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ABSTRACT

A n expesimenwul DCPS precision approach anc landing
system was mswiled and tlight tested on the NASA
Langley Transpert Svsiems Research Vehicle (TSRVY, a
Beoemng 737-1C0.

The G?S ground staden and avionics units used Novatel
10-channel. narrow correlator, C/A code tracking receiver
engines. Diffsrendal correcdons generated in the ground
equipment were adjusted using acarrier phase smcothing
algorithm prior tO being ransmined once every two
Seconds to the atrcraft via a24C0 baud VHF data link.

The GPS avionics converied DGPS position to vemical and
horizontal angular deviadons from the desired flight path.
These deviations drove the aireraft flight control System in
amanner amutadng an instrument landing system (IL.S)
receiver.  The GPS avionics did nor make use of
kinemauc carrier phase wacking with on-the-ily cycle
ambiguity resoludon :echniques, and was not enhanced
with input from other systems such as barometric
atimeter. radar alimerer, terrain mapping or inertial
reference unit (IRU). However, the TSRY autoland flight
control System inctuded a radar altimeter (used for veracal
flare smdancs betow 42 ft) and IRU (implemented to filter
the "vends” in the glide path scmetmes seen with ILS).

Aol of 40 DGPS-guided approaches and landings were
performed at the NASA Waileps Fiight Facility, 31 of
them hands-off, automatic !andings.

Alircrart position was measured using a laser tracker.
Towl system zrror me: the proposed Category |11 Required
Naviganon Performancs (RNP) or “tunnel concept”



accuracy requirements by a 300 perceat margin laterally
and 35 percent vertically. Touchdown dispersion for the
31 auromadc landings also met Category [ 11 R
requiremears by approximately a 3-i0-1 margin lateraily
and 2-t0-1longitudinally.

OBJECTIVES

Wilcox Elecic has been developing and flight @ Esr.in$
DGCPS precision approach and landing systems since sarly
1992. Pricr to pesforming the tests described in this
paper. the system was configured to drive a course
deviadon indicator/glidesiope indicator (CDUGSI) on a
Beechcnaft Xing Air 300 twin wrboprop aircratt. Xbouc
100 approacaes were flown manually, with emphasis on
me=ung sensor accuracy requirements established for ILS
under Category | conditions. i.e. 200 ft decision height
(DK), 26C0 ft runway visual range (RVR)'.

It has been zenernily assumed that a Category II GPS
landing svstem would necessitate use of kinematic carrier
phase racking techniques with cycle ambiguity resclution
on the fly in order co achieve the required accuracy. This
might be Tue, given current receiver performance, if it
were aecessary to mess the ILS vertdcal senscr accuracy
recuiremenat of =2 ft (95%) at runway threshold”
However. the Required Navigation Performance’ (RNP) or
"tunre! concept”, which isexpected to become the new
standard for defining landing system accuracies, specifies
sysiem accuracy in teams of towd system error (TSE)
rather than navigation Sensor emor (NSE) as currendy
specified for ILS. TSE is refated to NSE and flighe
technical eror (FE), ie. autopilot error. by the
expression:

TSZ=/NSE*~FTE"

ILS accuracy requirements Specified by the International
civil Aviaucn Orgamzation (ICAQ) were established in an
erawhen fauriy large FTE had to be assumed. Since RNP
specifies accuracy in ierms of TSE, the user is permitted
to perform a wrade-off berween NSE and FTE. allowing
relaxation Of the required sensor error for aircraft with
modem, highly accurate flight conmol systems, 1.2. typical
autoland-equipped airiiness in service today.

The purpose of the Wilcox/NASA Langley tests was 0
demonsmate chat an aircraft equipped with a modern
autoland-capabie flight control sysiem could perform
auwomauc .andings mesting RNP accuracy requirements
when driven by avionics using swaightforwvard C'A code
racking differential GPS. Tine flight ests were ,aiso
intended to demonstrate that such an avionics system
could be configured to emulate an ILS avionics receiver,

therefore allowing insallation with an unmodified dight
controf system designed for 7LS autolands.

ACCURACY REQUIREMENTS

ICAG spec:fies thar a Category II ILS approach does aot
have a well-defined DE. but that a Category I landing
sysiem must provide guidance ail the way 0 toucadown
and aong tie runway surface. Category [ approacaes
are divided into thre= subcategonies, A B and C. =ach
having a2 mummum RVR as shown in Table 1.

Cateaorv RYR
IIA 750 f
o8B 130
IIc 01

Tabie | - CAT [II Definiions

No Category IIC ILS apprcaches h a v e tesn
commissioned since NO mezns has ve: been impiemanted
to provide zezo-visibility axi guidance.

