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ABSTRACT

This paper describes methods for constellation monitoring in the absence of external precisestimates.

Careful characterization of constellation performance is necessary for the use of Advanced RAIM (ARAIM). In
particular, the narrow (R) and wide (Bns) fault rates must be determined. However, typical constellation
monitoring appro&hes rely on the comparison between the broadcast ephemeris and precise estimates of the
satellite orbit and clock, and these may not always be available. Furthermore, they may only monitor reference
signals that will not actually be operationally usekhis papedescribesa method to independently estimate
satelite clock and differential code biases in order t@lenate the ranging performnce of GPS and GNASS

for ARAIM. Daily variations in the L1 €2Q clock and differential code bias are examined and quantified.
Finally, GLONASS faults are closely examisigjthe clockestimationtechniques.

INTRODUCTION

The use of a GNSS in Advanced RAIM requires the carefdiefangharcterization of its signah-space (SIS)
performance. Traditional methods do this characterization through the comparison of the broadcast
navigation message to precise estimates of the satellite orbit and clock, which are generated by the
InternationalGNSS Service (IGS) or National Geospataligence Agency (NGAJhe results of this approach

can be seen irFigue 1, which shows the performance history of GPS from 28083, including the five
observed fault events.
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Figue 1: GPS Constellation Performance Overview comparing broadcast navigation message to NGA precise
orbit and clock: 2002018

However, when these precise estimates are unavailable, these methods fail. If a satellite is obsdyged t
broadcasting a ranging signal with a valid navigation message, it is important that its performance is assessed



during that period, regardless of the availability of external precise products. This paper provides methods for
fault detectionand nomiral performance characterizatian the absence of external preciskck estimates.

The overall goal of such a constellation monitoring system is thetemng characterization of constellation
performance. In particular, ARAIM Integrity Support Message (ISM) parametéras By (probability of
satellite fault), Ronst (probability of constellation fault), and bounding User Range Accuracy (URA) sigmas are
of interest. Previous papers [1] have described methods of estimating these parameters over long periods and
rely heavily on the availability of IGS precise products. However, it has been shown that such precise products
are not always available, even during periods where faults have been obseryaH [Zhe goal of IGS analysis
centers is accuracy, not necessati}0% availability, so when anomalous behavior by the satellite is detected,

an estimate may not be output. While nominal statistics may not be affected by occasional outages in the
precise clock and orbit data, more sensitive parameters suchaeenl Ronstcan be significantly impacted by
missing periods of precise datln addition to data that is missing at times, some products, such as differential
code biases (DCB), are only updated at most on a daily basis by the IGS analysig§4dénters 5af theQ a =
corresponding GPS term, the intsignal corrections (ISC), are required for an ARAIM dual frequency solution.
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to increase the availality of constellation monitoring such that the performance of a satellite can be assessed
whenever it is observed to be broadcasting a ranging signal.

Theapproach described in this paper is to estimate the GNSS clock biases for a dual freqgiezengeaesignal
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performance for ARAIM, the L1 C¢A.5 combination is what we focus on. The benefits of such a process are
multiple. First, tis allows for the analysis to be decoupled from the IGS clock estimates, which may not be
100% available when anomalous behavior is present. Even when IGS estimates are available, this allows for
validation of those values. This also allows for anallisisis at a higher rate than is currently available from

the IGS analysis centers. For example, GLONASS clock bias estimates are not available at rates higher than 30
seconds. Finally, and perhaps most importaritig, signals combinations of interesarc be monitored long
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have been observed to have changed rapidly whex power is usefb]. With current IGS DCB products, the
immediate impacts onanging accuracy cannot be assessed.

The clock and DCB estimation process is driven by a ground network ctongtellation, multfrequency

receivers that are members of the 3MultitiGNSS Experiment (MGE®&)retwork. Given known positions of

the receivers and satellites as well as careful modeling of the range measurements, estimates of the receiver
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general estimation strategy reliesya low rate batch least squares over long periods and then handing over
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CLOCK BIAS AND DCB ESTIMATION

This section describes the general approach to and results from the Stanfimet&ity (SU) clock bias and DCB
estimation process.

Ground receiver selection

The ground receivers used in the clock and DCB estimation process are selected from the full set of over 200
IGS MGEX receivers. Using the full set of receivers would reqanes processing power than desired and
provide only marginally improved estimation performance over using a subset. In addition, not all receivers
even track the signals of interest, making them useless for our purposes. Because of this, we implemented



very simple receiver selection algorithm that allows the clock estimation system to be automated and efficient
even as the available receivers changes over time.

