receiver-to-satellite path. TEC is computed by D€ rewritten in fUIllgtiOIl of TECz(expressed in TECU, with
1 TECU being 10°° electrons/m®):
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Table 1

GPS and Galileo frequencies and wavelengths.

GNSS Carrier signal Frequency (MHz) A (m)

GPS L1 1575.42 0.1903
L2 1227.60 0.2442
L5 1176.45 0.2548

Galileo L1 1575.42 0.1903
E6 1278.42 0.2345
E5b 1207.14 0.2483
E5a+b 1191.795 0.2515
E5a 1176.45 0.2548

with

Q= 40.3 x 10" (fi o) (1/£2 — 1/7)
bim = 40.3 x 10" (1/£2 = 1/13)

As phase measurements are much less affected by measure-
ment noise and multipath delays than code measurements
(Manucci et al., 1998), TEC is computed from the GF
phase combmatlon <D’p or- The main issue in Eq. (4) is the
resolution of the so-called real GF ambiguity N’ »er (In
cycles):

N;;GF N;k - (fk/fm)N;,,m (5)

When using GPS or GLONASS dual frequency L1/L2
measurements, this is usually done by the phase-to-code
levelling process, which consists in shifting the GF phase
combination @, ;. by a constant value (N}GF) to match
the GF code combination P;, Gp- It requires the computa-
tion of differential satellite and receiver code hardware de-
lays (DCB;), which are then injected in Eq. (6) to solve the
GF ambiguity.

pGF )(D F_DCB’ NpGF (6)

According to Ciraolo et al. (2007), there remains a levelling
error from 1 to 5 TECU in the GF ambiguity, due to code
multipath delays but also to variations in DCB;. This con-
stitutes the main limit to TEC reconstruction using dual
frequency measurements (Brunini and Azpilicueta, 2009;
Ciraolo et al., 2007; Warnant and Pottiaux, 2000).

With triple frequency GNSS — modernized GPS and
Galileo — other linear combinations of measurements are
available. This opens opportunities for new applications,
e.g. improved multipath mitigation and multi-frequency
ambiguity resolution algorithms (Simsky, 2006). This
paper presents a triple frequency TEC monitoring tech-
nique in which the use of linear combinations, and in par-
ticular Geometry-Free and Iono-Free combinations,
improves the ambiguity resolution process and therefore
the precision of TEC.

We will first explain the methodology developed for tri-
ple frequency data (Section 2), and then present the results
obtained with a set of LI-E5b-E5a Giove-A/-B data (Sec-
tion 3). This corresponds to the open services, while E6 sig-
nals are encrypted (Table 1). For more readability in the
equations, which can also be applied to GPS, the E5a chan-
nel which has the same frequency as L5 will be named LS,

and the E5b channel will be named L2 for convenience.
However the reader should be warned that the frequencies
for GPS L2 and Galileo E5b are not the same and that the
coefficients in the linear combinations therefore also have
different values. In the context of this paper L2 should sim-
ply be considered as the second frequency.

2. Methodology
Our methodology is divided in four main steps. The first

three steps aim at ambiguity resolution in order to be able
to compute TEC in the fourth one.

2.1. Extra-widelane ambiguity resolution
The objective of this step is to resolve extra-widelane

(EWL) ambiguities N,s by using the extra-widelane-nar-
rowlane (EWLNL) combination C,s (in cycles):

fi2 — Jis fLs ( L2 fLs >
Cos = B, — &), — T2 P+ p
. pLs = sz + fLs pL2 pL>
=N 15— Nj 15+ ACys = Nos + ACys (7)

This is actually the Melbourne-Wiibbena combination
(Melbourne, 1985; Wiibbena, 1985) applied to L2 and L5
frequencies and expressed in meters. This combination is
Geometry-Free and Iono-Free and gives the integer ambi-
guities N»s plus a residual term AC»s depending on hard-
ware delays, multipath delays and measurement noise on
both code and phase measurements.

The wavelength of C,s is significantly increased and
equals 9.768 m for Galileo, which makes the resolution of
integer ambiguities easier. In this case, it is critical that
the residual term AC,s be less than half a extra-widelane
wavelength (0.5 cycle or 4.884 m) to resolve EWL ambigu-
ities, which leaves room for other errors.

