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ABSTRACT

The Global Positioning System (GPS) will become
operational in the 1290z and will provide global,
continuous accurate navigational service for aireraft,
shipe, and land vehicles. Recent studies by the
Transportation Systems Center (TSC) have shown that the
proposed 18 satellite oonstellation, even with the
three active spares, will not provide adeguate
reliability for aviation usage in the National Airspace
System. For this and other reasons the Department of
Defense (DoD) is considering increasing the mmber of
satellites in the constellation to 24.

It is essential that the satellite signals be
monitored to ensure that no malfunctions have oocured.
While the DoD Control Center takes care of most of the
malfunctions, it is poseible that subtle problems could
occur before the Control Center had the smatellite shut
dosm or indicated poor health in the navigation data.
This monitoring oould be performed on the ground.
However, receiver autonomous integrity monitoring
(RATM) is possible umder certain conditions, allowing
errors to be detected by the GPS receiver itself
without expensive ground eguipment.

With the 24 satellite constellation, there are
alwvays & minimm of 6 satellites in view anvwhere. If
patellites are trached to near the horizon, then
generally 7 or more satellites are in view. By using
redundant information from five satellites with
favorable geometry, it is possible to detect when a
pingle satellite hae failed (DETECTION), although it
may not be possible tc determine which one failed
(ISOLATION). If Bix satellites are visible with good
geametry then it is possible to both detect and isclate
the errant satellite, and remove it from the
conetellation. lsclation of the failed satellite would
allow an aireraft on a non-precision sapproach to
continue to a landing. If the failure was detected but
not isolated, then it would be necessary to conduct a
miased approsch.

In this paper, the 24 satellite constellation is
studied to investigate the conditions under which both
failure detection and isolation are posgible using
RATM.

1.0 24 SATELLITE CORSTELLATION GEOMETRY

Two 24 satellite constellations were analyzed, a
3-plane and a 6-plane oonstellation. The relative
phasing of the two 24 satellite GPS constellations are
ghosm in Tables 1 and 2. To study the geometry of the
24 matellite constellation over the continental United
States (CONUS), coverage must be investigated over 24
hours, 25 to 50 degrees north latitude, and 60 to 130
degrees west longitude. However, by taking sdvantage
of the symmetries in the 24 =matellite oonatellations,
the gize of the area to be simulated can be greatly
reduced

Table 1. 3-Plane Comstellatjion Satellite Labels and
Phases

Orbital Plane 0 120° 240°

SV#/Phase 0/ O 1 15" 2/ 30°
3/ 45 4/ 60° 5/ 75"
6/ 90° 77105° 8/120°
9/135° 10/150° 11/185°
12/180° 13/195° 147210°
15/225° 16/230° 17/255°
18/270° 19/295° 20/300°
21/315° 22/330° 23/345°

Table 2. 6~Plane Constellation Satellite Labele and
Phases

[-]
Orbital Plane 0  60° 120° 1800 240" 300

L-2

Svs/Phase 0/ O 17 158" 2/ 30° 3/ 45° 47 60" 6/ 7
(-]

6 /90" 771050 87120° 9,135  10/150 117165
L

18/270° 19/205° 2073007 21/815° 22/330° 23/345

The constellation looks identical to a user if
time and user coordinates are shifted or reflected in 3
perticular wvay (Ref. 1). There are three fundamental
symmetries for the 3-plane constellation and four for
the 6-plane consteliation. Other symmetries can b®
derived by applying these fundamental symmetries
repeatedly. Tables 3 and 4 tabulate the
transformations associated with these symmetries.




Table 3. 3-Plane Constellation Fundamental
Symmetries

Sympetry Number 1 2 3

Time (t') t t-8.5hr 3.5hr-t

User Latitude (¢') - ¢ ¢

Svs (n’) n+l2 n-7 5-n

Table 4. 6=Plane Constellation Fundamental Symmetries
Symmetry Number 1 2 3 4
Time (t') t t+2.5hr 1.5hr -t =1.5hr-t
Latitude (¢’) -¢ [ L ¢
Longitude (A’) A + 1800 a +22.5° -22.5° - 4 22.5° -
sve (n') n+ 12 n=~35 9 -n 15 -n

The line-of-sight (LOS) vector of a satellite

observed at time t and location {¢, A) in latitude and
longitude can be computed from the following equations.
The satellite is located in orbital plane 2 with phase
angle u.

Table 5 summarizes the effect of the symmetry
transformaticna showns in Tables 3 and 4 on the
linewof-gight vector to the GPS satallites.