Number of stations in view at GPS altitude

Figure2: Number of ground receivers in view at GPS altitude
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orbital altitude of the constellation of interest. These users only span from the negative to the positive latitude
corresponding to the inclirteon of the orbits of the constellation of interest. For example, the inclination of
the GPS orbits is 85s0 the user grid excludes any users above or beldwatidudes, where 60° is chosen to

have some margin. Ultimately, the station selection isimcredibly sensitive to the amount of margin chosen.
From here, given our empty station list, the number of users in view from each station is counted, and the
station with the most users in view is added to the station list. The number of statietearfrom each user

is updated with our new station list. The process is repeated, where the additional visibility from each user is
computed, except that users with fewer stations in view are weighted more heavily when choosingvthe
station. This caimues until the minimum number of stations in view is reachedFigure2, the minimum
number of stations in view for any user location on orbit is seven, ensuring significant redundancy in the clock
and DCB estintas.

Measurement modeling

Dual frequency code and carrier phase measurements are the primary inputs to the estimator. How exactly
the measuremergare modeled, i.e. what delays are computed deterministically using models and what are
estimated, is verymportant. The basic pseudorange and carrier phase measurement models are as follows:

Dual frequency carrier phase:
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Dual frequency code phase:
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Where

w - satellite position provided by external precise orbit product



@ - known receiver position from IGS daily solution

@ §- estimated receiver clock bias

& - estimated satellite clock bias
& - tropospheric mapping functio
3Y -estimated delta tropospheric delay

o N - estimated float carrier phase ambiguity
08 8" -estimated satellite differential code bias per signal (one per SV andaierence signal)

‘06 6 -estimated reeiver differential code bias per signal (shared across SVs)

2 - Other modeled effects. This includes relativistic effects, solid earth tide modeling, satellite
antenna phase center offset and variation, ocean loading, modeled tropospheric delayaraied c
phase windup. These are strictly deterministic and not estimated.

X - other unaccounted for errorsthis should be zero mean and Gaussian, essentially reflecting
measurement noise.

The estimated states include the receiver clock biases, satellite clock biases, tropospheric delay delta,
differential code biases for eadatellite and signal, differential code biases for each receiver and signal, and
carrier phase ambiguities for each carrier phase measurem&here only a few differences between this
measurement modeling and that of traditional Precise Point Positip(®PP). Namely, that receiver position

is not estimated, and that satellite clock biases and DCBs are. For a single receiver, these states would of course
be unobservable, but with a network of receivers, they can be happily estimated.

Evaluating L1 -L5Q Ranging

Satellite hardware causes varying delays for each signal being broadcast. These delays are typically called the
differential code bias; the GPS interface specifications call the terms that describe the delaysgimabr
corrections (ISC)One of the goals of this paper is to evaluate the impact on ranging of telags on the

ARAIM user. The ranging impact is explored in two ways. The first method is to estimate a new clock state
using the L1 C/A5Q dual frequency code and carrieramarements. This allows for a very similar analysis to

what has been done previously, where instead of using IGS precise clock, which useltBBduP frequency
combination the SU estimatesan be used. In the analysis in this paper, the diffeedmetween the clock bias
estimated using L1 C/A and L5Q and the clock bias estimated usii@Pll be primarily examined and
compared to broadcast parameters.

However, the ARAIM navigation solution uses caisiapothed code, so it is very importattt examine the
ranging impact ofisingpseudorangeslirectly. To do this, differential code biases are estimated for the L1
C/AL5Q combination Because they are pseudoradgased and thus very noisy, the estimates are averaged
over sometime span In this paperwe use a dailg4-hour interval for validation and finally usel®-minute
interval estimate.

The broadcast timingftset to use the L1 C/AL5 Q combination is found from the following, pexdBS705D
[10]:
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The combination of corrections that is compared to the SU estimated DCBs is then:
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When using any ghal combination that is not LIF2P, some combination of ISCs must be used. In this paper,
we compare the measured ranging difference for the LI-5® combination to the broadcast terms that are
meant to capture this offset. Ultimately, it is the Iéfnd side term in equation 4 that is compared to the
clock bias difference or the differential code bi&sgure3 summarizes all of thisThe smooth black line at the
bottom is the carrier phasestimated primary clockstimatefor the LLPL2P combination. The red line is a
new clock esmated for the L1 C/AL5Q combination, alsestimated using code and carrier. The noisy grey
line is the differential code bias. We compare the difference between the red line (oldble) grey line (DCB)
and the blak line to the broadcast DCB.
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Figure3: Clock differences and differential code biases

