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ABSTRACT

Certain types of satellite failures, such as broadcast
ephemeris messages that do not correspond to true
satellite locations, can be difficult to detect by a Local
Area Augmentation System (LAAS) ground facility
(LGF) because satellites are observed from reference
antennas that are very close together.  Although
ephemeris failures large enough to threaten LAAS user
integrity should be very rare, a combination of monitors
in the LGF is needed. This paper analyzes the combined
effectiveness of several monitoring techniques and
proposes solutions for all phases of LAAS operations.

The first solution is the combination of the GPS
Operational Control Segment (OCS) and monitors
included in the existing Category | LGF prototypes.
Built-in LGF checks confirm that broadcast range and
range-rate corrections have reasonable values and also
compare computed satellite positions based on the
current and previous ephemeris messages as well as the
current almanac message. OCS monitoring by itself is
insufficient for LAAS because OCS alerts are not guaran-
teed to meet the minimum time-to-alert requirement of 6
seconds for precision approaches. However, the combi-
nation of OCS and existing L GF monitoring is sufficient
to meet the allocated per-approach probability of an
undetected ephemeris error for Category | operations.

For Category Il and Ill operations, the integrity
reguirement is 200 times tighter than for Category |; thus
the monitors described above may be insufficient. This
paper introduces new algorithms for validating
ephemerides in three dimensions that can provide the
needed improvement. The Differentia Pseudorange
Residual method (DPR) is used to detect ephemeris errors
paralel to the LGF — satellite line of sight, and the
Double Phase Difference with Ambiguity Search method
(DPDAS) is used to detect ephemeris errors
perpendicular to the line of sight (and thus very difficult
to observe). Unlike RAIM, these two methods need only

one other already-approved GPS satellite in view. These
two methods can detect all ephemeris failures in three
dimensions. This paper develops these algorithms in
detail and presents experimental results from the
Stanford LAAS Integrity Monitor Testbed (IMT).

1.0 Introduction: Threat from EphemerisErrors

The Local Area Augmentation System (LAAS) will
provide Global Positioning System (GPS) ranging
corrections to users within the range of its VHF data
broadcast (nominally 30 n.mi. but may be longer at
altitude). LAAS will support precise, safe navigation that
meets the requirements of Category | (and later Category
[11) aircraft precision approach [15]. Since corrections
generated by the reference receivers of the LAAS Ground
Facility (LGF) remove errors that are correlated between
the LGF and user receivers, most errors that have their
origin in the GPS satellites are removed when the user
applies the LAAS correction. Satellite clock errors (such
as those induced by Selective Availability, or SA) are
very highly correlated because the same range error is
present in LGF and user pseudoranges. However, errors
in the reported location of the satellites (known as
ephemeris errors) do not in general produce identical
range errors — the error difference depends on the
satellite-L GF-user geometry. For LGF-user separations
under 30 n.mi. and nomina ephemeris errors (on the
order of several meters), this error is negligible (less than
1 cm), but the possibility exists that very large ephemeris
errors could produce hazardous user range errors.

1.1 Worst-Case User Errors due to Ephemeris Errors

The relationship between satellite ephemeris error and
differential GPS (DGPS) user error is developed in detail
in [1]. For areference-to-satellite vector R, a reference-
to-user vector dr, and a satellite ephemeris error vector
dR relative to the broadcast satellite position, a user range
error bound dE can be derived:
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The worst-case error results when dr is perpendicular to
R and is also pardlel to the ephemeris error dR. An
example of such a situation would be an "in-track”
ephemeris error (in the direction of the satellite's orbital
motion) for a satellite directly above the LGF (at a 90°
elevation angle) that happens to be parallel to the vector
between the LGF and user. This worst-case error is
clearly unlikely to occur, but it serves as a useful bound
on the potential threat to LAAS users.

1.2 Probability of Large Satellite Ephemeris Errors

It is difficult to estimate the prior probability of alarge
satellite ephemeris error. No errors large enough to
produce significant DGPS errors have been confirmed to
date. A conservative estimate of this probability can be
obtained from the GPS Standard Positioning Service
(SPS) Signal Specification, which indicates that the
probability of a “major service failure’ shall be lower
than 10" per hour per satellite [4]. This has been divided
into six failure classes (including ephemeris failures), and
the total failure probability has been evenly divided
among them, giving an allocation to ephemeris failures of
1.67 ~ 10° per hour per SV [5]. Thisis conservative for
ephemeris failures because they should form a small
fraction of satellite failures (clock anomalies are much
more common), but it is a reasonable point of departure.

Given an ephemeris failure, a missed-detection
probability (Pwp) of 102 or below would reduce the

resulting integrity risk to 6.94 ~ 10° per satellite per
150-second Cat. | approach, which translates into an
undetected failure probability of 8.33° 10 per approach
for a maximum of 12 satellites in view. An allocation
from the Cat. | signal-in-space (SIS) integrity risk limit
of 2° 107 per approach to ephemeris failures allows an
undetected failure risk of 2.34 ~ 10® per approach [3];
thus some margin remains to alow higher Pyp’s.

1.3 User Range Errorsthat Threaten LAAS Integrity

The magnitude of user range errors that could lead to
hazardous user position errors is derived in [2]. The
vertical dimension of position error is the most limiting,
and the largest vertical navigation sensor error that is
presumed to not lead to unacceptable danger is known as
the vertical alert limit (VAL). Based on a translation
from the safety limits of existing Instrument Landing
System (ILS) approaches, VAL has been set to be 10
meters for LAAS Cat. | and 5.3 meters for LAAS Cat. 111
precision approaches. Users determine if the navigation
service is available by computing a vertical protection
limit (VPL) and confirming that it is no greater than the
VAL. VPL represents the size of the vertical position
error under defined system states (nominal performance
or single-reference-receiver failure) that is guaranteed to
not be exceeded with a probability of one minus the
defined signal-in-space integrity risk probability for that
operation (2~ 10 "/approach for LAAS Category 1) [3].

