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ABSTRACT

GPS integrity monitoring is key 1o obtaining FAA approval for
civil aviation use in the National Air Space (NAS). Receiver
aulonomous Integrity monitoring (RAIM) is the simplast and
most cost effective technique curently avallable. The
periormance requirements for integrity monitoring have been
established by the Radio Technical Commission for
Aeronautics {(RTCA} Special Committee 159. RAIM avallability
is defined as the fraction of space and time that edequate
geomelry Is provided by the satellite constellation to provide
reliable integrity monitoring consistent with the requirements for
the phase of flight.

RAIM availablity for the GPS 21 Sateliite Primary constellation,
the operational GLONASS constellation, and the Integrated
GPS/GLONASS conslellation is evaluated in this paper. Itis
shown that afier 3 satelite fallures the individual GPS and
GLONASS constallations RAIM avallabllity degrades to 82% for
enroute and tarminal phases of flight and 87% for nonprecision
approach. The Integrated GPS/GLONASS constellation is
shown to provide 100% RAIM availability for all phases of fiight
even after six satellite tailures (3 GPS and 3 GLONASS).

INTRODUCTION

The Global Positioning System (GPS) Is a space-based
radionavigation systam operated by tha United States. The full
constellation will consist of 21 satelites and three active
sparas, GPS is schedulad to be fully operational in 1892 and
will provide 3-D navigation capability, 24 hours a day world-
wida. Two classes of navigation service are pravided by GPS.
The Precise Positioning Service (PPS) Is restricted to users
authorized by the U.S. government and provides an accuracy
of 16 m SEP. The Standard Positioning Service (SPS) is
avallable for commerclal navigation. Present palicy Is for the
accuracy of the SPS to be degraded to 100 m 2 dJRMS in the
intarests of national security.

The Globa! Orbliting Navigation Satellite System (GLONASS) is
a similar space-based navigation system operated by the
Soviet Union, The GLONASS constallation will consist of 24
sotelites providing 3-D worldwide coverage. The full
constetlation is scheduled to be operational in the early 1290s.
Tha GLONASS navigation service is freely available to users
world-wide and will provide an accuracy equivalent to the GPS
SPS.

The current Soviet GLASNOST policy has resutted in an
initiative by the United States Department of Transportation’s
Federal Aviation Administration (FAA) and its Soviet
counterpart 1o explore the combined use of GPS and
GLONASS for civil aviation. A program has baen initiated at
Lincoln Laberatory in Massachusetts to develop and test an
Integrated GPS/GLONASS racelver, Of particular Interest, is
the potential of such a receiver to provide the capabllity for
reliable integrity monitoring.

The Federal Radionavigation Plan [1] defines navigation
system integrity monitoring as “the abliity of a system 1o
provide timely wamings to users when the systam should not
be used for navigation. ~The GPS control segmeant
continuously monitors for satellite failures but does not have
the capability to promptly notify users when a fallure occurs.
To meet FAA integrity requirements for supplemental or sole-
means navigation, the GPS service must be augmented o
provids timely wamings of system failures 1o users of the
service. The Integrity menitoring techniques presantly under
consideration can be divided into two categories, internal
methods and extarnal methods. With internal methods, GPS
integrity Is achieved using only information availabls to the
racelver, such as redundant satellite measurements or raceiver
clock data. Using external methods, the GPS signals are
maonitored in real-time through a network of ground monitoring
stations and their status is broadcast to a user through a GPS
intagrity channal (GIC).

This paper concentrates on the epplication of receiver
autonomous integrity monitoring (RAIM) tachniques to an
integrated GPS/GLONASS receiver. The RAIM algorithm
allows the recaiver to make use of tha redundant information
from the GPS and GLONASS sateliites to detect and identify
fallures in either system.

A varisty of RAIM slgorithms have been discussed in the
literature. A bibliography of relevant papers s included in
reference [2]. It has been shown {3), that the performance of
all RAIM algorithms is dependent on the same faciors, The
probability of detecting a failure Is a function of the acceptable
probabliity of a false alarm, the navigation error threshold
being protected against, the geometry provided by the visible
satellites, and the pseudorange residual noise variance.

