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6 ESTIMATION OF BIASES AND IONOSPHERIC DELAYS

User Orbit arror (Radial
Precise Orbit Determination (POD) and Precise Point Positioning (PPP) are methods for GNSS RX S With the new approach for multi-frequency processing, . TUmeRRRTTT | individual f . q
estimating the orbits and clocks of GNSS satellites and the precise positions and clocks lObs el several experiments have been performed. In S If several individual frequencies an
of user receivers. These methods are traditionally based on processing the ionosphere- Orbit & particular, the potential improvement in orbit f:omblnatlons of frequencies are mclugl;d
free ‘combination. With this combination, the delay introduced in the signal when E— Obs Cor‘;('a"c‘;'i‘ons User determination when using L5 frequency in GPS block Itl; t2§ti%2'lt'e5 (;;tzlljlliateprgﬁzssét:tilgnpobsizlsei
passing through the ionosphere is removed, taking advantage of the dependency of network RT ODTS —_— = position IIF satellites has been analyzed. b h I icul £ th
this delay with the inverse square of the frequency. It is also possible to process the — & clock it etween them. In particular, one of the

individual frequencies, but in this case it is needed to properly model the ionospheric
delay. This modelling is usually very challenging, as the electron content in the
ionosphere experiences important temporal and spatial variations. These two options
define the two main kinds of processing: the dual-frequency ionosphere-free
processing, typically used in the Orbit Determination and Time Synchronization (ODTS)

Fig. 3 Schema of Real-Time infrastructure of magicGNSS.

3 MULTI-FREQUENCY PROCESSING
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For this analysis, one year of data has been processed
with ODTS, in batches of one day, to generate orbits
and clocks for GPS satellites.

The same has been done with different configurations:

combinations can be selected as a
reference, and relative biases are
estimated for the rest of frequencies and
combinations.

An additional experimentation has been

and in certain applications of PPP, and the single-frequency processing with estimation & % . % Confiquration 1: 20 stations performed to estimate biases for satellites

or modelisation of the ionosphere, mostly used in the PPP processing. The traditional ODTS and PPP solutions are based on processing ionosphere-free aptsroraes) ? ' e P2 o for seamatiy e b e e and stations. In particular, one year of

In magicGNSS, a tool suite developed by GMV to offer a series of GNSS services, a mez_:\sfurements to e;timate the satelli_tes orbits and c_Iocks in t_he ODTS or the precise CofetsT GPS-only the bias of ionosphere-free P1-P2. data for a partiCL_JIar sta_tion (MAS1) has

hybrid approac’h has been implemented. This approach combines observations frc’>m position of the user in the PPP, according to the following equations: L1and L2 Bies (eferrd to onosphere free ELE5a) been processed_ with PPP ol batches of one
. - . ' . _ . . ! Conﬁguration 2 20 stations 20 N L day ] For t_hls _eXperlmentatlon, the

any number of individual frequencies and any number of ionosphere-free combinations | =P+C(bRx —b t)+-|-r +HW. +¢ i A ST following configuration has been used:

of these frequencies. In such a way, the observations of ionosphere-free combination P = PP f'}"‘ L GPS-only . f

allow a better estimation of positions and orbits, while the inclusion of observations l, = p+clbg, —bg )+Tr+ HW, + NA+¢, gr ool TR BN A e L1, L2 and L5 _ _

from individual frequencies allows to estimate the ionospheric delay and to reduce the : —— il , PPP Config.: |1 station (MAS1)

noise of the solution. It is also possible to include other kind of combinations, such as Where_: _ o _ Reference: >0 stations e | | GPS+GLONASS+Galileo

geometry-free combination, instead of processing individual frequencies. The joint * lr is the ionosphere-free combination of pseudoranges from two different GPS+GLONASS+Galileo L1-12 E1-ESa

processing of all the frequencies for all the constellations requires both the estimation frequencies. L _ _ L1 and L2 — — ] '

or modelisation of ionospheric delay and the estimation of inter-frequency biases. The * lo is the ionosphere-free combination of carrier phases from two different 0 ‘ ‘ ‘ ‘ ‘

ionospheric delay can be estimated from the single-frequency or dual-frequency frequencies. _ As a result, both station (Fig.6 and Fig.7)

geometry-free observations, but it is also possible to use a-priori information based on * brx is the receiver clock offset from the reference time. N The last configuration is used as reference to assess il ] L and satellite (Fig.8) biases have been

ionospheric mode|S, on external estimations and on the expected behavior of the ¢ bS-at is the satellite clock Of_fset from the reference time. 03 e e the error of the orbits estimated with the other B % R % R B % R R % % % obtained. As eXpeCted, satellite and station