VAL implicitly defines the worst GPS satellite
geometry that is available for use — its vertical protection
limit under nominal conditions equals the VAL. From
this worst usable geometry and the standard deviation of
the LGF pseudorange correction error, the ranging error
that would cause VAL to be exceeded (al other satellites
being nominal) can be approximated. This value, known
as Minimum Acceptable Ranging Error (MERR), varies
from 0.6 meters for high-elevation satellites to 2.7 meters
for satellites at the 5-degree minimum elevation (based
on the ‘Class B3’ LGF accuracy requirement) [2].

1.4 Maximum Acceptable Ephemeris Errors

Expression (1) in Section 1.1 can be rearranged to give
the maximum acceptable ephemeris error (MAEE) as a
function of MERR (or dE), LGF-user separation distance
dr, and L GF-to-satellite distance |dR]:

MAEE = (MERFE) dR @
o]
Figures 2 and 3 show the dependence of MAEE on LGF-
user separation for a satellite at 90° elevation and on
satellite elevation angle (upon which both R and MERR
are dependent) for an LGF-user separation of 7.5 km,
respectively. Notein Figure 2 that MAEE decreases
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Figure2: MAEE for Variable LGF-User Separation

rapidly as the user moves away from the LGF. The above
MERR's are the tightest values, which apply at an altitude
of 200 ft above the approach threshold; thus the
corresponding user locations are within 5-10 km of the
LGF (depending on the airport layout). MAEE decreases
rapidly as satellite elevation rises, since more weight is
placed on high-elevation satellites in the position
solution.  Fortunately, satellites with large ephemeris
errors are likely to be detected soon after they risein view
of the LGF, as will be demonstrated in Section 4.0.

2.0 Built-in LAAS Ephemeris Monitoring

A standard set of ephemeris monitors can be defined
for Category | LAAS ground systems. This includes (1)
steps that are built into the required processing of GPS
measurements and the generation of DGPS corrections,
(2) consistency checks of new ephemeris messages; and
(3) checks of the magnitude of the DGPS corrections.
LGF receivers automatically confirm that all require-
ments of the GPS SPS Interface Control Document (1CD)
are met by each GPS satellite navigation message [4,6].
This includes checking that the navigation data message
is not non-standard code (NSC: alternating '1's and '0's)
and that satellite health bits and health-related bits in the
Hand Over Word (HOW) and Preamble indicate that the
data is good. Many satellite failures will automatically
initiate NSC or other forms of invalid navigation data;
thus alerting ground receivers immediately [7].

Uploads of new ephemeris data from the MCS
normally occur once per day, and ephemeris change-
overs usualy occur every two hours (curve fits to satel-
lite orbits are optimized for two-hour periods). The OCS
only performs uploads when MS and GA visibility is
guaranteed, and an OCS cross-check occurs after the
upload, although MS/GA visihility is not guaranteed for
subsequent changeovers [7]. After each changeover, the
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Figure3: MAEE for Variable Satellite Elevation

L GF compares the satellite locations given by the old and
new ephemeris messages to confirm that the new ephe-
meris is consistent. A threshold of 250 meters is set on
the 3-D satellite position difference, which is sufficient to
guarantee integrity, athough the difference under
nominal conditions will be much smaller. When satel-
lites first rise in view of the LGF, the prior ephemerisis
not available to it, so the LGF instead compares the
satellite positions between the new ephemeris and the
latest almanac message. Since the almanac is much less
accurate, the comparison threshold is set to be 7 km, but
even this loose check is useful (it also will detect unde-
sired lock on the cross-correlation of a different satellite).

Finally, each satellite pseudorange correction and
correction rate to be broadcast by the LGF is checked to
confirm that it lies within £ 327.67 m and * 3.4 m/s,
respectively. These limits represent not-to-exceed (NTE)
values from the SPS Signal Specification [4] plus six
times the normal one-sigma error with SA active (~25
m). The pseudorange limit is the same as the maximum
correction that can be sent by the VDB, so this must be
checked in any case. This is called the Message Field
Range Test (MFRT), and it is effective because
ephemeris errors greater than MAEE are very likely to
have components in the satellite-to-LGF direction that
are larger than 327 m. It is possible for satellites that fail
MFRT at one time to pass it later while still causing
hazardous errors;, thus failing satellites should be
removed from use for the duration of their pass overhead.

3.0 Operational Control Segment Probability Model

Since the performance of LAAS ephemeris monitoring
is insufficient by itself to guarantee that the ephemeris-
error integrity alocation is met, a study of the
performance of the GPS Operational Control Segment
(OCS) is needed to determine if the combination of



LAAS and OCS monitoring is sufficient. OCS head-
quarters is at the Master Control Station (MCS) in
Colorado Springs, where all GPS maintenance decisions
are made. The MCS is fed by a worldwide network of
monitor stations (MS's), each with a GPS receiver that
observes signals from all visible satellites. Uplinks from
MCS to the satellites are transmitted by a network of
ground antennas (GA’'s). Tables 1 and 2 show the
locations of existing MS and GA sites as well as other
sites that are planned to be incorporated into the OCS by
2001-02. These added sites will reduce the SV visihility
gaps of the current OCS from 30% to 1% of thetime[7].

Added NIMA Sites
Adelaide, South Australia
Buenos Aires, Argentina

Current Sites
Ascension Island

Diego Garcia
Kwajalein
Kaena Pt, Hawaii
Schriever AFB, CO.

