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ABSTRACT

The Integrity Beacon Landing System (IBLS), devel oped and tested at Stanford Univers
GPS- based Category |11 precision |anding. IBLS is a Kinematic GPS system which
Integrity Beacon pseudolites placed under the approach path. The |arge geonetry chang
overflight ensures observability for direct cycle ambiguity resolution. Once cycle
position fixes accurate to the centinmeter-|level are possible. The real-tinme accura
extensively denonstrated through flight tests in a Piper Dakota, Beech King Air, and E

Al t hough hi gh navigation accuracy is certainly necessary for Category Il precision
extrenely high level of navigation systemintegrity, with high continuity of functi
response, three basic nmethods of integrity nmonitoring have been suggested for GPS ai
ground- based nonitoring of received spacecraft ranging signals and reference station u
ai rborne sensors for the detection of failures in airborne conponents, and receiver
(RAIM. The first two nmethods have a well established history within the context of

(ILS) architecture, and they will alnobst certainly also be present in any likely G
transition fromthe famliar (ILS) to the new (GPS) will require a cautious and cont
verification. Highly effective RAIMwi Il be of paranmount inmportance in this respect

segnents of the navigation system

The great precision of carrier phase provides the | everage for an unprecedented | evel

tight detection thresholds may be set without incurring high false alarm rates (pr
redundant neasurements collected during Integrity Beacon overflight ensure the avail ab
anbiguity resolution. In addition, initial analysis indicates that the availability ¢
resolution is approximately 97% for an unaugnented GPS constellation and approaches 1(
a mni mal nunber of geostationary or ground-based rangi ng sources. Prelimnary result

Navi gati on Performance (RNP) specifications for Category Ill accuracy, integrity, and
| BLS.
| NTRODUCTI ON Al t hough both differential code and ki nema

phase technol ogy have been proposed to n

The great benefit of GPS to aviation is itﬁgrbﬁﬁitfgﬁlkenges I nvol ved in precision aj

rovi de seam ess navigation from takeoff t e Etreme precision of the GPS c
ghe most difficult g rborne navigation gmthe pltinate S navigation perf
h ver. is that of Cat rv 111 orecision 5' C'carrier phase offers three distin

owever, Is that ot egory prect st on 300! 08ye- pa€ed posi ti oni ng:
extreme specifications for accuracy, integrity, an
continuity demand a new |evel of GPS navigation
system performance. While specific requirenentls Geaviei er phase positioning can
not been unani nously agreed upon yet, it is |ikalnqudstti onably provide the accuracy
conbi ned navigation and flight control accuracy oectdssary for precision |anding.
order of a few neters nust be naintained, contiWhatther code-based positioning can
of function preserved for all but one in ten nilPleMideo-the necessary perfornmance
7) approaches, and loss of integrity limted to d#Renes amuch upon the specific
billion (10- 9) appr oaches [l] ) accuracy requirenents assuned.

Presented at | SPA 95, February 21-24, 1995, Braunschwei g, Gernany.



2. For carrier phase, Navigation System 1. Carrier phase neasurenents |everage

Error (NSE) is nearly a negligible RAIM in the sense that extrenmely tigt
contribution to Total System Error detection thresholds may be set witho
(TSE). This allows maxi num margin incurring unacceptably high false ala

in Flight Technical Error (FTE) and,
therefore, maximum flexibility in flight
control system design.

3. The high precision of carrier phase

rates, thereby insuring both hig
integrity and high continuity.

2. The redundant rangi ng neasurenents
obt ai ned from ground- based pseudolit e

enpowers an unprecedented |evel of ensure the availability of higt
Receiver —Autonomous Integrity performance RAIM within the IBLS
Monitoring (RAIM perfornance. bubbl e.

The high performance of carrier phase camhenkymbgf the present work is to clarify t
achi eved, however, if the integer cycle anbyguibL§Set@Ments of integrity monitoring
be accurately resolved for each space vehi clgadedV)l-andi®y system and the role of RAIM

Integrity Beacon Landing System (IBLS) coaggiVvaBility of kinematic (carrier phase)
and devel oped at Stanford University igu@gblli gkit.

integrity solution to real tinme cycle anbiguity
resolution for Category IIl precision approgQbegki B¥" BN TORI NG
la, b). Two (or nore) ground-based GPS Integrity

Beacon pseudolites provide the basis fol:l_h expl i ci

It
: - S ; t hr ee-di mensi onal nature of GPS p
estimation of cycle anbiguities during theal zg% PJ)A%(PH the availability of velocity out