RNP esubiishes requirements for accuracy, integrity and
condruiry of function. ail of which must be me: by a
landing system to be cerified for operational use.
However, the tests described in this pacer wers concermed
only with accuracv.

For precision approach, RNP descrives the required
accuracy in terms of two concentic rectangular wnnels
that suround the approach path to the runway. (Set
Figure 1) The wnnels are centered around a 3-dezres
glide path chat intercepts the runway surface about 1G00
ft rom thrasheld. The dimensions of both tnnels become
smaller in tie vemical and lateral diicdons as the
intercept point is approached

The imer mnne! defines 1 region within whica the
aircraft’s center of gravity (CG) must ‘be contained at ‘east
95 percent of the rime. The smallest vertical dimension
for the inner nmne! is =15 ft, centered about the 3 degree
glide path at a2 height of 1C0 ft above runway threshoid
elevaton. The mmimum lateral dimension is =27 it from
runway centeciine at the glide path tntercept point

Associated with the inner twnne! is a rwo-dimensional
touchdown dispersion bOX on the runway. The aircmaft
CG must lie within this boX at touchdown on a 95 percent
basis. The rouchdown dispersion DOX sxtends 17 ft either
side of the cunway centertine, and is 1300 it long. Also,
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durmg rollout in auto-coupied mode the aircraft CG must
stay »tun =27 it of the runway centerline.

The oute: mnre! defines a coninment surface beyond
which no part of the aircraft is allowed to extend with a
probability greater than one in 107 landings. If any
pordon of he aircraft penetrates the outer wnnel, the plane
runs asignificant risk of collision with an obsncie or the
ground. Toe smallest vertical dimension of the outer
tunne! is =63 ft around the glide path at 100 ft height.
The minimum lateral dimension is 2C0 ft at the glide path
intercapt point.

SYSTEM APPROACH

Although Category I ‘mposes stringent accuracy Limits
on alanding system. Category I integrity requirements
may be even more difficult for a GPS landing system to
satisfy. Both ICAC ILS specifications and RNP require
that @e probability of undetected guidance error be
exremety small. in the case of RNP 3.3 x 10 per landing
for the entire system, ground and airborne.

Conunuity of Function (COF) is also an importtt
requirement for aCategory I landing system. Executing
amissed approach in alarge. jet aireraft from low atitude
(i.e. less than 100 ft) under conditions of low visibiiicy
(i.2. Catezory III) may be hazardous. Therefore. once an
appreach is begun the probability of loss of guidance from
the landing system must be low. The proposed RNP Cat
[TL COF requirement is a loss of continuity probability of
less than 4 x 10 for the final 20 seconds of approach

cocmmencing at 1C0 T seight above threshold.

Given the present state Of the art. Wilcox beiieves tbat
C/A czde tracking recsivers ars more likeiy o provide the
ineanty and COF perfermarce required for 2 Category [
GPS landing system than other approaches such as
kinematic carrier phase wackang with cycie ambiguity
resolucon on the fly. For insuance, aC/A code racking
receiver behaves rcbusdy under conditions of momentary
loss of satellite signals. A kinematic carrier phase
racking recelver may require complex and expensive
augmentation by other svstems, e.g. atightly coupled IRU,
in order to cope with cycte dlips and achieve the required
tmegrity and COF.

Because of the relatve simplicity and robusmess of C/A
code xacking, Wilcox chose to design this type of receiver
into the G?S autoland system described in this paper.

FLIGHT EVALUATION EQUIPMENT

A block diagram of the ground reference station is shown
inFigure 2. The ground System was based on a Novate!
Mode! 951R GPS receiver sngine installed in alaptop PC.
This receiver has 10 parallei channels and uses narrow
correlator technology to achieve very low nowise and low
susceptibility to mulupath distordon of satellite signals.

The GPS receiver calculated differenual pseudorange
correcuons and range rates tased on its known antenna
locauon fabout 4C0 fee: o the side of runway 28 at the
NASA Walloos Fligat Facility). Correcuons and range



rates. along with measureqd pseudoranges and accumuiated
carrier phase. were outputto the PC once every two
seconds.
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In an attempt (o further reduce the 2ffects of muldpath on
the accurzcr of the pseudorange corrections, a came:
phase smoothing algorithm was implemented in softwars
in the PC.  The difference betwesn Me-based
pseudorange and a mange based on accumulated carmer
phase, i.e. 3R = PR - AC?, was caiculated once 2very two
seconds for each satellite in view. Each differencai
correcycen was then adjusted by the difference setwesn the
current AR and the average AR over the previous 3C0Q
seconds.