Hermitage (London), Eng.
Manama, Bahrain
Quito, Ecuador
USNO, Washington, D.C.
(5 more sites under
consideration)

Table1l: OCSMonitor Station (MS) Locations

Added AFSCN Sites
Vandenberg AFB, CA.
New Boston Air Station, NH

Oak Hangar, England
Thule, Greenland
Kaena Pt, Hawaii

Andersen AFB, Guam

Schriever AFB, CO.

Table2: OCS Ground Antenna (GA) Locations

Current Sites
Ascension Island
Diego Garcia
Kwajaein
Cape Canaveral, FL.

Based on the planned state of OCS in 2002 and later, a
model of OCS ephemeris monitoring and aerting delay
was constructed. The MCS L-band monitor provides
updates to the MCS every 6 seconds based on differences
between measured satellite-to-MS ranges and those
computed based on the broadcast ephemeris and the
known position of each MS. In addition, the residuals of
the MCS Kalman Filter that is used to update satellite
ephemeris and clock parameters are checked for unusual
deviations every 15 minutes (at each filter update) [7,8].
Thresholds for these monitors have not been released by
OCS. For this study, thresholds of 25 meters for the L-
band monitor (in the satellite-to-MS direction) and 100
meters for the residuals check (in 3-D) are assumed.

When a satellite anomaly of significant size is detected
by MCS, it issues a SATZAP to the affected satellite to
change its PRN code to 37, which should not be tracked
by user receivers [8]. Thetimeinterval between OCS

Mean down time
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MDT » 0.58 hrs MS1 — MS GA1l GA
comm. comm.
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0.9960 MS Ny, H MS GANg H GA
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Figure4: OCS Availability Model

alert and the SATZAP making the satellite unusable
varies depending on operator workload and GA
availability. Figure 4 shows a model of OCS component
availability based on observed OCS performance as
reported in the GOSPAR '96 report [9]. Individual MS
and GA availability has been a significant limiting factor
in the past, since often only one MS and/or one GA had
visibility to a given GPS satellite. However, as NIMA
and AFSCN sites are added to the OCS, multiple MS and
GA vishility will be much more common. This redun-
dancy will dramatically reduce the effect of a single MS
or GA outage, leaving rare (and brief) MCS outages as
the primary limiting factor on OCS availability.

The event tree shown in Figure 5 uses the model in
Figure 4 to estimate the probabilities of various OCS
monitor states for a typical GPS satellite.  OCS is
estimated to fully functional 98.4% of the time, meaning
that MCS monitor violations (due to satellite failures)
will be noticed right away, and only a nominal decision-
making/communication delay will take place before the
satellite is rendered unusable. OCS has not released any
official statistics of these delays, but mode (most likely)
delay estimates of 5 min. for the L-band monitor and 20
min. for the filter residuals check have been assumed in
this study [7,8,9]. When OCS elements are non-
functional or when MS or GA visibility is absent, mode
added delay times apply based on the mean delay times
(MDT's) in Figure 4 and the mean time before MS and

(Numbers based on 2 SOPS
OCS Health and GOSPAR data for post-
2001 OCS without backup
‘ MCS)
p,»0.984 p,»0.004 ps»0.002 p,»0.010
Fully MCS MS or GA No MS/GA
Functional Inoperative Inoperative Visibility
Detect and alert after Detect and alert Detect and alert Detect and alert
monitor/SATZAP delay: ~ when MCS repaired: when MS/GA when MS/GA

L-band monitor: Mode added delay » operations regained: visibility regained:

nadir threshold » 25 m 35 min. Mode added delay » Mode added delay »

de del 5 .
mode delay » 5 min Worst added delay 60 min. 15 min.

Kalman Filter residuals: » 105 min. Worst added delay » Worst added delay »
3D threshold » 100 m 180 min. 45 min.
mode delay » 20 min.

Figure5: OCS Fault Detection Probability Tree
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GA vighility is expected to be restored. The MDT's are
used to form triangular probability distributions of delay
times (again, in lieu of better information) in which the
minimum delay is one-third of the MDT and the
maximum delay is three times the MDT.

4,0 Combined LAAS and OCS Effectiveness

In order to assess the combined ability of the LGF and
OCS to detect ephemeris failures, two different sources of
ephemeris errors large enough to threaten LAAS have
been hypothesized. For Class A failures, the broadcast
ephemeris becomes incorrect when the satellite performs
an undesired maneuver from its nominal orbit. Multiple
safeguards exist to prevent the uncommanded firing of
GPS satellite thrusters (Block I1A satellites have two sets
of 10 0.1-Ib thrusters and two sets of two 1-Ib thrusters);
thus the probability of this occurring is very remote, but
it cannot be completely discounted [7]. More likely (but
still very rare) are Class B failures: those resulting from
ephemeris broadcasts that do not represent the nominal
satellite orbit. Some failure in the MCS processing and
upload chain would be required to cause this.

4.1 Resultsfor Class B Ephemeris Failures

Although OCS schedules daily satellite uploads when
MS/GA Vvisibility is assured, a subsequent ephemeris
changeover could contain a Class B failure that is not
immediately noticed. If the affected satellite then risesin
view of an LGF site, the LGF is not guaranteed to detect
it by the old-new ephemeris comparison. The OCS state
probabilities and delay distributions from Section 3.0
have been combined via simulation to estimate the OCS
missed-detection probability (the probability of OCS not
rendering a satellite unusable before the satellite could be
used by aLAAS site) in this case.