Table 5. Tranaformed Satellite Coordinates and
Components of Line-of-Sight Vector
Syummnetry
Mumber b1 2 3, 4
Q' -A' Rea-180" @-A 18 -@Q-aA
u' u+ 180° u 180° = u
N’ -N N N
E’ E E =E
D’ D D D

1.1 IRREDUCTELE DOMAN

By repeatably applying the sympetries shown in
Tables 3 and 4, the area of irreducible doman can be
generated for the 3-plane and 6-plane 24 aatellite
constellations. Conversely, global coverage can be
simuilated by mapping any location ot the earth into the
irreducible domain. Figures 1 and 2 ghow the mappings
in time and longitude for the 3-plane and 6-plane
constellations. These mappings repeatably use
transformations 2, 3, and 4. Locations can be mapped
in latitude from the northern to the southern
hemisphere using Transformetion 1. The irreducible
domains for the J-plane and &-plane satellite
constellations are given in Table 6.

- Reflected Transformation
a - Direct Transformation

-3 Reflection Pownt

Nz-raindcosucos { @ -4)+
rsin¢ sinucos i 8in ( 2 =4 ) + {1)
E=z reosusin{ -4} -
rsinucos icos (2 =-4) {2}
D=z=-rcos #cosucos { Q=a)+
rcos ¢ sunucos isgin (R -4 ) + {3)
er8in ¢ sinusin i + R - 2 R sin® ¢
Figure 1. Mapping of Irreducible Domain For 3-Plane Constellation
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Figure 2. Mapping of lrreducible Domain For 6-Plane Constellation
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Table 6. 24 Satellite Constellation Irreducible
Domain

use of that satellite for navigation. The failure
isolation criterion is therefore more stringent than
the failure detection criterion.

3=Plane 6~Plane

Constellation Constellation In Figure 3, two conditions are shown for
navigation with 5§ satellites in view {SVss 1,2,3.4,5}.
t = [lhr 45m, 13hr 45m) | t = [-45m, 3hr 13m) In the firet case, it is assumed that all satellites
A = [0, 7.5 degrees) 4 = [0, 22.5 degrees) are operating correctly. Since only four satellites are
¢ =[0, 30 degrees) # = [0, 90 degrees) required to form a unique navigation solution, there
are 5 possible navigation sclutions as shown in Figure
3. The solutions are formed respectively using
satellites (1,2,3,4), (2,3,4,5), (3,4,5,1), (4,5,1,2)
, , and (1,2,3,5). Given that any mavigation sclution with
2.0 FAILURE DETECTION AND ISOLATION a PDOP < 6 has an accuracy of 100m 2dRMS, and assuming
. . ) . that all of the combinations of satellites give a
To guarantee integrity, it must be possible to FDOP ¢ 6, then all five of the navigation solutions
alvays detect when s satellite failure has cccurred. To will be within 100m 2dRMS (“98%) of the true solution

continue navigation with GPS after detecting a as shown in Figure 3.

satellite failure, it must also be possible to isolaie
the failure to & particular satellite and discontinue

Figure 3. Possible Navigation Solutions with £ Satellites

(1,2,3,5)
X
100m

{1,2,3,4)
X (4,5,1,2
X

(2,3,4,5)
X
{2,2,4,5)
X

{4.5,1,2)
X

(3,4,5,1)
X

Case 1: No satellite failures Case 2: SV# § failed



The percentages of time for which these areas
occur for the 3-plane and 6-plane constellations 18
sumearized in Table 9,

Table B, Time/Locations Where Failure Detection
Geometry is Poor with the 3-Plane

Constellation

Hr Mn lat long SV FDOP

5 50 50.0 0.0 18 12.2
2.5 18 12.2

6 5 50.0 0.0 18 10.5
2.5 18 10.8
5.0 18 10.6

12 55 50.0 5.0 4 13,4

Figure 6. Locations Where Failure Detection Gecmetry is
Poor with the §-Plane Constellation

Latitude
{Degrees) Time = 0 Hr 25-35 Min

50.0
45.0
40.0
30.0
25.0

X W o

LR
X X M XN
-2 XN WX
R

0 XXM XN

0.0 2.5 5.0 7.5 10.0 12.5 15.0 1
Longitude (Degrees)