The adjusied differential corrections were ransmitted ina
proprietary ASCIH format to the aircraft viaa 2400 bps
modem and VHF wansmiter.

The L1 antenna was mounted a few inches above the
ground in order to further minimize multipath 2ffects. Tae
ground station GPS receiver mask angle was set to 7
degress.

The test aircraft was the NASA Langley Transport
Systems Rasearch Vehicle {TSRV), a Boemg 737-1C0.
This aircrart is equipped with an autoland-capabie fight
control system and is insrumented for recording a large
number of system measurements (e.g. aritudes, velocities,
accsleradons, whed spin, squat switch. ewc.) and is
therefore an ideai platform for esung landing systems.
The TSRV has previcusly been used to test other GPS
landing sysems** and the microwave landing system
MS;

The DCPS avionics was designed co operate as an LS
"look-alike" system. i.€. t0 output angular deviations and
flags emulating TLS receivers outputs. Figure 3 shows a
block diagram of the avionics equipment. Satellite signals
were received at a Sensor Svsiems L-band antenna
mounted in the top Of e fuselage. about 7 feet in.front of
the aircraft CG.

The CPS receiver. a Novatel Model 2L31R Performance
Senes ynit, was housed in a DZUS-rail enclosure which
was mounted o the from panet of al9-inca rack Like
the ‘receiver ON the ground, tis receiver has 10 parailel
channels and narrow-width correlator circuitry. The GPS
receiver used pseudorange corrections and range rates
input from a2400 ‘bps data link to compute differeatiaily
comrected position and velccity at a3 Hz -ate. Position
and velcc:ty were output to a notebook PC (486 based) via
a 37.4 kbps RS-232 serial link.
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Figure 3 - Avionics Equipmen:

Since e TSRY's light conol system required updates
at a20 Hz rate, the notebook ?2C software used velccity
CO project the last computed position ahead in rimein 30
mse< increments. Each position was projected ahead in
rime an additional 200 mse< in order to reduce the overall
svsizm latency tO approximartely 50 msec. Latencies
grzater than 100 msec can cause flight controlsysiem
insiability, especially in the preseace of turbulence.

Using adawabase of runway coordinates. each compured
position was convered w lateral (localize)) and verncal
(gliceslope} angular deviations from the 3-degrae ideal
glide path. Deviarions werz output w0 the flight control
sysiem at 20 Hz via the aircraft’'s DATAC digitl dam
bus. DATAC was a forerunner of the ARINC 629 daa
bus. The notebock PC aso computed localizer and
glidesiope Jags which were set or cleared according o0
aircrart posidon with respectio imaginary LS localizer
and giidssiope antennas on the ground. An "ILS valid”
flag was set whenever al DGPS seif-iest bin were se:
valid. Fiags wers output to me flight conrrol system at 20
Hz.

The DGPS avionics also cutput time-tagged G?7S lautude.,
longitude and altitude to the DATAC busat  Hz. These
daw were recorded on magnetic npe and optical disk.
along with deviations and {light control sysizm dat. and
were used by the TSRV zrea navigation computer o Steer



the aircraft around the partern prior 1o intercepung the
final approach glide path. However. only deviauons,
scaled 0 emuiate ILS deviarons, and flags. not caw GPS
posiuon, drove the flight conwrol system during the final
approach and landing.

The TSRY autoland system is an inertally augmented ILS
system. The system was designed CO use inertal
measurements and complementary filtering to improve
localizer and glidesiope wacking in the presence of ILS
beam bends. For the dight tests described in this paper
the [L.S-iike !ocalizer and giidesiope inputs to the autoland
system were of course provided by the DGPS avionics.
Figures 4 and 5 show block diagrams of the lateral and
longitudinal portdons of the auroland system.
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Figure 4 - TSRV Lateral Autolend System

The lateral portion consists of two control laws: localizer
and decrab/rollout
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The longidinal poruon consists Of thres conwrol laws:
glideslope, flare and autothrotte.

The lecalizer and 2lideslope conurol laws are both "type 1°
control lawsin the raciking mode. i.2. they use intezrators
to produce zero wacking 2rror in sieady-swre conditions.

The TSRV amoland system uses four measwrements from
the onboard laser-gyro RU. The locaiizer control law
uses inernal ground spesd and wack angle to compute
cross-runway velociwry ("ydot”™; for path damping and
complementary filtering of e localizer signai.  The
glidesiope control 1aw uses inerdal ground speed and
complemenmry filtered verucal velocity (obtuned from the
[RU vemcal acceleradon an d  baromemc altimde
measurements) for path dampmng and compiementary
filtenng of the glideslope signal. The Jare law uses
vertical acesleranon from the RRU and sadar altinude o
compure 3 vertcal velocity reianve to the runway surface.
The aurothroude conuoi ‘aw 1ses along-wrack acceieraucn
to improve calibrated arspeed hoid tracking performance.