Figure 6 shows the resulting OCS missed detection
probability as a function of satellite rise time (in view of
the LGF) after an ephemeris changeover resulting in an

erroneous satellite position. This plot has two segments.
The first segment between 0-15 min. after ephemeris
changeover has a rapidly-decreasing Pyp due to the effect
of MCS monitoring when it is fully operational and has
visibility to the failed satellite (~98.4% of the time). In
this case, a SATZAP is guaranteed to take effect within
15 min. after the changeover (based on the distribution of
SATZAP delays assumed in Section 3.0). For the
approximately 1.6% of the time in which MCS does not
have data for the affected satellite for one reason or
another, alerting delays can be much longer and their
distribution is much wider; thus Pyp decreases dowly
beyond the 15-min. point. Since the distribution of time
between satellite rise in view of the LGF and its most
recent ephemeris changeover is uniformly distributed
between 0 and 120 min. (for changeovers every 2 hours),
the ensemble Pyp = 0.067. However, OCS may not
sufficiently aid LAAS when a satellite rises shortly after
an ephemeris changeover (Pyp @0.196 after 10 min.).

An evauation of LAAS monitoring effectiveness for
Class B failures has been conducted based on the
performance of the MFRT and ephemeris-amanac tests
described in Section 2.0. As shown in Figure 1, the 3-D
ephemeris error magnitude is assumed to be uniformly
distributed between dR, = 0 and dRyx = 30 km (the
upper bound is conservative, as MFRT performance
improves as the upper bound increases) and that the error
direction is uniformly distributed. In this case, the
probability that MFRT does not detect the error is equal
to the ratio between (1) the volume of the thin cylinder in
which the ephemeris error component in the direction of
the LGF is under the MFRT threshold of PRC,»« = 327
meters, and (2) the volume of the entire sphere:

2 2
Puo (MFRT) @ PF;CE;XRéd Rm;XR; E;'“i” ) @0.0049 (3)

If the ephemeris error is missed by MFRT, it becomes
hazardous to LAAS users only if the resulting user range
error exceeds the MERR defined in Section 1.3. For an
angle q (assumed uniformly distributed between 0 and
360°) between the component of dR in the plane ortho-
gonal to the satellite-user direction and the direction of dr
in Figure 1, the error is hazardous when (see (2)) [1]:

AR (MERR)|R
E cosq —|d F| 4

When the ephemeris-almanac check is added for the case
of LGF approval of a newly-risen satellite, the relation-
ship between dR and the LGF Pyp becomes complex;
thus numerical integration is required. Figure 7 shows
the result for MERR = 1.1 m, which is conservative for
low-elevation satellites. LGF monitoring alone (MFRT
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and ephemeris- amanac checks) is sufficient to meet the
Pup requirement of 107 per satellite for LGF-user sepa-
rations of 6 km or less, which will be the case for most
Category | approaches. For larger separations, the
addition of OCS monitoring gives ensemble Pyp's that
are more than sufficient to meet the requirement. From
the rise-time-dependent OCS Pyp’s in Figure 6, an LGF
"waiting time" requirement could be derived to cover any
gap between the 10 requirement and the Pyp for LGF
monitoring. However, the conservatism of both the OCS
monitoring model and the Pyp requirement suggests that
no waiting time after ephemeris changeover is needed for
the LGF to approve satellites for Category | use.

4.2 Resultsfor Class A Ephemeris Failures

In order to address the consequences of uncommanded
satellite maneuvers, the Euler-Hill equations can be used
to find the resulting satellite motions away from the
nominal orbit described by the broadcast ephemeris[10]:

% - 2ny - 3n’x = f,
g+ ok = f, (5)
7 +nz = f,

where X, y, and z represent perturbations in the nadir,
along-track, and cross-track directions from a nominal
circular orbit with angular velocity n (n @1.454 ~ 10*
rad/s for GPS satellites), and f,, f,, and f, are externally-
applied forces per unit mass (the dry mass of a GPS
satellite is about 804.6 kg). These equations can be
solved for the zero-force case (after an impulsive thrust
creates an initial perturbation rate) and the constant-force
case (after athruster gets stuck in the open position).
Figures 8 and 9 show the results for two uncommanded
orbit deviation scenarios. In Figure 8, a 3-min. burst of a
single 0.1-1b thruster is applied in the radial direction,
causing an initial perturbation rate X, @0.1 m/s. In this
case, the radial-axis component of the resulting epheme-
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ris error is prominent; thus both the OCS L-band monitor

and the LGF MFRT check detect this event well before
the worst-case user error becomes hazardous (at MAEE @
580 m). In Figure 9, a constant 0.1-Ib force is applied in

the along-track axis. The resulting along-track motion is
harder for OCS and the LGF to detect. The OCS filter

residuals check is the only monitor that detects the failure
before the worst-case user error becomes hazardous, and

the resulting SATZAP is not guaranteed to occur in time.

Based on the SATZAP delay distributions derived in

Section 3.0, the probability that the SATZAP does not

take effect in time is about 0.016. This is the highest

Pup of any of the conceivable Class A failures studied,

and while it is higher than the ensemble requirement of

10 for all ephemeris failures, it is acceptable because of

the extreme rarity of this failure scenario [7].

5.0 Augmenting LAAS Ephemeris Monitoring

The results of the analyses in Section 4.0 suggest that
the combination of OCS and LGF ephemeris monitoring
of ephemeris errors is sufficient to meet the allocated
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integrity risk requirement for Category | LAAS precision
approach. However, further ephemeris monitoring
enhancements are useful both to provide an additional
safety margin for Cat. | and to make it possible to meet
the Category Il integrity requirement, for which a Pyp
on the order of 10° will be required (and the MERR's are
expected to tighten as well). One source of ephemeris
information that will be readily available to all LAAS
sites in CONUS is the use of Wide Area Augmentation
System (WAAS) ephemeris corrections broadcast by
geosynchronous satellites in a GPS-like L1 signal with a
250 bps data message [11]. Within the WAAS service
volume, confirming that the dx, dy, dz satellite orbit
corrections in WAAS Type 24 and 25 messages are no
greater than £ 128 meters (the largest value that can be
transmitted) insures that errors greater than the MAEE's
in Figures 2 and 3 will be detected. Since WAAS will
flag such satellites as unhealthy in the Type 2 messages
that are updated every 6 sec, checking Type 2 messages
aswell insures speedy L GF notification of any failures.