The broadcast DCB terms have been provided by IGS MGEX logs of the CNAV niggsagéshows the
DCB terms thraghout 2018 for each of the b IIF satellites, which aredtonly satellites broadcasting on
L5. The D@®are largely stationary through the year.
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Figure4: GPS CNAYV Values of L1-CHQ Dual Frequency DCB



Estimation structure

The estimation approach is to use a low rate batch weighted least squares to estimate carrier phase ambiguities
and tropospheric delays across the network of ground station network, then to freeze those estiamatet
each epoch, make the final estimates of the various clock and code biases.

The initialization process first requires producing satellite positions for all satellites and times in order to mask
measurements from lovelevation satellites. The paition of the sun is also precomputed for all times; this is

used in the satellite attitude computation for the antenna phase center offggitenna phase centers are
provided by the IGST, and nominal attitude models are use8l.[ The effect of thesaominal models on the
estimation performance when the satellites are in eclipse conditions will need to be investigated in the future.
Next, the carrier phase measurements are processed. Cycle slips are detected using a simple test on the change
in the ggometry-free combination of the two carrier phase measurements that make up the dual frequency
observations. Carrier phases are collected into continuous arcs, and only arcs of length exceeding a minimum
threshold are kept, and the other measurements digcarded. All of the code phase measurements are kept.

A single batch least squares estimate of all of the desired parameters over all times is not feasible from a
memory standpoint, so the estimation is broken iftwee parts. The firstwo parts, tk S aaf 26¢ SaidA Yl
does estimate all of the desired parameters but only at a low rate, i.e. 5 or 15 minutes between epbehs.

first part, the state initialization, does an extremely rough (~200 m accuracy) estimate of the station and

satellite clock statessing only pseudoranges and no range error modeling. This is done simply to reduce the
number of iterations of the precise slow estimatdrhe states in th@reciseslow estimator are as follows:

Receiver clock biasne per station and epoch

Satelliteclock biasone per satelliteand signal paiand epoch

Tropospheric delayne per station and slowly changing over time

Satellite differential code biasne per SV, epoch, and nogference duafreq. signal combination

Receiver differential codeds one per station and noereference duafreq. signal combinatiorthis
is constant over time.

The reference dudrequency signal pair used for GPS is the-L2 P sermtodeless combination, as is used by
both the IGS and the GPS broadcast navigatiessages. As such, this combination does not require a satellite
differential code bias.

The estimator loops through each station and epoch in order to build the sensitivity matrix faethtve

weighted least squares process. The weights arelgimptandard @ £ dzZSa F2NJ O2RS | yR Ol
for the elevation angle. This scaling helps to capture the error due to multipath as well as, more importantly

for the carrier phase measurements, the error in the precise orbit estimates, which are projectedeavily

onto the line of sight of the measement at low elevation angles his estimator does not start with any prior

estimates of the receiver or satellite clock biasekich leads to generally needing at least two iterations of

the least squares pcess to converge.

Once the slow estimation is complete, the high rate estimation can occur with thefnoaen carrier phase
ambiguities and tropospheric delays. This approach is favorable when compared to doing one enormous
iterative least squares beaae the size of the matrices involved when estimating separately for each epoch do
not change, whereas the size of the matrices involved in a batch estimate increase exponentially. This means
that high rates become infeasible for the single batch estimatEor the high rate estimation, a very similar
approach is taken to that of the low rate, except that interpolated estimates of the clock Hraseshe slow
estimateare used to seed the process.



L1RL2PClockEstimation Results
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Figure5: Comparison of SU GPS vs IGS CODE clock bias estimaids for

The first set of results is a comparison of the clock output by the SU estimator to that of an IGS analysis center,
the Center for Orbit Determination European (CODE). TieEXproduct is output at 5 second intervals and is
centimeterlevel accurate. As with all IGS GPS clock products, the reference observables are the L1P and L2P
code and carrier, so we compare the CODE clock to odr2RRlock estimatd-igures shows this comparison,

where the clock estimate for each satellite is compared to that produce by CODE, and a mean for each day of
2018 is produced for each satellite. Each of the colored ddigjire5 is a separte satellite and day of 2018.

The RMS of the error across all satellites and days is 7 cm, and the daily mean difference never exceeds 35
centimeters over the year. This residgtmeant simplyto be validation of the estimation techniques and data
handling so that further results can be trusted.