Table 9. Percenteges of Time that RATM Failure
Detection Not Possible

3-Plane 6-Plane

% Time | Max PDOP | ¥ Time | Max PDOP

0.46% 13.4 6.56% 16.8

Although at first glance the results shown in
Table 9. may seem to indicate that RAIM failure
detection is not poasible for same significant period,
it is important to note the maximm level that the PDOP
rose to during this pericd. Under normal conditions
(PDOP < &) the GPS navigation acouracy is 100m 2dRMS,
80 that a PDOP of € also allows an alarm limit of 200
meters to be set with low probebility of false alarm.
As discussed in section 2.0 and summarized in Table 7,
an alarm limit of 200m and a navigation accuracy of
100m provides an integrity level of arocund 300m. If
larger errors than 300w can be tolerated for integrity,
then a FDOP of greater than 6 could be selected for the
detection geometry oriterias. A PDOP of 12, for
example, would require an alarm limit of 400m to have a
reascnably low probability of false alarm, s PDOP of 24
would require an alarm limit of 800m, etz. In Table 9,
the maximum level that the PDOP reaches during the RAIM
geometry deficiencies ie shown to be only 17.

For the 3-plane constellation, an alarm limit of
446m could be set with a low probability of false alarm
throughout the area of poor gecmetry. With the
navigation accurscy provided by a PDOP of 13 ( 223m)
the integrity level engured would be &70m. As
discussed in section 2.0 it is possible to guarantee
higher levels of integrity with increased prombility
of false alarm by setting lower alarsm limits. For the
6-plane constellation, following a similar argupent.,
integrity could be ensured to B40m with lew probability
of false alarm and an alarm limit of 560m. This level
of integrity is sufficient for all phases of flight
except non-precision approach.

2.2 RAIM FAILURE ISOLATION SIMULATION RESULTS

Te isolate s failure to s single satellite, it is
necesgary not only to detect that a failure has
oocurred, but alaso to show that a failure did not oocur
in the aet of aatellites with the failed satellite
excluded. This requires that all aets of (N-2}
satellites visible have good RAIM detecticn gecmetry.
As with RAIM faijlure detection, as the PDOP increases
for the (N-2) satellite subsets geometry, the integrity
level that can be guaranteed decreases. Figures 7 and
8 show the percentage of times that isolation is not
possible at the various PDOP leveis.

Figure 7. Percentage of Times Failure Isolation Not
Possible with the 3-Plane Constellation

Percentage 45.6

50 '

40

31.1
30
20.5
20 15.2
10.3

10 6.9

0 [
PDOP 6 12 24 36 48 60
Alarm 200m 400z 800m 1.2km 1.6im Zkm
Limit

Figure 8. Percentage of Times Failure Isolation Not
Poagible with the 6-Plane Constellation

Percentage
24.4
20
12,4
10
2.4 2.3 1.9 1.8

0 E 1 E 1
PDOP 6 12 24 36 48 60
Alarm 200m 400z 800w 1.2 1.6km Zian
Limit

The numbers shown in Figures 7 and 8 are to a
ocertain extent pessimistic. At one time, if any FDOP
from & submset of (N-2)} satellites exceeds the specified
level, then a failure cannot be isolated to the two
satellites excluded from that subset. However, failure
imolation is poseible for some of the visible
satellites at that time/location. Figures 9 and 10
show the results of = weighted analysis, where the
protability that failure isolation ie not possible
takes into account the probability that the particular
satellite failed for which the isolation geometry is
bad. Az could be expected, the Tesults are
significantly improved. For the 3-plane constellatiom,
the probability of a satellite failing in a location
vhere it could not be isolated, assuming a PDOP » 6, is
31.8X. For the 6-plane constellation the probability
is only 14.3%. If higher PDOP levels are allowed, the
failure isolation probability improves significantly.
With a PDOP level of 24, which provides integrity to
1.2 lm with an alarm limit of B0Om, the protmbility of
not isolating a failure decreases to 1.0% for the
6-plane constellation. This level of integrity is
sufficient to meet existing en-route acouracy
requirements.



in the second case shown in Figure 3, it is now
assumed that SV 5 has failed. It should be noted that
the effect of this satellite failure on the navigacion
solution is dependent on the solution geometry, and so
not every satellite failure will cause a navigation
failure. In the case shown in Figure 3, only
combinations {4,5.1,2) and (1,2,3,3) actually exceed
the 100m [~98%) radius. However, we are guaranteed that
at least one scolution must be within 100m 2dRMS of the
true position, since one navigation soliution (1,2,3,4)
does .not use the failed satellite measurement. By
comparing all five solutions (only one of which is now
correct), we can detect that a satellite failure has
occurred that has exceeded our navigation accuracy
1imits. The geometry condition for satellite detection
therefore requires that every subset of (N=1)
satellites out of the N satellites in view must have a
PDOP ¢ 6. This guarantees that out of the N possible
navigation solutions with these {N=1) satellite
subeets, there will always be at least one solution
within 100m 2dRMS of the true position even when one
gsatellite has failed.