6.0 Enhanced Ephemeris Consistency Checking

In order to enhance the LAAS ephemeris monitoring
to support Category Il and 111 precision landing without
reliance on WAAS, two new ephemeris monitoring
approaches have been developed. The Differential
Pseudorange Residual method (DPR) can detect
ephemeris errors parallel to the LGF—satellite line of
sight, and the Double Phase Difference with Ambiguity
Search method (DPDAS) can detect ephemeris errors
perpendicular to the line of sight. These methods go
beyond the MFRT test described in Section 2.0 by
checking the consistency between calculated and
observed ranges across satellites visible to the LGF.
Since only one other already-approved GPS satellite in
view is required, there is no availability impact. The
combination of these two methods with three GPS
reference receivers can detect all sources of hazardous
ephemeris failures in three dimensions. In this section,
the algorithms of DPR and DPDAS are discussed in
detail, and experimental results from the Stanford LAAS
Integrity Monitoring Testbed (IMT) are presented.

6.1 Differential Psudorange Residual Method (DPR)

This method detects an ephemeris error parallel to the
LGF-satellite line of sight by using a differential
pseudorange residual. Its algorithm is shown below.

6.1.1 DPR Algorithm

For the DPR method, GPS pseudoranges to visible
satellites are modeled as shown in (6) and (7):

satl 1 satl satl
rp =X -x¥|+c. b+ de +y (6)
sat2 > sat2 sat2
where:
r isa” :  Pseudorangefromsatellite” j"
received at LGF antenna'i"
Xi :  Position of LGF antenna"i"
x=7 :  Podtion of GPS satellite" j"

c-b: Rangeerror dueto LGF receiver"i"clock error

Rangeerror caused by other error sources
(SA,ionospheric delay, etc.)

L GF receiver measuremert noiseand multipath

The pseudorange residuals are calculated as follows:

satl satl satl satl
@ = rp -[x-x¥|=c.b+ do +v €S)
sat2

_ sat2 @2 | sat2
8§ = Iy - [X-x¥|=c.b + dgg +v )

Since the clock bias b; is same for all residuas, the
differential pseudorange residual is given by:

sat1,2 satl sat2

dg =8 -9
satl sat2
=(PR - PR )= (Ix-X*- % -x¥%))
satl sat2 satl sat2
=(de - de )+(vy -v ) (10)

As the standard deviation of SPS pseudorange error

(defatl + vfatl ) is about 20.6 meters [13], the magnitude of

the differential pseudorange residual can be limited at the
4.24s level (Pr ~ 1-10°) by the following DPR threshold:

satl,2
|de, | <424 \/2° 206m @123.6m  (11)

Although a slightly-larger estimate of the DPR threshold
is derived from IMT data in Section 6.3, the value shown
in (11) is used for the results in this section.

If there is a large error in the broadcast ephemeris, the
differential pseudorange residual becomes:

~ satl,2 satl sat2
68 =y - ) (XX - g -x ™))
sat1,2 satl
=deg - 1 odx™ (12)
where:

~ satl,2

de, : Differential pseudorange residual between
satellites™1" and" 2" with ephemeriserror

dx™* : Satelliteposition error caused by ephemeris error

satl _ (Xl_xsatl T

1 | . LGF-satelliteline- of -sight vector
Xl'X

satl |



Thus, GPS ephemeris errors parallel to the line of sight
vector whose magnitudes are more than the threshold of
123.6 meters can be detected by the DPR test.

6.1.2 DPR Evaluation Results

To evaluate the DPR method, intentional ephemeris
errors were added to the true ephemerides from a set of
nominal GPS data collected by the IMT on Dec. 29,
1998. The results are shown in Figure 10. In this test,
the z axis is parallel to the line of sight vector, they axis
is parallel to the orbital angular momentum vector of the
GPS satellite, and the x axis is perpendicular to both the
y and z axes. Figure 10 shows that a 250-meter error in
the z-axis direction is easily detected.
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Figure 10: DPR Experimental Results

6.2 Double Phase Difference with Ambiguity Search
Method (DPDAS)

As shown in Figure 10, the DPR method cannot detect
satellite position errors perpendicular to the L GF-to-user
line of sight vector. To detect perpendicular errors, the
Double Phase Difference with Ambiguity Search method
(DPDAYS) has been devel oped.