ionosphere. The inter-frequency biases are due to the different HW group delays per 'Cl'rl?stltjheeV:igC;%:rlnpzl’zﬁeddegylIC?S;.to the troposphere e configurations. Fig. 7 Biases of MAS1 for single-frequency E1 b:aﬁes r?re q”uite _stable ovle;r tBe Yezr,

frequency in the transmitter and the receiver. However, it is possible to include . HW, and HW, are the hardware biases of satellites and stations. Fig. 4 shows these errors. It can be observed that the :::;zg 2;‘?ofgsgﬁz':::::ef?ﬁ:;:5a relative to a’f ough sma var|at|0|-ws ca-n | eo Sérve -

constraints in the estimator regarding these delays, assuming small variations over . A is the carrier combination wavelength impact of including L5 is not significant. However, With the same processing, it is possible to

time. . N is the ambiguity of the carrier-phas.e ionosphere-free combination (it is not an these reSL_JIts could be different in the future if more Bins of EL refered 1o onosphereree £1.5a obta_in the io_nosphel_*ic delays for this

By using different types of combinations, all the available information from GNSS integer number). = GPS satellites start to use L5. o pgrtlcular sta_tlon._ This can be done by

systems can be included in the processing. This is especially interesting for the case of « ¢p and g are the measurement noise components, including multipath and other & =% B _d|rectly_ estl_matlng t_he c_lelays, or

Galileo satellites, which transmit in several frequencies, and the GPS IIF satellites, effects. ,,..»‘! \L._ e o i . ) ) ) 'mproving th'? estlmatlonh_W|_thf a-priori

which transmit in LS in addition to the traditional L1 and (2. Several experiments have  + p is the geometrical range between the satellite and the receiver A PG Seectios obtame with & 30 stntons Srony OB1S w oo obtained from models  (e.0

been performed, to assess the improvement on performance of ODTS and PPP when ) (vs reference configuration based on 50-stations), both with € of W’*‘""\\/ 1 9.

using all the constellations and all the available frequencies for each constellation. This
work describes the new approach of multi-frequency processing, including the
estimation of biases and ionospheric delays impacting on GNSS observations, and
presents the results of the performed experimentation activities to assess the benefits
in ODTS and PPP algorithms.

2 magicGNSS INFRASTRUCTURE

magicGNSS offline service is based on a web application which allows, among other
functionalities, to run ODTS and PPP executions (Tobias et al., 2014). In the ODTS (Fig.
1), observations from a network of GNSS receivers are used to estimate orbits and
satellite clocks, together with the position and clocks of the receivers. In the PPP (Fig.
2), observations from a particular receiver are processed, to estimate the position and
clock of this receiver. This processing needs precise information about satellite orbits
and clocks, which can be obtained from ODTS processes. In both cases, if different
frequencies and combinations are included, biases between them need to be also
estimated. In addition, if single frequency or geometry-free measurements are

The same can be done with different pairs of frequencies. In that case, all the
observations are processed together in the estimator.

However, it could be also interesting to process individual frequencies without any kind
of combination. For PPP applications, it could happen that the receiver is only able to
provide measurements for some particular frequency and the single-frequency
processing is strictly needed. In ODTS, single-frequency processing would allow the
estimation of ionospheric delays and the biases between frequencies and codes, which
could be interesting for certain applications.

In these cases, the observations of ionosphere-free combination should be replaced by
the observations for the selected frequencies, according to the following equations:

L, =p+c(bg —bg )+Tr+1+HW, +¢,
l, =p+c(by —by )+Tr—1 + HW, + N A+ &,

Where:

5 USAGE OF GALILEO E1/E5a/E5b
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For the case of Galileo satellites, several frequencies
are available. With the multi-frequency approach
described in previous sections, it is possible to include
all these frequencies in ODTS processing. To assess
the impact of using several frequencies in the
estimation of Galileo orbits, an additional
experimentation has been performed.

Again, one year of data in batches of one day has been
processed. For this experiment, the following
configurations has been used:

Klobuchar or NeQuick) or based on
corrections (Carbonell et al., 2016).

Fig. 8 Biases of some Galileo satellites for
single-frequency E1 relative to the bias of
ionosphere-free E1-E5a.