To assess the influence of AC,s, we first consider multi-
path delays and measurement noise as quasi random
errors. By using the values of standard deviations (SD)
given in Table 2, the law of error propagation gives us a
SD on Cjs equals to 0.027 cycles. Secondly, because of
the lack of information about hardware delays, we have
to make several assumptions: we consider that satellite
and receiver code and phase hardware delays — which are
usually constant in time (Brunini and Azpilicueta, 2009) —
follow a normal distribution with g =0 and with 99% of

Table 2

Standard deviation of code/phase measurement noise and multipath
delays for Galileo observables (Simsky and Sleewagen, 2005; Simsky et al.,
2006, 2008).

Signal Noise SD (m) Multipath SD (m)
Code L1 0.18 0.4

E5b 0.11 0.2

E5a 0.11 0.2
Phase L1 0.0019 0.003

E5b 0.0024 0.003

E5a 0.0025 0.003
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values below 3m and 1 mm, respectively, for code and
phase delays. On that basis we find a SD on C,5 equal to
0.084 cycle (either satellite or receiver). By addition of all
errors, we finally obtain a SD of 0.122 cycle. Considering
a 99% level of confidence (2.58 SD), the error on Cjs will
not be greater than 0.31 cycle, which means that the Css
combination can be used to resolve EWL ambiguities.

2.2. Widelane ambiguity resolution

The objective of the second step is to resolve the integer
widelane (WL) ambiguities Ny, by forming the so-called
widelane-narrowlane (WLNL) combination Cj, (in cycles):

; ; fu — fr2 Ll Sfiz
€2 =Ppu— Bz C fu x TP”’LI + TP”'LZ
=N, =N, +AC; =Np+AC) (8)

Similarly to C,s, this combination — the Melbourne-Wi{ibb-
ena combination (Melbourne, 1985; Wiibbena, 1985) — is
Geometry-Free and Iono-Free and gives the integer ambi-
guities Ny, plus a residual term ACj, depending on hard-
ware delays, multipath delays and measurement noise on
both code and phase measurements.

The wavelength of Cj, — using L1 and E5b - equals
0.814 m for Galileo (for GPS — using L1 and L2 - this
is 0.862 m), which is 12 times smaller than the EWLNL
combination wavelength. Following the same procedure
than in Section 2.1, the total SD on Cj, equals 1.478
cycle (multipath and noise: 0.33 cycle — hardware delays:
1.44 cycles), which leads to a total error of 3.81 cycles.
As a consequence Cj, combination does not allow to
resolve WL ambiguities.

We tried to resolve WL ambiguities with another combi-
nation called differenced widelane (DWL) combination
Ci2s (in cycles):

,- ; . ; a5
Cis = (‘pp,u - (pp,LQ) - (‘Dp,LZ —Pps — N25) I

= N;;‘LZ — N;),Ll + AC125 = N12 + AC125 (9)

This combination is Geometry-Free but not Iono-Free; it
gives the integer ambiguities Ny, plus a residual term
AC1,5 depending on all phase delays but also on the iono-
sphere by a contribution — in cycles — of 0.08 x TEC (with
TEC being in TECU). Even without taking the influence of
phase delays into account, ACj,s can clearly exceed 0.5 cy-
cle (Spits and Warnant, 2008).

In other words, neither C;; nor C),s makes the resolu-
tion of N, possible. Those WLNL and DWL combina-
tions only give approximated integer values of the WL
ambiguities.

2.3. Final ambiguity resolution

The objective of this step is to resolve the integer ambi-
guities Ny, N», Ns. For this purpose, we use a Geometry-

Free and Iono-Free triple frequency phase combination
s125 (Simsky, 2006), expressed here in meters:

S125 = al/ll(D;U + Clzﬂvzép;‘]“z + Cl5/15¢;7$L5
= —a1iN| — a2/oN» — asAsNs 4 Asias (10)

Each a; coefficient is unitless and depends on a combina-
tion of 4, with a; = 0.128, a, = —1.128 and a5 = 1 for Gali-
leo L1, E5b and E5a. The 51,5 combination only depends
on the ambiguities and on phase delays (hardware, multi-
path, noise and antenna phase center) which form the
residual term Asj,s. By averaging 51,5 on a whole satellite
pass without cycle slip (575), we can consider phase multi-
path delays and phase measurement noise as negligible, so
that the residual term A5y5s is only function of phase hard-
ware delays and residual antenna phase center delays. Note
that if we do not average 5,5, it would lead to a — nearly
one order of magnitude — bigger error.