6.2.1 DPDASAlgorithm

The DPDAS method uses LGF carrier phase
measurements, which are modeled as follows:

sat j

o
U™ o +ade” +mT 417 4y

(13)

j" received

Carrier phasefrom satellite
at LGF antenna"i"

Position vector from satellite
c-b : Rangeerror dueto LGFreceiver

" j" toLGFantenna
"i"clock error
Rangeerror dueto carrier phase multipath

I; : Carrier phaseinteger ambiguity

sat j
de; : Rangeerrorcaused by other error sources

(SA,ionospheric delay, etc.)
L GF receiver carrier phase noise

sat j

Vi

The carrier phase residual is given by:
sat j sat j sat j |:Cq +deisatj +msatj +Iisatj +vsatj
(14)
Since the clock bias b; is same for all residuals, differen-
cing the residual between two GPS satellites gives:

sat1,2 satl sat 2 satl sat 2 satl sat 2
d¢ =¢ - = - f; )-(n [-In D
satl sat 2 satl sat 2

=(de - dg )+(m -m )
satl sat 2 satl sat 2
+(-h )V -y ) (15)

Since deg*™ ’, the range error caused by SA, ionospheric
delay, etc., is almost the same for practica LGF antenna
separations, taking a double phase difference between
two GPS receivers removes these errors, giving:
dzels;ll,z — delsall,z _ dezsall,z

=@ - f2 )-(r - f5)

e R P R (L R P

=(m -my )-(m -my )+(lp -1 )

(I -l )t -y )-(m -V, ) (16)

A triple phase difference (TPD) can eliminate the
integer ambiguities, but this is not very helpful because
the TPD eliminates ephemeris errors that occur before
the affected satellite risesin view of the LGF. Figures 11
and 12 show the results of ephemeris error detection
using the triple phase difference based on the IMT data
collected on Dec. 29, 1998. Figure 12 shows that a
simulated ephemeris error that occurs before the
acquisition of the GPS signal cannot be detected by the
triple phase difference method.
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Figure 11: TPD Results (Error occursin view)
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Figure 12: TPD Results
(Error occurs before L GF acquisition)

Thus a new approach, the Double Phase Difference
with  Ambiguity Search method (DPDAS), was
developed. In this method, the double difference of the
integer ambiguities in (16), (I, -1, )-(I; -1,"),
is found by an integer ambiguity search method before
fault detection logic is applied. Since the integer
ambiguity is normally bounded to within £ 5 meters by
the pseudorange double difference and the search is only
one-dimensional, only 52 candidates need to be checked
to find the correct integer ambiguity. This method finds
the integer ambiguity instantaneously and reliably
because the 19-cm separation between integers is far
larger than the remaining errors, such as carrier phase
noise and multipath [16].

After estimating and removing the integer ambiguity
from the double phase difference, the corrected double
phase difference (CDPD) is obtained as follows:

d%e,  =(," -fi”)-(ff”-fi”)-(|rf”| )
B P B R P R R P
—m mz N-m-my )

O ) M v ) (17)

If there is a satellite ephemeris error, the CDPD becomes:

2~ satl,

2 satl . satl sat 2 . sat 2
d€c, =(f; -0f, )-(fy -6f, )
- (™ - dxsa“l [r™ - ™ )+ (™ |- [r ™)

satl sat 2 sat 2
- (Iy '|2 )"‘('1 -1 )
sat1,2

=d’%e 12 {11 -1 1}>dx§m1
— (n‘h rnzsell) (rnlselz rrbselz) + (Vlsell -V;ll)

sat 2 satl satl

'(1 'V2 )-{y '12 }>dxw1 (18)
If the ephemeris error, {1l - 12 }>dxsa‘1, is large

enough to be stand out from the carrier phase multipath
error and receiver noise, this method can detect it.

The magnitude of multipath is dependent on the nature
of the LGF reference receiver antennas and environment
where they are sited. For DPDAS, it is essential to apply
multipath mitigation techniques such as using Multipath
Limiting Antennas (MLA's) in the LGF (this is planned
for Cat. Ill LAAS ground stations) [15]. Another
possibility is the using the Signal-To-Noise Ratio (SNR)-
based multipath correction technique described in [14].

Using the SNR-based technique, for example, the
typical multipath error is less than 6.8 mm at the 99.73%
confidence level [14]. The noise error is 3 mm (RMS)
according to a typical GPS receiver specification. If the
noise error is normally distributed, the double difference
of the noise, (v, -V, )- (v -V, ), has a 6-mm
RMS. Since the CDPD is averaged for 5 seconds (or 10
samples) in the DPDAS program to smooth the noise, the
error is reduced to about 2 mm (RMS). Combining these
errors (assuming they are independent), a 4.2s threshold
(Pr ~ 1-10®) for DPDAS can be set to 12.8 mm. The
feasibility of thisthreshold is verified in the next section.

6.2.2 CDPD and GPS Satellite Position Error

The difference in the line-of-sight vectors between
LGF reference receivers 1 and 2in (18) is:

satl satl -l satl satl
L, L, @ {®L D -Dx
[ry™ | (19)
-1 satl
== P
[ry |

where Dx is the baseline vector between LGF receiver
antennas 1 and 2 (previously denoted as dr in Figure 1)

and plsatl = (1lsm><Dx) ><llsatl - Dx. The vector plsatl is

perpendicular to 1? " as shown in Figure 13. Thus,

DPDAS can observe GPS satellite position errors that are
perpendicular to the L GF-to-satellite line-of-sight.

A further simplification is useful. Suppose f is the
angle between the error vector and the perpendicular

Satellite position % 1,4
error vector 1

GPS Satellite ¥
Y N &—Pardld top™

(5% D)1

X’ \ pf;ﬂ - (11531. D() .11531 %

q E"—
R receiver 2

receiver 1

Figure 13: Relationship Between the Line-of-Sight
Vector and the Perpendicular Vector



vector shown in Figure 13. In this case, (17) becomes:

2____ sat1,2

st1,2 |D(|>an>COSf

@d’ey, T dx= | (20)
1

6.2.3 Conditions Required for DPDAS

For differential GPS navigation using pseudorange
measurements, the observation equation is described by:

satl satl
D - (r lsaﬂ ) riﬂ ) satl satl (21)
=(r -l D +exb-b)+ (v v, )

Suppose antenna 1 islocated at the LGF and antenna 2 is
located at the user aircraft. If there is an ephemeris error
on GPS satellite 1, (21) becomes:

Dr =™ 0 - rg ™ - ey b ) + 04 V)
- (G- 1) x o
Dx >sinq xcosf

@or, [P B e g ()

I

where:

Dr,:  Differential pseudorange without ephemeriserror

| DX, 4 |: Distancebetween LGF and aircraft

f. : Anglebetween theerror vector and the
perpendicular vector at aircraft.