In the following sections, models are derived for the GPS and
GLONASS errors and the sateliite geometry provided by a
comblned consteliation is simulated. The results of this
simulation are used to evaluate the navigation and RAIM
availability provided by GPS receivers, GLONASS receivers,



end integrated GPS/GLONASS recsivers. The simulation was
performed assuming that all the GPS and GLONASS satellites
are operational, and also allowing for up to three sateliite
fallures in each system leaving 21 operational GPS satellites
and 21 operational GLONASS satellites.

SIMULATION MODELS
Satellits Consteliations

The satsliite distribution for the GPS 21 Primary Sateliite
Constellation is shown in Figure 1 [4). This constellation
consists of 24 satelltss in six 55° inclined equally spaced
orbital planes. It Is optimized 1o provide the best possible
coverage in the event of any single satellite failure. USAF
Space Command will have responsibllity to ensure that at lsast
21 satellites ara operational at all timas. Most of the time, all
24 satellites should be active and it should be very rare for
there to only be 21 satellites available.

Figura 1 Satelite Distribution 1or the .GPS 21 Pnmary Salefils
Constallation
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The planned satellite distribution for the operational GLONASS
constellation Is shown In Figure 2 [5]. This consteliation will
consist of 24 satellites in three equally spaced orbital planss.
All satellites have the same nominal orbital period of 675.73°
with longitude change of 1689.41*. This orbit produces a
ground-track repeat every 17 orbits requiring B whole days
less 32.56 minutes. This diumal offset of £T = 4.07 minutes
Is very closa to the dally advance in time of the GPS satsliita
ground tracks. Over a one day less 5T period each GLONASS
salelite completes 17/8 orbits (2 complete revolutions plus
45+), Since the eight satellites in each orbital plane are
separated by 45°¢, the constellation geometry repeats every
one day less ST,

Figuro 2. Satelite Distribution for the GLONASS Constallation

a4t Ak o e’

o AN
KD

PLANE 1 PLANE 2 PLANE 3

Since both the GPS and GLONASS consteliation geometries
have an approximately 24 hour period, only 24 hours of data
is required to simulate the complste integrated constellation
peometry.

Selo Measurement Models

The GPS only or GLONASS only measurement modsl is given
by:
Z=Hx+n

where 2 I the M x 1 vactor of GPS or GLONASS pseudorange
measurement residuals

H s the M x 4 GPS or GLONASS pseudorange
observation matrix consisting of the line-ol-sight vectors
1o the satellites with 1s in the fourth column
corresponding to the clock bias state

X% is the 4 x 1 navigation error state vector,

X = [6x, 8y, 82, 5B)

s the M x 1 vector of Gaussian psaudorange residual
measurement noise, E[0] = 0 and COV[n] = a,%l,,.

The GPS psaudorange noise budgel is shown in Table 1 [8):

Table 1. GPS Pseudorange Residual Noise Budget

Nolse Source Standard Deviation Noisa Type
Satellte Clock and Ephameris 5m Colored
Propagation Uncentalntles 0m Colored
Racelver Nolse and Multipath 15m White
Selective Avallability 30m Colored

The correlation imes of the colored noise source are modeled
as significantly greater than 30 seconds. The GPS
pseudorange measurement noise standard deviation Is the
RSS of the individual sources, 35.4 meters. For a T second
pseudorange measurement formed by averaging the 1 second
pseudorange measurements over 8 T second Interval the
contribution of the white nolse sources is reduced by 1/4T.
Thus for 10 second averages the standard deviation is 32.4
meters and for 30 second averages, 32.1 meters.

The GLONASS pseudorange noise budget is shown in Table
27
Table 2. GLONASS Pseudorange Reskiuat Nolse Budget

Nelse Source Standard Deviation Noisa Type
Satellita Ephemeris and Clock am Colored
Propagation Uncenaintles 0m Colovred
Aecelver Noise and Multlpath 15m White

The correlation times of the colored noise sources are
modeled as significantly greater than 30 seconds. The
GLONASS pseudorange measurement noise standard
deviation is the RSS of the individual sources, 34.7 meters.
This Is so close to the GPS value of 35.4, that the same value
was usead in the simulations for both GPS and GLONASS.