The TSRV autoland svsiem has severzl conuol mcdes.
These mcces are lccalizer copmre. giidesicce capuwre.
localizer wracik, glidesicpe rack. decrab. flare and roilout
The decrab mode is angaged at madar altitude of 13C:t and
aligns the aircraft Jeading with the munway eading in the
presence of xosswinds. The ilare mode is 2ngaged at
radar alutuds of 42 ft and rollcuc 2ngages when one of the
main gear squat switcaeas is se

A radar/laser tracker was used to provide a referancs
posidca measuremeat of the aircraf:. The fundamental
measurzments Of the macksr are azimuth. elevaton and
range. The accuracy specificatdons for the measurements
are given as 0.005 degrees (0.1 mrad) rms for the angle
measuremeas and =13 ft rms for the laser rang2
measuremient. Boresight measurements obtained on 2aca
flight test day showed bias errors in the azimuth
measurements varying from 4.011 degress to -0.012
degrees. The bias errors in the slevation measurements
varied from 0.029 degress 0 0.031 degrees. The wracker
is locaed at the Wailops Fuight Faciiity (WFT) o0 a
Virginia's eastern shere and has visibility to all of the
runways at WEr. The tracker is situated 452.4 fttothe
rigat of runway 28, 1993.7 it from its threshold. The
tracker provides vaiid measuremeats up o 2 nauncal miles
(nmi) in range. Tracker posuion reiagve 0 the runways
is shown n Figure 5.

DESCRIPTION OF TESTS

The flight tests consisied of approaches and landings
primariiv :0 unways 22 and 28 at WFF. The same tlight
path proiiies were used for =ach runway and are shown in
Figure 7. These paths are typicai ght and left hand I3
approach and landing paths. The course-cut 0 localizer



A wual of 40 airborne test runs were Jown. The test runs
used three fly-by-wire control modes selected in the
research flignt deck Of the TSRV. Prior w0 the final
approach and landing, the aircraft was -positioned on the
30 degres course-cut segment Of the flight path  uSing
either the VCWS or 3D modes with posidon information
from the DGPS avionics. VCWS s a Velocity Control
Wheel Sieenng piloted modein which thepilot commands
the aircraft dight path angle and wack angle througn a
sidearm conwoller. The 3D mode automaucally maintains
the airplane 0N a harizontal and verucal profile generated
from swred path waypoint. The final approach and
landings were accomplished using either the VC'VS or
auwoland modes. Figure 8 shows the verdcal profile for
the final sement of an antoland approach and landing.
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~centeriine was 30 degrees and e final straight path
sezment was 3 nmi long and descended along a 3 degres
glidesicpe. Tracking data was recorded along the entire
flight zath, but vaiid 'aser range data was oniy obtamed

wien the aircraft was less than approximately 2 ami from Rurway N 2
the tracker. Prior to that the range measurement was Thresnaic

oy ker radar. = - : »
made oy the zcke Figure 3 - Vertical 3 Degree Approach Profiie

Aight Approach s Most landings were followed by an immediate takeoff
- S (touch and go-arcund) to make more ime available for
T approach and landings. When a touch and go was not
e perfcrmed afier landing, the DGPS avionics lecalizer
signal was used bv the auromatic rollout mode to maintain
the aircraft on runway ceateriine and automatic braking
wasusad Lo sjow the aircraftiotaxi speed.
s
7 P S The Arst approach and landing co each runway was flown
wvwa g 58 em e using ‘ be VC'W'S mode to ensure proper operatice of the
research sysiem prior tO engaging the autoland mode.
=it Approach Sevena VC'WS and 33 autoland iest runs were performed
masg & om ‘ on two flight test days. Thirty-one of the autolands were
LN 3 o . Y H H
compietely "hands-off™ landings. The forward flight deck
.,.,,./ pilots put in sfight whee inputs (roil control oniy) near
touchdown for two autoland runs because crosswinds had
exceeded the autoland system crosswind limits.
Because use Of the 7-degres mask angle provided gzood
53 ; DOPs throughout both fligat test days (Septemeer 15 and
o s 21,1993), the 'andings Were nor scheduled to optimize
oz e satellite zecmetry. Maximum HDOP dunng the tests was

1.7; maximum VDOP was 3.7.