The last term of (22) is the aircraft position error in this
scenario. Once the Minimum Acceptable Ranging Error
(MERR) is determined for a certain distance between the
LGF and airplane, the satellite position error that must be
detected is determined such that:

Dx >sin gX| cosf
I o PINAOST e |y st 5 mERR  (29)

| rlsall |

Since | cosf | £ 1

satl | > | rl§u|

| x —
| DXy o |>8iN

XMERR = MAEE (24)
The right-hand side of the inequality in (24) is the
Maximum Acceptable Ephemeris Error (MAEE). From
(20) and (23), the condition required for DPDAS to
detect the ephemeris error is:

w12 w12 . | Dx | ¥ cosf |

d%c, > d?
%2 | D 4 00ST |

xMERR  (25)

In order to distinguish a significant ephemeris error from

sat1,2

nominal multipath and receiver noise, d%e,, , the
following condition must be met:
| Dx [ cosf |

XMERR > 24d%xs | (26)
| DXy g |
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Figure 14: DPDAS Results (Error occursin view)
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Figure 15: DPDAS Results
(Error occurs before L GF acquisition)

Thus, the minimum antenna separation is given by:

IDx| > 24d eol’;’” e xM
MERRX cosf |

2 sat1,2 satl (27)
_2Aqd%e,  [qn T
singXq cosf | MAEE

6.2.4 Evaluation Results

To test this method, intentional ephemeris errors were
added to the IMT data collected on Dec. 12, 1998, and
the DPDAS algorithm was applied. The following
ephemeris error scenario was chosen:

) MERR =2.7m, MAEE =5Kkm, [DX; «| = 7.5km
(b) d? &12 ‘=128 mm (see Section 6.2.1)
() PRN 31, q=69°,f=3°, |r;"* = 22,056 km

The results are shown in Figure 14. The definitions of
the x, y, and z-axes are the same as those in Section 6.1.
In this case, the GPS satellite whose velocity is parallel to
the baseline vector (Dx) between IMT antennas 2 and 3
(length = 72.3 m) is chosen. Figure 14 shows that a 5-
km error in the x direction, which is perpendicular to the
line of sight and is in the plane formed by the line-of-
sight vector and the baseline vector, can be detected by



setting the threshold to 12.8 mm. For reference, Figure
15 shows the results of DPDAS when the ephemeris error
occurs before the acquisition of the GPS signal. Unlike
the triple difference method, DPDAS can detect the error.

6.3 Thresholds for DPR and DPDAS

This section examines the thresholds set for DPR and
DPDAS under normal conditions based on data obtained
from the LAAS Integrity Monitoring Testbed (IMT) at
Stanford University on Dec. 29, 1998. The GPS satellite
configuration and the relationship between the satellites
and the ground antennas are shown in Figure 16.

PRN | Elev. DPR DPD #1 DPD #2 DPD #3
ms (m)ims (mm)|ms (mm) ms (mm)

2 39° | 84,11 | -15,08 | -0.1,0.7 | 14,09

3 16° [56,59|111,46 | 146,29| 34,41

10 | 277 | 63,8 | -1.0,22 | -01,1.7] 12,31

13 | 60° | 21,11 | 12,10 | 06,11 | -06,20

18 | 51° | -3,11 | 45,12 | 00,09 | 46,13

19 | 522 | 40,3 | 27,06 | 01,09 | -26,13

27 | %% | -7,10 | 11,10 | 02,12 | 09,17

Table 3: Nominal DPR and DPDAS Statistics

The results are shown in Table 3, where PRN 31 serves
as the sole reference satellite for DPR and DPDAS calcu-
lations. For DPR, the largest m+ 3s limit is 117 m for
PRN 2. Allowing for some margin, the threshold for
DPR can be set to 150 m. For DPDAS, the data from
PRN 3 differs from that of the other visible satellites.
Since PRN 3 was at low elevation (16°) and no multipath
error mitigation technique was applied (beyond the use of
standard choke-ring antennas), the carrier phase of PRN
3 most likely suffered from high multipath. The mitiga-
tion techniques discussed in Section 6.2.1, particularly
the use of MLA's in the LGF, are needed to reduce the
effect of multipath on low-elevation satellites to the same
level as higher-elevation satellites. Excluding the data
from PRN 3, the largest m+ 3s limit is 8.5 mm for PRN
18. Applying a 25% margin, the DPDAS threshold can
be set to 10.6 mm (approximately 3.75s).

6.4 Three Dimensional Error Analyses

To further examine the combined capabilities of the
DPR and DPDAS algorithms, a three-dimensional error
analysis has conducted. The position errors in three
orthogonal directions are individually added to the
satellite position and DPR and DPDAS are applied to
detect the satellite position errors. The position errors
were set to 6700 m for the x and y axes and 250 m for the
zaxis. The IMT GPS antennas are located as shown in
Figure 16. There are three baselines whose lengths are
20 m, 62.4 m, and 72.3 m, respectively. Since the two
longer baselines point in amost the same direction and

Figure16: IMT GPS Satellite L ocations (12/29/98)

the shorter baseline, DPD #1, is almost perpendicular to
DPD #2, the existing IMT antenna configuration can
only detect one ephemeris error dimension using DPDAS
(because it is limited by the dimensions of the rooftop of
the building it is on).