Integrated Measurement Moade|

The GPS and GLONASS master stations operate with different
time and datum references. For an integrated GPS/GLONASS
navigation solution tha measurement model must be modified
to add a state for the error betwesn GPS time and GLONASS
time. Although the time offset betwesn GPS and GLONASS
could theoretically be calibrated, it would be difficult to
continually update receivers with the current offset between the
two time references. Instead, it is simpler to solve for the
offset inside the recelver using tha radundant information
available from the GPS and GLONASS satellites. Additional
states 1o account for the different dalum ara not required.
Both datums, WGS-84 for GPS and SGS-85 for GLONASS, are
known and fixed. Thus it is possible to use a mathematicat
transtormation to convert the GLONASS satsllite position into
WGS-84 coordinates {or vice versa) when forming
pseudorange estimates for GLONASS satellite measurerneants.



The integrated GPS/GLONASS maasurement model is:
Z=Hx+n

where 2 is the M x 1 vector of GPS and GLONASS

pseudorangs measurement residuals

His the M x 5 GPS/GLONASS pseudorange
observation matrix consisting of the line-of-sight
vectors to the satellites with 1s in the fourth column
corresponding to the clock bias state and 1s in the
fifth column for GLONASS measurements
corresponding to the GPS 1o GLONASS master station
clock offset,

X is the 5 x 1 navigation error stats vector,

X' = (&%, 8y, &2, §B, §B

nis the M x 1 vector of Gaussian pseudorange residual
measurement noise, E[n] = 0 and COV[n) = o ™I,

The accuracy of the Integrated solution can be determinad
from a 5 x 5§ GDOP matrix G, in a similar fashion to the normal
GDOP computation for solo GPS or GLONASS,

G = (H'H)"
HDOP? = G,, + Gy,

CONSTELLATION PERFORMANCE

The GPS and GLONASS constellations were simulated to
evaluate navigation and RAIM avallabllity of the solc and
integrated constellations for an allk-in-view receiver. Al
simulation results were averaged over the CONUS (N25* to
NS0+, W125* to W70*) and over a 24 hour period. Because
of the large number of possible failure combinations (4 milllon
for the Integrated constellation with 3 GPS and 3 GLONASS
failures), limited number of cases were simulated with
random selection of the failed satelites. An antenna mask
angle of 7.5* was used.

Navigation Perlormance

Two measuras of constellation navigation performance are
considered: constellation value {CV} and 95th percentile
horizontal diluticn of precision (HDOP). CV is the fraction of
space and fime that PDOP is less that 10, HDOP is the
amplification factor, due to satsllite geometry, of pseudorange
measurament noise to 2-D horizontal position noise. The
2dRMS horizontal position accuracy of the constellation is
given by:

2:{85th percentile HDOP)opg.

Figures 3 and 4 show the HDOP probability distributions for
the solo GPS and GLONASS constellations for all satellites
operational end for 3 sateliite failures. A significant change is
observed between the fully operational and the 3 satellite
fallure curves for both GPS and GLONASS. Figure 5 shows
the HDOP probabilty distibution for the integrated
GPS/GLONASS constallation for all satsllites operational and
for 3 GPS sateliite fallures and 3 GLONASS satellite falluras
(total of & failed satellites). The difference between the curves
is much less pronounced indicating that the navigation
performance of the integrated constellation s less sensitive to
satellite fallures then that of the solo constellations.

Figure 3. HDOP Probabliity Distribution for Solo GPS
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Figure 4. HDOP Probability Distribution for Solo GLONASS
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Figure S. HOOP Probabiity Distribution for integrated
GPS/GLONASS
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Table 3 shows the CVs and 95th percentile HOOPs for the
GPS only, GLONASS only, and integrated GPS/GLONASS
constellations with all satelites; and with 1 each, 2 sach, and
3 each GPS and GLONASS satelliites deleted. Also shown in
the table is the 2dRAMS position accuracy assuming a
pseudorange measurement noise standard deviation of 35.4
meters.