The satellite failure alarm limit to be used with
this technique, and the probability of false alarm are
interrelated. From Figure 3, if all of the navigation
gsolutions lie within the 100m (~98%) circle, then no
two solutions can be more than 200m distant from each
other. Therefore, if comparing position solutiona
results in a difference of greater than 200m, a
satellite failure can be assumed to have occurred. This
ajarm level will guarantee integrity t around 00m,
since the correct solution must be within 100m of the
true position, and a 200m error is allowed before a
failure is assumed to have occurred. If the alarm level
is set at 100m between different position solutions,
integrity will be provided to around 200m but the
probability of false alarm will be increased as two
solutions can exceed the alarm threshold but gtill be
within 100m of the true position. The relatianship
between the alarm level set, the integrity provided and
the false alarm rate is sumarized in Table 1.

Table 7. Integrity Levels Provided by Comparison of
Position Solutions with 100m 2dRMS

Accuracy

Alarm

Limit 100m 150m 200m
Integrity

Lavel 200m 250m 300m
False

Alarm Rate High Mediun Low

When only five satellites are view, it is posaible
cnly to detect that a satellite failure has
using this ‘'snap-shot' approach. Unless a-priori
information is taken into consideration (Ref. 2), there
is no way to determine which of the five navigation
solutions is the correct one, and hence determine which
satellite failed.

To isolate the failure toc a particular satellite,
when N satellites are in view it is necessary to show
that a failure did pot occur in a subset of (N-1}
gatellites. This proves that the failure must have
occurred in the satellite excluded from the (N-1)
subset. Therefore, for failure isolation, there must be
good satellite detection geometry for every subset of
(N~-1) satellites. This condition is met it POOP < & for
everv subset of (N-2) satellites out of the N visible
satellites. This requires at least 6 satellites to be
visible. If only 6 satellites are in view, every
combination of + satellites out of the six (there are
15 combinations) must have a PDOP ¢ & for failure
isoclation to be possible.

Figures 4 and 5 show the percentages of time that
N sgatellites are visible above a mask angle of 5
degrees for the duration of the simulation. Since there
are always at least six satellites in view, there is
always redundant information available for receiver
autonomous failure detection and isclation.

Figure 4. Relative Mumber of Satellites in View Above
5% Mask Angle for the J-Plane Constellation

Percentage

30
25.9 24.0
25
20
17.3
15
10
3.5
5 ! ]
0.3
o -
6 7 8

9 10 11
Number of Satellites

Figure 5 Relative Number of Satellites in View Above
5% Mask Angle for the 6-Plane Conatellation

Percentage 49.2
50
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37.7
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25
20
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0 B - o

6 7 8 9 10 11
Number of Satellites

2.1 RAIM FATLURE DETECTION SIMULATION RESULTS

With the 3-plane constellstion, there are only twe
aress where the geometry is deficient for RAIM. Both
locations occur at 50 degrees latitude and last 10-20
minutes as shown in Table 8. Since the gimulation only
extended up to 50 degrees latitude, it is poasaible that
this ares of deficient geometry extends into higher
latitudes.

The area of RAIM deficient gecmetry is more
extensive for the G-plane constellatiom. This area
lasts for 10-20 minutes and extends over 25-50 degrees
latitude as showm in Figure 6. This 'RaIM outage'
occurs in & pattern similar to the navigation areas of
degraded performance for the 13 satellite
constellation,
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Figure 9. Probability that Failure Isclation Not Figure 11. Failure Isolation Not Possible For SVis 0O,

Possible with the 3-~Plane Constellation 2, 3, 5, B, 21 (3-Plane Constellation).
Percentage [ .18 Time = 1 hr 45 min Latitude = 40.0° Longituds = 2.5°
0
25 23.3
20
15 12.8
9.3
10
6.5 5.3
5
0
FDOP 6 12 24 36 48 60
Alarm 200m 400m 800m 1.Zkm 1.5km 2im
Limit

Figure 10. Probability that Failure Isclation Not
Possible with the 6-Plane Constellation

Percentage
25
20
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15
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10
5
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2 Figure 12. Failure Isolation Not Posaible For SVés §
Alarm 200m 400m 800m 1.2%km 1.6km 2km and 23 (6-Plane Constellation).
Limit

Time = 1 hr 35 min Lat.ituiﬁ z 50.0° Lengitude = 7.5°
2.3 POOR SATELLITE GECMETRY CONDITIONS

To illustrate the geometry conditions under which
RATM fajlure detection and isolation are not possible,
Figures 11 and 12 show the aastellite positions at some
of the time/locations where this occurs for the 3-plane
and 6-plane constellations

In Figure 11 a poor failure isolation geometry is
shown for the 3-plane constellation. In thia case, no
satellite failure can be isolated although the failure
can be detected. This cccurs since SVis 8, 0 and 3 are
nrear reflections in the E-W axis of SV#s 21, 5 and 2.
Also, SVés 2 and 3 are near reflections of SVi#s 21 and
8 in the N-S axis.