TEST RESCLTS

Usmg the laser racker as ground wuth reference, both
navigation seascr errors (NSE) and wowal system ermrors
(TSR were measured and analyzed for the 33 autoland
approaches and landings. Althqugh the principal intent of
the study was 10 compare TSE with RNP tunne! accuracy
requirements, NSE was also examined to determine the
effec: of the carrier phase smoothing aigorithm applied in
the sround stadon co the differential corrections.

Figures 9 and 10 show superimposed piots of lateral NSE
for 18 antotands to runway 28 and 16 aurtclands to runway
22. One of the autoiands to runway 22 was accideady
aborted near the threshold when the pilot bumped the
autopilat disengage button. Thar approach is included in
the Figure 10 plots aithough it was reclassified as a
manuaj approach. Because of its proximity to the runway,
the laser xacker slew rate was insufficient .0 keep up with
the aircrart swarting about 300 ft prior w© the threshoid of
runway 28. The conseguent ioss of valid racksng dar in
that region is apparent in Figure 9. The path between the
laser wracker and aircraft was blocked at several points on
the runway 22 apgroach by airport swucmres. Figures 10
and 12 have been adjusted to fill these gaps in coverage
with interpoladon between vaiid segments ON the appreach
path.
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Figure 9 - Lareral NSE. Runway 28

Figures 9 and 10 illustrate the effects of the carrier phase
smoothing algorithm. The piots show that NSE for any
single approach ‘was more constant throughout the
approach as compared o previoudy obtained data for the
unsmoothed case’. In ocher words, the carrier phase
smoothing as implemented in this system caused the
DGPSNSE to iook like a dowly varying bias. The
overal difference in bias berween the two figures is most
likely not related 1o the geomeinc differences berween
runways 28 and 22, but rather is the result of most of the
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Figure 10 - Laterci NSE., Runway 22

runway 22 landings being down on the first test day and
most of the runway 28 landings being Zlown on the second
day becausa of prevailing wind dirscucns.

An NSE tha: varies slowly is destrabie 30 that FTE iSact
increased as a cesuit of the fight control sysiem Tying ©0
follow ailight path contuning bends.

Figuras11and 12 show verical NSE plots for the same
et of apprcaches. Note tha the overall spread in error is
large: than for the lateral case, and that there is a
corresgonding difference in bias berween runways 28 and
21
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Figure 1] - Vernucal NSE. Runway 28

N SE stadstics were caiculated for the pontat 150 ft
altimmde (1300 {t from threshold) for 33 autolands to
runways 22 and 28. This point was chosen because ic is
near threshold. prnier to the decrab and flare maneuvers.
and corresponds :o a1 segment betwesn laser racker
obstructions ON the runway 22 approach. NSE results are
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Figure 12 - Vertical NSE, Ruaway 22

compared to ICAC LS accuracy requirements in Table 2.
Sinc2 ICAC specifies limits at the 95 percent level, we
have calcalated 95 percent zsumates of measured NSE
using the conservadve formula !ui + 2a.

Measured NSE CAT TTICAQ Limit

Lateral (i=2g); 487 (15m)  20.0 f (6.1 m)

Verdeal flul+26Y: 7.1 ft (22 m) 2.0 ft (0.6 m)

Tabie 2 - Navigarion Sensor Error, 33 Autolands, 95%

Tae NSE obtained with these flights easily meets Category
OI ILS localizer (lateral) requirements as specified by
ICAQ" but dces not mee: the ICAC Category |1l ILS
glidesiope (verdcal) requirements. These error esumates
are also slighdy higher than those obtained from earlier
flight tests at the FAA Technical Center (FAATC) using
similar equi pment without the smoothing function applied
to the differential correcdons’. However, improvements
intreducsd by the carrier phase smooching may have been
masked by differences berween the highly accurate
FAATC laser racker and the WFF laser wacker which had
2 errors of 3 ft range. 4 ft verdcal and 1.4 ft lateral at
the measurement point Also, the NSE (and - TSE) data
measured against the laser racker were not compensated
to remove the measured racker biases of 0.8 ft (azimuth)
and-.! ft (vertical} at the 150 ft measurement pont.

However. as discussed earlier, FAA and icxo are moving
coward eventual accepuance Of the RNP mnnei as the
standard for accuracy, integrity and conunuicy of function.
RNP specifies accuracy in erms of TSE, aot NSE.,

Since the inner tunnel (ses Figure 1) specifies imits at the
95 percent levei, we have caiculated 95 percent esumates
of TSE the same as for NSE, using the conserradve
formulaiui - 2a. Although TSE wy measured throughout
approximaely the last naudcal mile Of each approach
using e laser wacker, TSE statisdcs were calculared .‘or
the point at .50 ft altwde {1800 ft from threshold) for 3
auwolands ©© runways 28 and 22, ie. the Same
measurement point USed for NSE swatstcs. The latesal
and vercal TSE results are compared o Categery |
RNP accuracy limuts in Table 3.