Integrity Beacons are sinple, |ow power transip g rspotential i npact on future

that broadcast L1 carriers nodulated with UIUAS &a ih/ f1ight control architectures.
codes. The large geonmetry change that occupge flyf b88eabl e future, the inplementation

pseudolite overflight ensures the observabigielcy sne@detproach and Ianding will Iikel:
for cycle ambiguity estimation. Oncd oray@fean Instrunment Landing System (ILS)-
anbi guities have been initialized, real-tinmercenteoetee: In such an inplenentation,

l evel position fixes are possible. The h(GF setsocacyw || function sinply to repl:
(I ow NSE) of IBLS has been successful |y dembA®utat d@! i desl ope and |ocalizer) formerly
through several hundred navigation test appfb&nesSin dn the transition to GPS, the
Pi per Dakota [2,3,4], forty-nine aut&t&0pNEY ©f ILS integrity monitoring will

approaches on a Beechcraft King Air [5], prabenysd as well. Integrity nonitoring
recently 110 successful automatic |andi ngs 98Paf affd eidnto ground nonitoring, for the
Airlines Boeing 737 [6]. ground segnent (glideslope and |ocalizer t

failures, and redundant airborne sensor:!

In previous studies performed at Stanford taﬁ,ecén]['or}\/\ﬁrf] failures in the airborne

fund nt al bservation ; d ] replacing ILS with GPS, how
undament al - observations were made Teggf fpgly new navigation system fault tre
navigation integrity with IBLS:

considered [9]. In particular, the traditi

Figure la. |BLS Concept (Top View)

Figure 1b. [|BLS Concept (Side View)




| | ayer of protection against airborn

segnment failures.
system ground and air segnments are n@wKinematic RAIM as a final |ayer of
conpl emented by a space segnent. Ground protection against failures in al
nmoni toring and redundant airborne sensors can agaidhhshts.
used as the bases for detection of ground and airborne
hardware failures, respectively. The effects, .of i
errors originating at the spacecraft a%leNe%tlgcpl%ﬂ%
elimnated due to the very nature of differential
posi tioning. A majority of other spaceThgegeroépti onal fault detection perfort
failures can be detected by ground nonitlkirnewatilcn RAIM is illustrated by conpari:
general, the integrity nonitoring conceptsteatiabl bsdedcode-based RAIM in Figure 2.
for ILS are also well suited for, and wé¢dnddgealay peot of position error versus r
present in, any GPS-based precision f|esiddumg. The probability "ellipses" near
architecture. represent the case of normal condition err
mul ti path and receiver thermal noise. F
e“ﬂt)de, the ellipses will slide up th
%ﬁsi Ogi cated in the figure) a distanc
e nmaghitude of the failure. A horiz
Figure 2. Conparison of Kinematic drawn to represent the navigation system
and Code- Based RAI M requi rement.  Two hypothetical (vertical)
threshol ds set on the neasurenent residua
approach toward integrity nonitoring is winovantedlhe fundamental concept behind RA
Highly effective RAIM will be of paraebestion is the use of the residual (ar
inportance in this respect. RAIM |ike quahdndant as an indicator of excessive po
ai rborne sensors, enables the final integrilt}Oldeci sBpecidically, if the residual ¢
be made at the aircraft. However, unlikethreaflmdght a navigation failure is declared
ai rborne sensors, RAIM has the potential to detect

failures originating in all three navigailair;}n
i

In the succession of a new navigation s 8 EHL
aircraft precision |landing, a careful and ct)é‘ﬂp?

u§§s%ﬁg}e is conplete freedomin the ¢

segnments (Table 1). One crucial exanple %n threshol ds, false alarms will in

found in the recent SV 19 phenonenon, in dnﬁ\;;proaches the origin. A thre

ranging error originating at the spacecraft W@;
m always be chosen to produce a spec

not have been detectable by ground monj,, EH[? q I e a
2L M & under normal error conditions

depending on the specific receiver arc : hreshol ds resulting in equival er
involved. This type of failure is, howeve 9Yet et abi'e 9 d

with kinematic RAIM In a nore general sreﬁggs tﬂ%et Shown l_fgr ga:jr;terd F_hase af
need for kinematic RAIM arises as a fi nalmﬁﬁgﬁ?ﬂg% Srreimss Sr(t)arrlentzn 't% tehe (;c?tetséd rte
integrity nonitoring against unknown newU.Sf'eﬂ Ut E u w

¥

types resulting fromthe transition from I\'\ﬂtE raggce the desired (smll) false al

Furthermore, the conprehensive fault ddt

t e 'a rather high rate of undetecte
capability of kinematic RAIM can be used, ,g;ﬁ' %U?