Table 3 Navigation Accurscy

Congiellgtion

Configuration oy 5% HOOP 20AM8

AL 3Vs 1.0000 1.40 108 metaty
1 5V Colated 09088 a7 118 matats
2 5V Delstect 08058 190 130 metary
3 EVa Delatad 09824 242 171 maters
AR BVe 1.0000 L4d 102 melars
t 5V Delated [ L v 121 melars
2 £Va Deletad [ 3] 182 130 maters.
3 EVa Delatad a.pes7 1w 156 metars
Inteomiag GES/GLONASS

AL BVs 1.0000 (1] 10 maters
t Each Deletad 10000 o.er &2 metors
2 Each Delsiad 10000 o &4 matars
3 Each Dalalad 1.0000 [ 20 matern




The solo constellations provide CVs of 1 end 26RMS
herizontal position accuracy of approximately 100 meters whan
all sateliites are operational, After 3 sateliite failures the CVs
are approximately 0.885 and the 2dRMS horizantal position
accuracy Is worse then 150 meters. This means tha,
averaged over 24 hours, outage areas occur over CONUS
1.5% of tha time and that the average navigation accuracy Is
:lggrrnaded by over 50% from the nominal lavel for the SPS of
The integrated constellation provides a CV of 1 and better then
70 meter 2dRMS horlzontal position accuracy even after 3 GPS
and 3 GLONASS satellite fallures. Thus, aven after six satsllite
failures, an integrated GPS/GLONASS recelver would provide
better navigation performance than a GPS only or a GLONASS
only receiver with all satellites operational in each constallation.

RaAIM Performance

RAIM performance Is related to satellite geometry by the
following equation {3, B):

Pup = P{Q'(PFA[M-N) | M-N, RPE*/{aH, 0,1}
where P, Is the required probabllity of missed detection
P{Xz|r,e) Is the noncentral chi-square probability function
Q*(p|r) Is the inverse of QG| = 1 - PEG|r) and
P(C|r) i the chi-square probability function
Pr, is the acceptable probability of false alarm
M Is the number of visible satellites
N is the number cf navigation states (4 for solo GPS
or GLONASS and 5 for integrated GPS/GLONASS)
AH,uy is & function of the satellite geomsiry
RPE is the acceptable radial position error
o, Is the pseudorange measurement noise standard
deviation.
It is shown in [3) that :
AH? = HDOR? - HDOP?
where HDOP, Is HDOP calculated with the i-th satellite deleted.
The least detectable satallite fallure corresponds to the largest
AH, Thus worst case results are obtained by using:
ARy = MJI\X{AH,}.
For given RAIM requirements (Pyq, Pes M, N, RPE, and e,) the
performance equation can be solved numerically for the
required Integrity geometry parameter, AH,,. Then the
fraction of space and time that the consteliation provides
geomelry with parameter less than or equal to this value can
be calculatad by simulation. This fraction of tima is the RAIM
availabllity {or RAIM Rellability).

The requirements for integrity monitoring performance have
been established by the Radio Technical Commission- for

Aeronautics (RTCA} Speclal Committee 159 and are
summarized In Table 4 [2]. Different requirements have been
astablished for each phase of fight. The requirernents are
stated in terms of alarm limit, maximurm allowable false atarm
rate, time 10 alarm and minimum detection probability. These
requirements are easily converted to the form required for
evaluation of the RAIM performance equation. A maximum
allowable alarm rate of 0.0002/hour with a decision every 30
seconds is equivalent to an acceptabls probabiliity of false
alarm of 1.7 x 10%. Similarly 0.005/hour with 8 decision avery
10 seconds is equivalant 1.4 x 10%. A minimum detection
probability of 0.8999 Is equivalent 1o a required probability of
missed detection of 10, 0,859999 is equivalent 1o 10%, and
09895 is equivalent 1o 5 x 10*. The converled RAIM
requirements are shown In Table 5. The acceptable radial
position arror is stated directly in Table 4 and appears in Table
5 scaled by the pseudorange residual nolse standard
deviation, o, comresponding to the time to alarm.

Table 4. RAIM Requiremants

Maximum Time  Minimum
Phase Aarm  Allowabie to Detection
of Flight Umk  Alarm Rate Alarm  Probabiiky
Enroute 2200 m 0002 fhr Ws 0.5999
(1.2 nm)
Terminal 1100 m 0002/l 08 0.9999
{0.8 nm)
Nonpracision 550 m 005 /he 108 0.9999
Approach (0.3 nm}
Altemate 1100 m .0002/hr s 0.999999
Envoute,/Tarminal (0.8 nm}
Altgrnate 550 m .005/hr 108 (.9895
Nonprecision (0.3 nem)
Approach
Table 5. Converted RAIM Requirements
Probabiity Probabiity
Phase of ol
of Flght Falsa Alarm  Missed Datection APE/Cm
Enroute 17 x10% 10" 68.5
Toerminal 17x19® [ 34.3
Nonprecision 14x10*% 10 170
Approach
Altgrmate 17x10* 10° 343
Enroute/Terminal
Alternate 1.4x10%° 5x10* 17.0
Nonprecision
Approach

The values in Table 5 are used to numerically solve for the
maximumn allowable satelite geometry parameter for each
phase of flight. Figure & shows the maximum allowable
satellite geometry parameter as a function of the number of
visible satellites for the terminal and non-precision approach
phases, If the constellation geometry provides a maximum AH
less than tha valus shown for the visible number of satellites
then the integrity requirements for the phase of flight are met.