Measured TSe CAT TI INP Timt

Lateral w2t 39 0(27m) 2701/8.2m)

Vemical ‘lui=2g: 111 3/24m) 13048 m)

~

Taole 2 - Tota!l Svstem Zrror. 32 Autoicnds, 35%

The ‘ateral requirement was saused dv a 3-i¢-1 margin.
The measured vertical TSE was about 33 percest semer
than require¢ by RNP.

Because thelaser trackar could not provids valid daa at
toucadown for runway 28, :ouchdown disgersions based
on laser tracker ground wuth are only availapie fcr 13
alcolands flown to runway 22. RNP specifiess a 95
pe""°'1t touchdown dispersion zone 13G0 it iong ex:eading
=27 it from the runway centecline. Figure 13 graptucally
depicts the location Of the aircraft CG at touchdown fer
the runway 22 autolands with respect to the RNP
touctdown limits. Clearly, the touchdown points fell
within the limits with subsiantal marzin.

CAT il 25 % ANP UMITS |

AW S

g

Figure 13 - Aircrast CG Touchdown Dispersion

Tabie 4 gives the staustics for the touchdown discession.
Lateral dispersion was sstmated using iul = 2. Since the



RNP zone s defined longitudinally as a total length rather
than in haif lengths. 46 was used to estimate the
longtudinal dispersion.

Measured  CAT TII RNP Limit

Laterai Mui+2¢): 93/ (25m) 27.0ft(8.2m)

Longimdinal /4c); 686 ft (209 m) 1500 £t (457 m)

Table 4 - Touchdown Dispersion Sianswcs

As would be expected the lateral touchdown dispersion is
approximately the same as the lateral TSE measured at the
150 it hexght above threshold on the approach path (see
Tabie 3). Table 4 shows that the longitudinal dispersion
satisfies the RINP requirement by abouta I-co-1 margin.
alarger mary:n than was seen for vertical TSE at the 1S
ft point This is not surprising, since longimdinal
discersion is affecied at least as much by the autoland
flare laws and wind conditions as by verticai TSE. A 3-
degree glide path angle is equivalent to a19-io-1 slope.
Thaerefore, the 3.4 ft standard deviation measured for
vertical TSE in these tests trandates into only 258 1 (3.2
X 4 x 19) of :ctal longiudinal dispersion (95%).

CONCLUSIONS

A C/A code racking differential GPS landing system,
using narrow carrelator receivers in the ground reference
stadon and avionics, and configured to drive an ILS
autoland flight control system with ILS “look alike”

deviation signals, successfully guided aBoeing 737 to 31
successtui “ hands off” landings. No landings were aborted
because of equipment failure, and conservative estimates
of laeral and vertical total sysiem error fell within
Caregory I RNPwmnel requirements for both the
approach and touchdown segments of the landings with
substantial margin. The number of landings provided a
sufficent sample size to ensure high confidencs in the
staustical eror estimates.

The TSRV pilots commented that the DGPS approach
paths seemed notcsabiy straighter than what they had
experienced with ILS coupled approaches.
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ABSTRACT

An expeimental DGPS precision approach and landing
system was installed and flight tested on the NASA
Langlev Transport Systems Research Vehicie (TSRYV), a
Boemg 737-100.

The GPS ground station and avionics units used Novate!
lo-channel. narrow correlator, C/A code tracking receive
engines. Differential corrections generated in the ground
equipment were adjusted using a carrier phase smeothing
algorithm prior to being ransmized once every two
seconds to the aircraft viaa 2400 baud VHF dara link.

The GPS avionics converted DGPS position to vertical and
horizonwal angular deviations from tke desired flight path.
These deviations drove the aircraft flight control system in
a manner emulatng an instrument landing system (ILS)
receive:. The GPS avionics did nor make use of
kinematic carrier phase wacking with on-the-fly cycle
ambiguity resolution techniques. and was not enhanced
with input from other systems such as baromeuic
altimeter, radar altumeter, terrain mapping or inertial
reference unit (IRC). However, the TSRV autoland flight
conuol system included a radar altimeter (used for vertcal
flare guidance below 42 fty and IRU (implemented to filter
the “bends’ in the glide path sometimes seen with ILS).

A wal of 40 DGPS-guided approaches and landings were
performed at the NASA Wallops Flight Facility, 31 of
them hands-off, automatic landings.