/ CONCLUSIONS

The multi-frequency processing in the estimation of satellite orbits and clocks and in the
estimation of station positions and clocks seems to be a potential way of improving the
performance of such estimates. With this strategy, any number of individual frequencies
from all the constellations and any number of combinations of these frequencies are
included together in the processing. Typically, ionosphere-free combinations are

o o Bl el - lir is the pseudorange for a particular frequency. Ont err (eng) Configuration 1: 20 stations combined with single-frequency measurements or geometry-free combinations.
processed, ionospheric delays are also included in the estimation. . - : : 03 E— _ _ _ _ _ _
o s the carrier phase for a particular frequency. GPS+Galileo With this approach, it is possible to use all the available information coming from the
* 1is the signal path delay due to the ionosphere. £ 1 E1 and E5 satellites. The increase in the amount of information expectedly leads to an
_ _ « N1 is the ambiguity of the carrier-phase observation for a particular frequency. | . ‘,-*--"",,_\ /-:.,..,u-.% fﬂ"‘ an a > roven.1ent e the aam e ispcleare?‘/ e
GNSS RX 225 == Orbits & satellite clocks « &1r and 1y are the measurement noise components for a particular frequency. Y R I e o e~ Configuration 2: 20 stations P the guality =0_parameters.
network ——— ———% Station positions & clocks S gl CPStGali Galileo frequencies, as the amount of new information is very large. For the case of GPS
E— —— Iono delays & Biases For the processing of single-frequency observations, the assessment of ionospheric allieo L5, no clear improvement is observed, because only some satellites are transmitting
delays and biases is required. The ionospheric delays can be taken from external E1l, E5a and E5b with_this frequ_ency and the amount of L1 and L2 observations is enough to obtain a
Fig. 1 Schema of POD processing in magicGNSS. s?ul;’cei, sucg Iis G!ollzalrhlonosphgric IMaps _(GIMz) or iﬁnosp_hﬁricbrnodels,_ such ads Reference: 50 stations precise determination.
Orbite & clocke Elgckusc ar and NeQuick. They can be also estimated together with orbits, positions an GPS+GLONASS+Galileo Apart from increasing the amount of information used in the processing, the multi-
ODTS ' E1 and E5a frequency approach also allows the estimation of satellite and station biases and the
Regarding the biases, when mixing different frequencies in the same estimator biases estimation of ionospheric delays without degrading the estimation of positions, orbits
: : ; - oot o e e and clocks.
- appears both in satellites a_nd receivers. In general, the ab;olute value_of t_hese biases S The last configuration is used as reference to assess
User Obs = User position & clock is unknown and the solutions are referred to some particular combination. In that . o : : :
— . o : ) ) . T the error of the orbits estimated with the other
GNSS RX e [0N0 delays & Biases case, for this combination there is no need to include any kind of bias, but for the rest e, configurations
of combinations and individual frequencies included in the processing, one needs to | ' REFERENCES
Fig. 2 Schema of PPP processing in magicGNSS. introduce a relative bias. This bias can be obtained from external sources or estimated Fig. 5 shows these errors. It can be observed that the Tobias, G., J. D. Calle, P. Navarro, I. Rodriguez, D.
together with orbits, positions, clocks and ionospheric delays. inclusion of E1, E5a and E5b in the processing can p
significantly improve the estimation of orbits and Rodriguez (2014)
Apzﬁ_ frombth_e Wﬁp ap3pI|cthV|_c;rr11, g;_ag/cGNfL_:,S m*t\_plements_the sabr_:e algé)rltll'\mi on ra Finally, it is also possible to combine the observations of single-frequency together clocks. rgﬁglscfl\é%SMRea/-T/me POD and PPP multi-GNSS Service. ION
rea m;ed asIS ( '?_‘t. ). OI:;TS V\'/S.'thcir% 'gura 'g.nt’ pr(zas? ?(r Its an t_coc ts ?he with the ionosphere-free combinations, or even include other kind of combinations '
gen_erat_e In a real-time t.d Id iste E)I: IS ?_r;. C%%PS’ %grlr*]ec |;)_ns to the such as the geometry-free combination, which could be more adequate for the L ,/WW Carbonell, E., J. D. Calle, L. Martinez, P. F. Navarro, D.
Bz‘s’;gzr:oa”ng“gf)iigsfig‘z ﬂ‘;gfrrz feiv?e? insf:al t(i’mee reéal-time Frr, which estimates the estimation of ionospheric delays. Fig. 5 Radial, along and across errors in the estimated orbits Rodriguez, P. Roldan, G. Tobias (2016)
- . of Galileo satellites obtained with a 20-stations GPS+Galileo ; i _ ; i P ;
0 ODTS (vs reference configuration based on 50-stations), both Pushing the limits of low-cost PPP with real-time ionospheric e ...

with E1-E5a and with E1-E5a-E5b. corrections. NAVITEC 2016.
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