L1 C/AL5Q Clocksstimation Results

Estimated L1 C/A-L5Q Clock difference from L1P-L2P
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Figure6: SU Estimated L1 C/A5Q Difference from LARP



This section examines clock bias difference between the_lRPRdual frequency combinah and the L1 C/A

L5Q dual frequency combinationFigure6 shows just the difference in clock bias between the two dual

frequency pairs as produced by the SU estimator. Each GPS Block IIF satellite is shoifferastsset of

colored dots. As expected the clock differences are largely static through the year, but there is a noticeable
GagSttAayade 2F (GKS O0t201 RAFFSNByOSa GKIG OKIFy3aSa (KL
than others. Thevalues shown in this figure are what will be compared to estimates of the same values
produced by the German Aerospace Center (DLRjyime 7 as well as broadcast in the GPS CNAV message in

Figures8.

= L1 C/A- L5Q Clock difference from L1P-L2P: SU-DLR Estimated L1 C/A-L5Q Clock difference from L1P-L2P, SU-CNAV
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Fgure7: L1 C/ALSQ Clock Difference from EIFP:  Figyres: L1 C/AL5Q Clock Difference from L1EP:
SUDLR SUCNAV

Figure7 shows a comparison between the L1 €/2Q clock offet produced by SU and the offset produced by

DLR. The daily DCB estimates produced by DLR were subtracted from the values skayume6 to, as
0ST2NB>E QGFtARFGS GKS LISNF2NXIyOS 2 foreadi Sngl§ fiequency ( 2 NJp
signal individually, so they must be combined in the proper mamasean Equation 4 Additionally, they are

daily mean values, so the effects of daily variations are still visible. Despite these factors, the SU estimates
closely match the DLRt&#Bnates, with an RMS difference over the year of only 10 Eigure8 shows a similar
comparison that replacesthe DBR' . Q&4 A GK (K2&S LINPRdzOSR dzaAy3a /bl *
difference remains relatively small, thigne showing an RMS difference of 20 cm. However, the mean
differences of some of the satellites, in particular SVNs 66 and 67, push up close to 40 centimeters.
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Figure9: Histogram of L1 C/A5Q Clock Difference from LI#P: SUCNAV

Figure9 shows the same data ashigure8, except this time as a histogram for each satellite individually. The
individual distributions are tight, with standard deviations ot naore than 10 centimeters for any satellite.

The means do approach 40 centimeters in a few cases, as previously mentioned. Ultimately, the effects
described in this section are driven by the carrier phase measurements, which are only used for smnothing
ARAIM navigation solutions. Because of this, the impact of the clock difference effects shown here are
potentially limited for the ARAIM user.

L1 C/A - L5Q Daily Variation and Beta Angle for PRN 10
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FigurelQ: L1 C/AL5Q Daily Variation and Beta Angle for PRN 10



This section sdes to help explain the daily variations in the clock bias between the PPPand L1 C/B5Q
combinations. As they are carrier phase estimates, one might expect that the difference would be extremely
stable, but there are noticeable and predictable daibriations. These effects have been observed and
described in detail in previous workg3], so this section will be briefrigure10 takes the data fronigure6

for one satellite and foeach day removes the mean value. This leaves only the daily variation of the signal,
showing very clearly significant changes in the daily variation throughout the year. The red-ligereiOis

GKS &l 4GSt t A isSteangle bebwgen thé&Stin, théBarthKandithe projection of the Sun vector onto
the satellite orbital plane.The satellite orients itself so as to maintaisolar panel angle with respect to the

sun. At high angles, very little yaw motion required to maintainthe specifiedattitude, whereas at low

angles, very rapid noon and midnight turns occur when the satellite passes in front and behind the Earth during
the orbit. This yaw motion has been linked to the variations in the clock bias betwesrdlother frequencies

[13]. Figurellillustrates the daily variations at high and low beta angles for PRN 10.
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Figurell: Daily variations in L1 C/A5Q vs L1B2P clock bias at high afav beta angles

DCB Estimation Results

This section shows results relating to the estimation of the differential code bias between the 1115Q And
L1RL2P dual frequency pairs. The previous section examined the difference in the clock bias bbentaen t
signal pairs by using the carrier phase, whereas from now on, the@algiedifference will be examined. This
is particularly important for ARAIM, as it uses a casimoothed code solution, and the ranging differences
are more significant when osidering the true differential code bias.