Aircraft position was measured using a laser wracker.
Touwl system error met the proposed Category |11 Required
Navigation Performance (RNP) or “tunnel concept”
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during rollout in auto-coupled mode the aircraft CG must
Stay within =27 ft of me runway centerline.

The outer tunnedl defines a conminment surface beyond
which no part of the awrcraft is alowed to extend with a
probability greater than one in 10° landings. If any
potion of the aircraft penetrates the outer tunnel, the plane
runs a significant risk of collisicn with an obstacte or the
ground. The smallest vertcal dimension of the outer
tunnel is =65 ft around the glide path at 1¢0 ft height.
The minimum lateral dimension is 2C0 ft at the glide path
intercept point.

SYSTEM APPROACH

Although Category |1l imposes stringent accuracy limirs
on a'anding system, Category |1l integrity requirements
may be even more difficult for a GPS landing sysrem to
satisfy. Both ICAQ ILS specifications and RNP require
that the probability of undetected guidance error be
extremely small. in the case of RNP 3.3 x 10" per landing
for the entire system, ground and airborne.

Continuity of Functon (COF) is also an important
requirement for a Category |11 landing system. Executing
amissed approach in alarge, jet aircraft from low altitude
(i.e. less than 100 ft) under conditions of low visibility
(i.e. Category 111) may be hazardous. Therefore, once an
approach isbegun the probability of loss of guidance from
the landing Ssystem must be low. The proposed RNP Car
[11 COF requirement is aloss of contnuity probability of
less than 4+ x 10 for the final 30 seconds of approach

commencing at 100 rt aeight above threshoid.

Given the present state of the art. Wilcox believes that
C/A code tracking receivers are more likaly o provide ‘he
inteznty and COF performance required for a Category [T
GPS landing system than other approaches such as
kinematic carrier phase tracking with cycie ambiguity
resolution on the fly. For instance, a C/A code racking
recelver behaves robustly under conditions of momentary
loss of satellie signals. A kinematic carier phase
tracking receiver may require complex and expensive
auementation by other systems, 2.g. atightly coupled IRU,
in order to cope with cycle dips and achieve the required
integrity and COF.

Because of the relative simplicity and robusmess of C/A
code wracking, Wiicox chose to design this type of receiver
inro the GPS autoland System described in this paper.

FLIGHT EVALUATION EQUIPMENT

A block diagram of the ground reference station is shown
inFigure 7. The ground system was based on a Novatel
Modd 951R GPS recaiver engine installed in alaptop PC.
This receiver has10 parallel channels and uses narrow
correlator technology 0 achieve very low noise and low
susceptibility to mulupath distortion of satellite signals.

The GPS receiver calculated differendal pseudorange
corrections and range rates based on its known antenna
locauon (about 400 fee: o the side of runway 28 at the
NASA Wallops Eight Facility). Corrections and range



the aircraft around the pattern prior co INErCepung the
final approach glide path. However. only deviations,
scaled to emulate ILS deviations, and flags. not raw GPS
positon, drove he flight control system during the final
approach and landing.

The TSRV autocland system is an inertially augmented [LS
sysem. The system was designed to use inertial
measurements and complementary filtering to improve
localizer and glideslope tracking in the presence of ILS
beam ‘bends. For the flight tests described in this paper
the ILS-iike localizer and glidesicpe inputs to the autoland
system were of course provided by the DGPS avionics.
Figures 4 and 5 show block diagrams of the lateral and
longimudinal portions of the autoland system.
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Figure 4- TSRV Lateral Autoland System

The lateral portion consists of two control laws: localizer
and decrab/rollout
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Figure 5- TSRV Longitudinal Autoland System

The longitudinal potion consists of three control laws:
glidesiope, flare and autothroute.

The localize: andglidesiope control lawsare both “type 1”
control ‘aws in the wracking node. i.e. they use intearators
to produce zero rracking error in sieady-state conditions.

The TSRV autoland system uses four measurements from
the onboard laser-gym IRU. The localizer control law
uses inertial ground speed and track angie to compute
cross-runway velocuty ("ydot"} for path damping and
complemenary filtering of the localizer signal. The
glidesiope control law uses inertial zround Speed and
complementary filtered verucal veiccity (obtaned from the
IRU vertical acceleration and baromewnc altitude
measurements) for path dampmng and complementary
filtering of the ghidesiope signal. The flare law uses
vertical aczalerauon from the IRU and radar atitude to
compute a verucal velocity relatve tothe runway surface.
The autothrotle control law uses aong-track accsieraucn
to improve caiibrated awrspeed hold tracking erformance.