If we introduce N,s and N;, from previous steps, we can
obtain N, (and so N;, Ns) as follows:

N — 5125 — 121N 12 + asAsNas — Asios
2 7(611)4 + 02/12 —+ (15/15)

(11)

We neglect the residual term in a first step. We know from
Section 2.2 that N, are only approximated integer values,
so are the N, resulting values. As in Eq. (11) an error of +1
cycle on Ny, corresponds to an error of —25.55 cycles on
N, and consequently to an error of respectively —25.55
and —26.55 cycles for N5 and N;, we can derive from
Eqgs. (4) and (5) that this leads to an error of
+11.327 TECU on TEC. On this basis, the use of approx-
imated TEC values computed by the classical dual fre-
quency method allows us to fix Ny, at their correct
integer values. This can be achieved by following the pro-
cedure presented in Spits and Warnant (2008), i.e.

1. We introduce the approximated values of N, obtained
from Eq. (8) or Eq. (9) in Eq. (11) in order to compute
the approximated values of N,, and then derive N5 and
Ny, respectively, from N,s and Ny».

2. We introduce the approximated values of Ny, N, and N5
in Eq. (5), so that we obtain the approximated TEC val-
ues called TEC, (the correct ones are referred to as
TECy).

3. We compute approximated TEC values TEC, by level-
ling dual frequency phase measurements with Global
Tonospheric Maps or GIM (Feltens and Schaer, 1998),
following the method described in Orus et al. (2007)
and in Bidaine and Warnant (2009).

4. We compute ATEC, = TEC, — TEC.,, i.e. the difference
between the approximated and estimated values of TEC,
which gives an approximation of ATEC,=TE-
C, — TEG,, i.e. the real error made on TEC values.

5. Using the property mentioned above, we are now able to
compute AN,_.=ATEC./11.327 which gives an
approximation of the real error made on the WL ambi-
guities (ANj»_, = ATEC,/11.5). This approximation
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will be precise enough to correctly resolve Ny, if ATEC,
is more accurate than half of 11.327 TECU, so approx-
imately 5-6 TECU. The accuracy of ATEC, depends on
the errors in TEC, — caused by the residual term Asp;5 in
the ambiguity resolution plus by phase delays in the GF
phase combination (Section 2.4) — as well as on the
errors inherent in TEC,, corresponding to the uncer-
tainty of GIMs. As stated later, the former should not
exceed 2-3 TECU; the latter depend on the mean global
TEC, with worse performance at low latitude and in per-
iod of high solar activity. However it might not be the
case in daytime equatorial conditions, we can make
the assumption that the accuracy of ATEC, will be bet-
ter than 5-6 TECU.

6. We introduce the correct values of Ny, in Eq. (11), so
that we finally obtain the correct values of N, and there-
fore of N5 and N;.

What is now the influence of the residual term Asy;s?
According to the theoretical values given in Section 2.1,
the SD on 3555 due to hardware delays equals
8.29 x 10~*m, which by Eq. (11) makes 0.869 cycles on
N>. With a 99% level of confidence, it could lead to an error
of 2.2 cycles (round up to 2) on N,, Ny and Ns. As they are
elevation-dependent, the effects of antenna phase center
delays in 5755 are averaged, so that we will assume that
the error budget is multiplied by a factor 2, i.e. 4.4 cycles
on the ambiguities. Finally, Eqgs. (4) and (5) show that
the resulting error on TEC would reach about 2-
2.5 TECU. As it is related to errors on the ambiguities —
which are integer numbers — this cannot be consider as a
random error: each error of 1 cycle induces an error of
about 0.5 TECU.

2.4. TEC computation

The objective of this step is to compute TEC. As in pre-
vious steps we have resolved all integer ambiguities
(N1,N»,Ns), we can introduce them in Eq. (5) to resolve
N;;,GF and then to compute TEC by using Eq. (4). TEC
can be obtained from three different GF combinations:
L1/L2, L1/L5 and L2/L5; we shall refer to these different
TEC values as TEC;,, TEC;5 and TECs.

To assess the influence of all phase delays on TEC,
which are neglected in Eq. (4), let us first have a look to
ay, coefficients (a1, = 0.600, a;5 = 0.676 and a5 = 0.058).
As ay5 1s one order of magnitude smaller than the two other
coefficients, and as phase delays have approximately the
same amplitude on all frequencies (Table 2), we can already
conclude that TEC,5 will be less precise. Following the law
of error propagation (Section 2.1), the SD on TEC due to
multipath, noise and hardware delays equals 0.046, 0.041
and 0.382 TECU, respectively, for TEC,,, TEC;s and
TEC,s. The total error caused by those phase delays is then
given by 2.58 SD and equals 0.120, 0.107 and 0.987 TECU.
Even if there is no average effect here, we can still consider
that the influence of antenna phase center delays will mul-

tiply the error budget by a factor 2, reaching about
0.2 TECU for TEC,, and TEC,;s. From all this, it follows
that the best way to estimate TEC is to have the frequencies
as far apart as possible. In other words, we will not com-
pute TEC using L2/L5.