grror (i.e., nissed detection), a

architectures, to relax the requirements on N

DA H % ghaded portion of the failure cc
: ; : [ pse ote that using the solid (ca
moni toring and redundant airborne sensors. ‘

threshold with code neasurenments woul d decr
number of m ssed detections but would al so
A highly effective integrity nonitoring dricdghhtpecobakility of false alarm as indic
consistent with the expected |LS-Iodkeklikeshaded portion of the normal condi
i npl emrent ati on woul d i ncl ude: ellipse. The figure conceptually illustra
severe tradeoff that exists between mnissed ¢
fal se al arm when code neasurenents are used

1.A ground nonitor station, as a firsheceyracy applications. In contrast, wh
l'ayer of protection against ground angeasurenents are used, this tradeoff is rat
space segment failures. that very low rates of missed detection can

2. Redundant airborne sensors, as a firsdinmultaneously with very low rates of fa

Table 1. Methods of Integrity Mnitoring

| NTEGRI TY MONI TOR DETECTS FAI LURES I N
G ound Mbnitor G ound and Space Segnents
Redundant Ai rborne Sensors Ai rborne Segnent
Ki nematic RAIM Ground, Airborne, and Space Segpents




This result is indicated conceptually in Figure 2 by the

fact that no part of the normal condition carrier phase (2)
el li pse exceeds the solid threshold and no part of the

failure carrier phase ellipse lies to the M8Ft€of the sane

t hr eshol d. (3)

s{ate estimate, estimate error, and re:

: : The
The perfornmance of absolute kinematic RAI : i i :
the IBLS bubble, has been established i%iﬁérgee\&?ﬁ&l\;ve' ghted-least-squares solution

work [7,8,9]. The designation absolute israp ropriate
in the sense that it is the integrity of the cycle
anbiguity resolution process (to which the subsequent (4)
relative kinematic trajectory will be tied) that is being
monitored. The availability of absolute kinematic (5)
RAIM is ensured by the presence of the Integrity
Beacon pseudolites and the resulting |arge nunber of (6)
redundant neasurenents collected during bubble
passage. The prelimnary studies cited abeve have
establ i shed through Monte Carlo sinulation and flight 7
test, that sub-meter positioning accuracies are (7)
protectable with extremely high integrity (low
probability of missed detection) and contiGhvieny a(Ir@si dual threshold, R the false
probability of false alarm) using absol utendémermtried error conditions (NC) is defin
RAI M

(8)

After successful cycle anbiguity resolution, relative . o
kinematic RAIMis performed. The nodifier PPkl &t Ng¥i gation system accuracy specifica
refers to the integrity monitoring of a"RSRENEE}ction event is given by
trajectory given a set of resolved cycle anbiguities.

Note that the high precision of carrier phase is still (9)
avail abl e after the bubble exit, although the availability

of RAIM may be sonmewhat degraded if wi@e 6x is defined by the relation

augmentation, in the form of additional ranging
sources, is present. Availability considerations will be
di scussed in nore detail below. The mat hermati cal ) (10)

devel opment of relative kinematic RAIMis presented.

At an arbitrary epoch after bubble exit, th®nolssesanwmn of the availability of R
equation is given by performed by Monte Carlo simulation.

representative international cities with Ca

(1) approaches were selected for the sinulat

Franci sco, Chicago, New York, London, Anmnst

where @ is the nxl vector of single-diffefé@&fphhseand Tokyo. In the sinmulations,

nmeasurenents (aircraft mnus reference) adj @ih@Iey §heas used to propagate the positi

appropriate cycle anbiguity estimates obtahedd otkoml GPS space vehicles (Svs). In &

pseudol ite overflight. ThénxgctoepresentsSY hard failure nodel [12] was used to si

the sum of single-difference phase error €hh@ctcy| schedul ed (stationkeepi ng maneuver

anmbiguity resolution error. The ith r&psdieduhed (hard failures) spacecraft dow
] ] ] el evation mask of 7.5 deg was assuned.
observation matrix, H (nx4, n>4),where

ej is the line-of-sight vector to satellitg i .. The fQUE-: | easure of RAIM avail a
di mensional state vector u consists of g{hf| \thiREraw availability of having at |1
elements of the user vector displacement;hrofefhe The raw availability results ok
reference station, x, and a clock bias, T. s{GnwE8t Aofehr@f given in the first colum
cycle anbiguity estimates with error covariphceaABlhh¥gment ed GPS constel | ation, the f
P, and carrier phase neasurenment standard [deysati@d of nore satellites are in viewis
of o, the effective neasurement error is distributed as