In Figure 12 a poor RAIM failure isolation case is
shown for the 6-plane satellite constellation. For
thig particular geometry, failures cannot be isolated
to satellites 9 and 23 mince the remaining satellites,
{SVas 0,1,3,4 and 5) only provide a PDOP of 8.




3.0 OONCLUSIONS

It can be concluded from the simulation results
presented in this paper that receiver autonomous
integrity monitoring (RAIM) would prove effective were
the GPS consteliation to be increased to 24 satellites.
The satellite coverage provided by both the 3-plane and
§-plane conatellation is suitable to provide integrity
for all phases of flight except for non-precision
approach.

From the simulation resulte presented in Section
2.1, both the 3-plane and 6-plane satellite
constellation continuously provide satellite failure
detection geometries over CONUS with PDOP ¢ 15, With
the 24 satellite constellation, it is therefore
possible to continuously detect when a satellite
failure has occurred using RaIM. (However, the level
of integrity that can be provided is dependent on the
alarm limit selected with the amssociated probebility of
falae alarm).

In Section 2.2, the simulation results for both
failure detection and isolation wusing RAIM were
presented for the 3-plane and 6-plane satellite
constellations. The results were highly dependent on
the level of integrity to be provided, i.e. the maximm
allowable PDOP. If a PDOP ¢ 6 is required for
integrity monitoring, then 32% of satellite failures
cannot be isolated with the 3-plane satellite
constellation and 14.3% cannot be isolated with the
6-plane constellation. If a lower level of integrity
is sufficient {(e.g. for en-route navigation), then
higher values of PDOP can be tolerated and RAIM is
significantly more effective. If &« PDOP of 24 is
considered to be sufficient for RAIM, then the
prebability that a satellite failure cannot be isclated
drops to 12.8% for the 3-plane constellation and 1X for
the 6-plane constellation.

From the simulation results it appears that the
§-plane constellation has marginally poorer geomeiry
for seatellite failure detection than the 3-plane
constellation, but that the average satellite isolation
geometry ie significantly better. For this reason the
6-plane 24 satellite constellation would be preferable
for receiver autonomous integrity monitoring.
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Abstract

The Global Positioning System (GPS) is a satellite based
navigation system, scheduled to become fully operational in
1989. Two classes of service will be available: the Precise
Positioning Service (PPS) for military users, and the Standard
Positioning Service (SPS) for commercial users. The PPS provides
position to 16 m SEP, but in the interests of national security
will be available only to a limited number of non-DOD users. The
SPS is unrestricted but will only provide position to 100 m
2dRMS, which does not meet commercial maritime radio nav1gat10n
or radio location accuracy requirements. However, by operating a
GPS receiver in a 'differential’' mode, substantially improved
position accuracy is possible.

An RTCM special committee on differential GPS has recommended a
suitable message format for broadcastlng differential correc-
tions. GPS navigation sets using these corrections can eliminate
the GPS system errors from the navigation solution. The differ-
ential navigation accuracy is therefore primarily a function of
the noise introduced by the receiver itself. The effect of the
receiver noise on differential navigation accuracy has been
studied for a variety of different receiver architectures under
various dynamic environments. Considering cost/performance
trade-offs, the optlmum receiver architectures and potential
navigation accuracies are discussed for differential GPS
applications in marine navigation.

1.0 INTRODUCTION

The Federal Rad1onavigat10n Plan {(FRP) requ1res 0.25 nm
accuracy for oceanic and coastal marine navigation, This can be
easily achieved using the Standard Positioning Service alone,
Many other appllcatlons exist, however, where a more prec1se
navigation reference is requlred For Harbor Approach and in
Harbor nav1gat10n, the FRP requires 8-10 m (2dRMS) navigation
accuracy, and in some areas the International Association of
Lighthouse authorities require 5 m navigation accuracy. Many
other applications exist for a system that can prov1de 5 m
positioning accuracy; for example, marine surveying, buoy
positioning and civil oceanography.