Finally, taking into account the error caused by the
ambiguity resolution (Section 2.3) together with the one
caused by phase delays, the total error on TEC (TEC,,
or TEC,5) would reach about approximately 2-3 TECU.

3. Results

This section provides the results obtained with a set of
triple frequency L1-E5b-E5a Giove-A/-B data, presented
in Table 3. Note that for GIEN, GKOU and GNOR we
only have Giove-A data, as for GMIZ only Giove-B data.

Fig. 1 shows the EWLNL combination C,5 in four cases
(one per station). The variability of this combination is
about 0.02 cycle. By computing the SD of C»5 for the whole
data set (representing the variable part of it, i.e. noise and
multipath), we find values in agreement with the theoretical
values obtained in Section 2.1, i.e. 0.027 cycle. Further-
more, as we can mathematically demonstrate that an error
on N,s would have caused a huge error on TEC values, we
can confirm the statements of Section 2.1, i.e. that we are
able to fix EWL ambiguities at their correct integer values.

Fig. 2 respectively shows the WLNL combination Cj,
and the DWL combination Cj,s for two satellite passes,
a Giove-A pass in GNOR station and a Giove-B pass in
GMIZ station. First, the SD of Cj, is about 0.3 cycle for
the whole data set, which is in agreement with the theoret-
ical values derived in Section 2.2, i.e. 0.33 cycle. Then, we
can observe that the variability of Cj,5— due to ionosphere,
multipath and noise — is relatively large (around 0.25 cycle).
In both cases, even without taking hardware delays (that
act as a bias) into account, the resolution of N, is impos-
sible. As already said in Section 2.2, we only obtain
approximate integer values of the WL ambiguities.

However, we can see in Fig. 2 (see labels) that C, and
Ci»5 give quite different approximated values of Ni,, as
they actually differ one from the other of approximately
190 cycles. How to explain such a difference? As code mea-
surements are used to compute C;, but not Cj;s, let us first
have a more detailed look at them, e.g. by computing the
GF code combinations Pgri12, Pgris, Pgras based on Eq.

Table 3

Giove-A/-B data set. All those stations belong to the Galileo Experimental
Sensor Stations Network (ESA & GSA, 2008). As Giove-A and Giove-B
satellites can only transmit two frequency bands at a time (L1 + ES or
L1+ E6), we choose a L1 + ES period. In this work, we used code and
phase measurements on L1, ESb, E5a frequencies.

Station Location DoY 2008

GIEN Torino, Italy 013,016,017,020
GKOU Kourou, French Guyana 014,015,018
GNOR Noordwijk, Netherlands 013,016,017,019,020
GMIZ Mizusawa, Japan 337,338,341,344,345
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Fig. 1. EWLNL combination C,s, respectively — from top left to right bottom — for GIEN DoY 016/08, GKOU DoY 015/08, GNOR DoY 013/08, GMIZ
DoY 338/08. For more readability, we have removed the nearest integer part of C,s (see labels).

(1). Those combinations actually contain all frequency-
dependent delay differences, i.e. ionospheric delays plus
the same code delays as in Cj, (hardware, multipath, mea-
surement noise). Fig. 3 shows an example of the GF code
combinations for GMIZ DoY 341/08. We can see that
Pgr1> and Pggps vary around 270 m, whereas Pgr»s varies
around 0 m. Similar values are observed for other days and
stations, either for Giove-A or Giove-B. Which effect(s)
could explain those values? If we consider for example a
TEC of about 10 TECU, the difference between iono-
spheric delays contained in the GF code combination does
not exceed 1 m for Pggiz or Pgrs and 0.1 m for Pggss.
This means that ionospheric delays cannot explain the
magnitude (and their difference) of the different P} ;. val-
ues observed. Moreover, regarding to their amplitude
(Table 2), code multipath delays and code measurement
noise could neither explain it. As Pgri2» = Pgris and as
PGr>s 1s close to zero, it means that L2 and L5 code hard-
ware delays are rather equal, while different from L1 ones.
Considering that N5 are correctly resolved (see above), L2
and L5 delays should be rather small, while L1 ones rather
large. As a consequence, using approximated integer values
of Ny, coming from Cj, (and thus using code measure-
ments on L1) gives non realistic values of TEC,, while
using approximated integer values of Ny, coming from
C125 (and thus using only phase measurements) do give

realistic values of TEC,. In conclusion, as Cj,s gives a
much better approximation of N, values, we will prefer
it to Cj, in our computations. Moreover, as we are in a
low solar activity period, we assume that ATEC, is precise
enough to correctly resolve Ny, (Section 2.3).