Figura 6. Aequired Satolita Goomotry Paramater
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Table 6 shows the RAIM availability for the GPS only,
GLONASS only, and integrated GPS/GLONASS constellations
with all satelliites; and with 1 sach, 2 each, and 3 each GPS
and GLONASS satellites deleted. The results for the alternate
enroute/terminal requirements are very similar to the results for
the terminal requirements and the results for the aliernate
nonprecision approach requirerents are very similar to the
results for the nonprecision approach requiremants.

Table 8. Avalabiky (RAM Rellablity)

Phasa of Flight

Alternate Alternate
Constellation Nonpracision Enroute/  Nonprecislon
Configuration  Terminal Approach Terminal Approach
GPS§ Only
Al Svs D.9862 0.9774 0.9950 0.8808
1 8V Deleted 0.9882 0.8521 0.9858 0.8579
25Vs Deloted  0.9812 0.5040 0.8558 09122
J5Vs Doleted  0.9209 0.8522 0.9136 0.8817
All Vs 1.0000 0.9874 0.9999 0.9805
1 5V Delated 0.9835 0.9530 0.9800 0.9561
2 SVs Deleted  0.5603 0.9131 0.9539 0.9201
J 5Vs Deletod  0.9220 0.66823 0.9136 0.8707
GPS/GLONASS
All SVs 1.0000 1.0000 1.0000 1.0000
1 Each Deleted  1.0000 1.0000 1.0000 1.0000
2 Each Deleted 1.0000 1.0000 1.0000 1.0000
3 Each Deleted 1.0000 1.0000 1.0000 1.0000

The solo constellstions provide RAIM avallability of better than
0,995 for the terminal phase and better than 0.975 for the
nonprecislon approach phase when all satelites are
operational. After 3 satellte fsilures the RAIM avaiiability is
significantly reduced to 0,92 for the terminal phase and 0.85
for the nonprecision approach phase.

The Integrated constellation provides 100% RAIM availabllity for
all phases of flight even after & sateliite failures (3 GPS and 3
GLONASS).

CONCLUSION

The simulation results show that in the presence of satellite
{ailures, the navigation accuracy provided by the solo GPS and
GLONASS constellations is significantly dagraded.

Additionally, even after ona fallure, outage areas start
appearing over the CONUS. The redundancy provided by the
individual constellations Is also insufficient for 100% RAIM
relisbility. When satellite failures occur in sither of the sclo
constellations, the RAIM reliabllity deteriorates even further.

By integrating both GPS and GLONASS pseudorange
measuremants in  one navigation solution, navigation
performance and RAIM reliabllity are radically improved. The
integrated constellation s sufficiently robust that a S-state
navigation solution, which computes position and both the
GPS and GLONASS time offsets, can always bs computed,
even in the presence of six sateliite fallures (three GPS and
three GLONASS). Sufficient satelliles are available in this
integrated navigation sclution, that the effect of the GPS
selective availability errors and the GLONASS system errors Is
averaged. This results in a navigation accuracy of better than
70 m 2dAMS. The redundancy provided by the integrated
GPS/GLONASS constellation also provides 100% RAIM
avallabiiity for all phases of fiight, even in the presence of six
satsliite failures. This means that failures in sither the GPS or
GLONASS constellations can always be reliably detected using
RAIM with an integrated GPS/GLONASS recelver.

In conclusion, the coverage provided by the combined GPS
and GLONASS constellations is more than sufficlent to meet
civil aviation navigation and integrity requirements. An all-in-
view integrated GPS/GLONASS receiver, equipped with
suitable RAIM algorithms, Is capable of providing sole-msans
navigation for enroute, terminal and nonprecision approach
phases ol flight.
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