To assess potential inprovenent in the raw Asgaiill dhisltirtat ed in Figure 3, the avail abil
of RAIM several augnmentation schemes werfainatson of the accuracy specification (¢
tested. First, the ranging signals fthomshdiree(R), and an integrity buffer
geosynchronous |nmarsat WAAS transpondeslsti onship can be roughly expressed as
(longitudes 15.5W 55W and 179E deg) were

considered. A representative hard failure nodel was

applied to these spacecraft as well [12]. As expected, (11)
the results show rnmuch inproved raw availability
(99.989% . Second, augnentation from ground-based

pseudol i tes outside the bubble were considered. These

RAI M augnent ati on pseudol ites were assumed Forhdve application of relative kinematic
a hard failure probability of 105 per asppkabich.ty limt is nearly vertical. Spe
Pseudol ite azinuths were randomy sel ected anbherneyer vertical protection limt for

between 0 and 360 deg, while elevationghvasheldd (R) set for Prob(FA) = 107, 8 b
uniformy between -5 deg and +5 deg. Thénteguity requirement of Prob(MD) = 10-10,

again show nuch inmproved raw avail abichitiyer positioning error of , and a

Figure 3. Relevant RAI M Paraneters Figure 4. Histogram of Whrst Case Mde S

(I'nmarsat Augnentation, Elev. Mask 7.5 d
Extrapol ating the results in Table 2 suggests that raw

availability can reach any desired |evel ps—the—trtrbet
of space-based or ground-based ranging sources js
i ncreased.

system failure probability of 10-° the ava
sl ope is approxi mtely 10.
Once the raw availability of RAIMis projected, the
quality of RAIM geonetries mnust be eval uéj\ﬂa
this respect, the conplete spectrumof conc bsteogr@
scenari os nmust eventually be considered.
this is a challenging endeavor, such an eff%'r'im‘gt hPPeangs shown in Figure 4 for tf
underway for the assessment of absol ute ”H@ﬁﬁ augmentation. The figure clearly
RAIM  Preliminary results already pubIléT‘Ee ]e mej ority of geometries will be ¢
indicate excellent fault detection perforhBh@bl ¥Qrkilematic RAIM ~ Figure 5 is a |

mexi mum failure node slog
p05|t|on error, obtained from M

nunber of widely diverse failure modes. |n®¢ b”?&ﬁ e ptal RAIM availability as a fun
of relative kinematic RAIM the associ ated FHﬁFl |mt slog)e For a limt slop
to protect against will likely be somewhat’d j 'Wn is 99.9% The results for the

variety and | ess frequent in occurrence th N3t tag@n and pseudolite augmentation &
absol ute kinematic RAIM sinply due to t hel #cte¢9R¢ colum of Table 2.  Note that e
the latter integrity check is performed””fal |9§’F”t edpconstellation, the total avai
prelimnary determnation of geonetry qukfl@y!'Ygrkinematic RAIM is roughly 97%
relative kinematic RAIM can, however, be nmde usgng

the traditional assunption of single-channel { | BUf Ss
only. Wth this approxinmation, RAIM avail abl(l

limted on the basis of the worst-case fz’ﬁl %Vﬁrf‘ﬂ ©that, due to the high precisio
slope for a given geonetry [13].  Specif %%I Yt heNt ot al availability is rather cl

availability limt can be set such that 'Ehé‘ r%'\/\)’%'i}al lability of having five sate
geonetry, if the worst-case slope exceeds

RAIMis declared to be unavail abl e.

Avai lability vs. Limt Slo
Ir}rgprsgt Augnent ation, Elev. Mask 7.5 d

CONCLUSI ONS

Table 2. Summary of Relative Kinematic RAIM Availability

AUGVENTATI ON RAW AVAI LABI LI TY (% TOTAL AVAILABILITY (%
None 99.4 97
| nmar sat 99. 98 99.9
One Pseudolite 99. 97 99.9
Two Pseudol ites 99. 998 99. 99
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1.Carrier phase measurenents are well- Cobb, J. D. Powell, B. W Parkinson, |ON
suited for the application of precisi or&:aéh Septenmber 22-24, 1993, Salt Lake

landing in that the needed NSE can
definitely be achieved, the ultimtg "Achjeving Required Navigation Perforne

level of flexibility in the design ofusing GPS for Category IIl Precision Lal
future flight control systens is E E. COherj], Bb S-P Pe”an’ BH- WS- POObkb.
al | oned, and an unprecedented |evel of Law ence, . O Fowell, - arkir

unp v DSNS- 94,  April 18-22, 1994, London, Un

RAI M per formance i s possi bl e. Ki ngdom
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in navigation integrity monitoring forusing GPS and Integrity Beacons,” C. E
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| arge nunmber of redundant neasurenments Pseudolite,” B. S. Pervan, C. E. Cohen,
collected during pseudolite overpass. Parkinson, Navigation, Vol. 41, No. 2,
The availability of relative kinematid2%%

RAIM is essentially limted only by tge"|ntegrity in Cycle Anbiguity Resoluti:
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Figure la. |BLS Concept (Top View)
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