Fig. 4 makes the comparison between TEC;,, TEC;s
and TEC,s for the same period and receiver (GNOR
DoY 013/08). As predicted in Section 2.4, TEC,s is much
less precise, while TEC;, and TEC;s have the same level
of precision (and cannot clearly be distinguished on the
graph). In the next two figures, we will only consider
TEC,, values.

Fig. 5 shows TEC values computed for five different
days in Noordwijk and in Mizusawa. In both periods —
respectively January and December 2008 — we obtain rela-
tively low TEC values, which can be explained by the low
solar activity. In each station, the day-to-day variations
are due to differences in local time and in satellite position
which determines the position of the ionospheric piercing
point.

Fig. 6 shows differences between ‘triple frequency’ (3f)
TEC values obtained by the method described here, and
approximated ‘dual frequency’ (2f) TEC values obtained
by levelling dual frequency phase measurements with
Global Ionospheric Maps (Section 2.3). As the only dif-
ference between the methods is the way to compute the
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TEClZ/TEClS.

GF ambiguity N, g, those differences are constant on
each satellite pass. The magnitude of the TEC differences
can be explained as follows: the 2f GF ambiguities are
fixed by using interpolated TEC values of which the pre-
cision is of the order of several TECU (Orus et al.,
2002), when the error budget on 3f ambiguity resolution
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as estimated in Section 2 is of the order of 2-3 TECU.
Unfortunately, as the 2f method is less precise than the
3f method, this comparison does not allow to validate
our results.
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Fig. 6. Differences between ‘triple frequency’ TEC values and ‘dual
frequency’ TEC values for both Noordwijk and Mizusawa stations.

4. Conclusions

This paper presents an improved triple frequency TEC
monitoring technique which is divided in four main
steps. In the first step, the EWLNL combination Cjs is
used to resolve EWL ambiguities N,s. By theoretically
assessing the influence of hardware delays, multipath
delays and measurement noise, we conclude that it would
not exceed 0.31 cycle. The results using Giove-A/-B —
whereby instead of GPS L2 the Galileo E5b is used —
confirm the variability (i.e. influence of multipath delays
and measurement noise) of C,s. Moreover, we can dem-
onstrate that N,s are correctly resolved. In the second
step, we form the WLNL C;, and DWL C},5 combina-
tions in order to resolve WL ambiguities Nj,. In both
cases, the influence of the residual term definitely exceeds
0.5 cycle, so that we only obtain approximated integer
values of WL ambiguities. Moreover, from the analysis
of WLNL, DWL and GF code combinations, we found
out that L1 satellite and receiver code hardware delays
are large, while ESb and E5a ones rather small. In the
third step, we introduce N,s and Np, in a triple fre-
quency phase combination (s1,5) in order to resolve the
integer ambiguities Ny, N,, Ns. As Nj, are only approx-
imated values, the use of TEC values computed by level-
ling dual frequency phase measurements with GIM
allows to fix Ny, (and therefore Ny, N,, Ns) at their cor-
rect integer values. However, phase hardware delays and
antenna phase center delays would cause an error of 2-
2.5 TECU through the ambiguity resolution process. In
the fourth step, we compute TEC by introducing GF
ambiguities N, ;. in either L1/ESb or L1/ESa GF phase
combination; E5b/E5a is actually one order of magnitude
less precise. Finally, as the error caused by GF phase
combination delays on TEC is about 0.2 TECU, the total
error on TEC (TEC;, or TEC;5) would approximately
reach 2-3 TECU. The differences between triple fre-
quency TEC values and dual frequency TEC values
can be explained by the error budget associated to the
GF ambiguity resolution. Unfortunately, as the 2f
method is not precise enough, this prevents us to validate
our results.

Finally, this method has shown good results but needs
further validation, either internal by validation of our the-
oretical assumptions or external by comparison with other
precise TEC values. We could also test it on triple fre-
quency GPS data.
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