To summarize the results:

(8) DPR can detect all sizeable z-direction errors;
(b) DPDAS can detect either x or y-direction error:
- X eror is detectable for PRN 10 and 31
- y error is detectable for PRN 2, 13, 18, 17, 27.

A better LGF antenna configuration uses two orthogonal
baseline pairs 100 meters or more in length, as shown in
Figure 17. In this case, DPDAS can detect GPS satellite
position errorsin both the x and y directions.

6.5 MERR and LGF Antenna Separations

The required baseline separations to support DPR and
DPDAS monitoring can be derived based on the MERR's
for LAAS defined in Section 1.4. The minimum separa-
tion requirement for two antennas is given by (27). Since
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Figure 17: Preferred L GF Antenna Configurations
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2 sat1,2
de,

is 85 mm (3s) in Section 6.3 and the
max

maximum angle of the deviation from axes is 45 degrees
on the orthogona baseline configuration, the minimum
antenna separation requirements is determined by the
value of MERR and the LGF-user distance to which
MERR applies. Figure 18 shows the relationship
between MERR and the minimum antenna separation.
On the same figure, the dotted lines show the
relationship for the triangle antenna configuration shown
in Figure 17, which dlightly reduces the minimum
separation required.

6.6 Application to Category 1l LAAS

Clearly, the DPR and DPDAS tests can significantly
improve the effectiveness of LGF ephemeris monitoring.
The sensitivity of DPR (to ephemeris errors parallel to
the LGF-satellite line-of-sight) is similar to that of the
existing MFRT check and can support atighter threshold
than MFRT uses (although MFRT can support a thres-
hold tighter than the existing £ 327 meters based on
Sections 6.1 and 6.3). Tightening this threshold would
significantly improve the LGF Pyp for Class B failures
beyond the result in Figure 7 of Section 4.1.

The DPDAS test is a more useful augmentation to LGF
ephemeris monitoring because it is sensitive to satellite
position errors perpendicular to the L GF-satellite vector,
although its performance depends on the separation
between LGF antennas as shown in Figure 18. The top
two lines of Figure 18 apply to the tightest MERR for
Category | approach, which applies to high-elevation
satellites. For Category 111 approaches, values below 0.6
m are likely for high-elevation satellites, but larger
values (between 0.6 and 2.7 m) are likely to apply to low-
elevation satellites.

If DPDAS monitoring continues throughout the pass of
each satellite, then the tightest MERR's will apply, since

monitoring will occur for low and high-elevation
satellites. In addition, looser (~ 6s) thresholds must be
used because any loss of a satellite is a potential loss of
continuity (which would cause all aircraft supported by
that LGF to abort their precision approaches). Conti-
nuous monitoring does have the advantage of providing
constant protection against Class A failures, which could
occur at any time. Using multiple reference satellites (N-
1 out of N satellitesin view, instead of just one as shown
in (17-18)) would reduce the threshold by a factor of

~+/N - 1, but thisintroduces the complication of running
DPDAS for each of N sets of N-1 reference satellites in
order to identify which satellite has failed.

If the residual threat from Class A failures can be
discounted, DPDAS is only needed to validate a satellite
that has just risen, before it is approved for use. Once it
is validated, the simpler old-new ephemeris test of
Section 2.0 is adequate for subsequent ephemeris
message changeovers. Thus, since DPDAS would be
used for low-elevation satellites only, the applicable
MERR is much higher. In addition, continuity is not
risked because DPDAS will be completed before the LGF
begins to broadcast corrections for newly-risen satellites.
The resulting combination of higher MERR and tighter
thresholds would significantly decrease the needed
separation between L GF antennas.

Operationaly, the key question to be answered for
Category |11 LGF design is whether or not separations on
the order of 100 meters (typical for Category | LGF
antennas) will be sufficient. If DPDAS is only needed for
newly-risen satellites, LGF-aircraft separations at the
Category 111 decision height are no greater than 5 km or
s0, and low-elevation multipath error is similar to that
that for higher satellites, separations of 100-200 meters
may be sufficient. If larger LGF antenna separations are
needed, far-field monitors (located near each runway
threshold) that may be required to satisfy other LAAS
Category 111 integrity requirements could also provide
data to support long-baseline DPDAS monitoring.

7.0 Conclusions

Because Loca Area Augmentation System Ground
Facilities lack the ability to estimate GPS satellite orbit
locations themselves, they are potentially vulnerable to
large errors in the broadcast satellite ephemerides, even
though these are expected to be very rare. A combination
of LGF consistency checks and GPS Operational Control
Segment satellite monitoring has been demonstrated to
be sufficient to meet LAAS Category | integrity
requirements with respect to both incorrect GPS
navigation data and unplanned satellite maneuvers.
However, such monitoring is not foolproof, thus use of



Wide Area Augmentation System corrections (where
available) is desirable.

Although detailed requirements for LAAS Category Il
operations are not yet available, it is expected that
additional ephemeris monitoring will be needed. Two
new methods have been developed for this purpose. The
DPR test (related to the MFRT test in Category | LAAYS)
is sensitive to ephemeris errors paralel to the LGF-
satellite line-of-sight, while the DPDAS test is sensitive
to ephemeris errors perpendicul ar to the line-of-sight that
are difficult to detect otherwise. The addition of DPR
and DPDAS to existing Category | LAAS monitoring is
expected to meet Category Il regquirements, although
longer separations between LGF reference antennas may
become necessary.

Evaluation of the DPDAS algorithm will continue as
part of the Stanford University Integrity Monitor Testbed
in order to optimize the test procedure and its detection
threshold. Once acceptable ranging errors and integrity
allocations to satellite ephemeris failures are decided for
Category 111 operations, the required separation between
LGF reference antennas and/or far-field integrity
monitors will be determined.
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