The TSRV autoiand System iaas several centroi medes.
These modes are iccaiizer capture. zlidesicce capture.
localize: track. glidesiope rack. decrab, flare and roilout.
The deczab mode is engagad at racar atitude of 130 7 and
aligns the aircrart heading with the runway heading m the
presence of crosswinds. The flare mode s engaged at
radar altitude of 42 ft and rollout 2ngages When oneor the
main geur squat switches is s€L

A radarslaser wacker was used co provide a referancs
posticn measurement of the aircraft. The fundamental
measurements of the tracker are azimuth, slevation and
range. The accuracy specificatons for the measurements
are given as 0.0057 degrees (0.1 mrad) rms for the angle
measurements and =!.3ftrms for the laser range
measurement Boresight measurements obtained on each
flight test day showed bias errors in the azimuth
measurements varying from -0.011 degrees to -0.012
degrees. The bias errorsin the elevation measurements
varied from 0.029 degrees to 0.031 degress. The tracker
is located at the Wallops Eight Facility (WF=) on
Virginia's eastern shore and aas visibility to all of the
runways at WFF. The tracker is situated 162.4 £t to the
right of runway 28, 1993.7 ft from its threshold. The
tracker provides valid measurements up w 2 navdcal miles
(nmi) in range. Tracker position relative to the runways
isshown in Figure 5.

DESCRIPTION OF TESTS

The flight tests consisted of approaches and landings
primarily to runways 22 and 28 at WFF. The same flight
path profiles were used for each runway and are shown in
Figure 7. These paths are rypical right and left hand IL.S
approach and landing paths. The course-~cut to localizer



TEST RESULTS

Using the laser wacker as gound truth reference, both

navigation sensor errors (NSE) and towal system errors

(TSE) were measured and analyzed For the 33 autoland

approaches and landings. Although the principal intent of
the study was to compare TSE with RNP wnnel accuracy

requirements. NSE was aiso examined to determine the

effect of the carrier phase smoothing algorithm applied in

the ground station o the differential corrections.

Figures 9 and 10 show superimposed plots of lateral NSE
for 18 autolands to runway 28 and 16 autolands to runway
22. One of the autolands to runway 22 was accidendy
aborted near the threshold when the pilot bumped the
autopilot disengage button. Thar approach isincluded in
the Figure 10 plots although it was reclassified as a
manual approach. Bezause of its proximity to the runway,
the {aser tracker slew rate was insufficient to keep up with
the aircraft staring about 500 ft prior to the threshoid of
runway 28. The consequent lossof valid racking data in
that region is apparent in Figurs 9. The path between the
loser wacker and awrcaft was blocked at several points on
the runway 22 apgroach by airport structures. Figures 10
and 12 have been adjusted o fiil these gaps in coverage
with interpolation between valid segments on the approach
path.
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Figure 9 - Lareral NSE, Runway 28

Figures 9 and 10 tllustrate the effects of the carrier phase
smoothing algoritam. The plots show that NSE for any
single approach was more constant throughout the
approach as compared to previously obtained data for the
unsmoothed case'. In other words, the carrier phase
smoothing as implemented in this system caused the
DGPS NSE to look like aslowly varying bias. The
overal difference in bias between the two figures is most
likely not related to the geomewnc differences between
runways 28 and 22, but rather iSthe result of most of the
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Figure 10 - Laterai NSE. Runway 22

runway 22 landings being flown on the firs: test day and
most of ‘he runway 28 landings being Zlown on the second
day because of prevaiiing wnd directions.

An NSE that vares slowly is desirable 30 that FTE 15 not
increased as a result of the flight control System irying to
follcw aflight path conuining bends.

Figures 11 and 12 show vertical NSE plots for the same
set of approaches. Note that the overall spread in error is
larger than for the lateral case, and that there is a

corresponding difference in bias between runways 28 and
23,
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Figure 11 - Vertical NSE, Runway 28

NSE statistics were calculated for the point at 150 ft
altitude (1800 ft from threshold) for 33 autolands to
runways 22 and 28. This point was chosen becauseitis
near threshold, prior to the decrab and flare maneuvers,
and corresponds to a segment between laser wacker
obstructions on the runway 22 approach. NSE resuits are



RNP zone is defined longitudinally as a total length rather
than in haif lengths, 4c was used to estumate the
longitudinal dispersion.

Measured  CAT I RNP Limit

Latesal ful+20}:  9.3ft(28m) 27.0ft(8.2m)

Longirudinal (4c); 686 ft (209 m) 1500 £t (457 m)

Table 4 - Touchdown Dispersion Stanstics

Aswould be expected, the lateral touchdown dispersion is
approximately the same as the lateral TSE measured at the
120 &t height above threshold on me approach path (see
Table 3). Table 4 shows that the longitudinal dispersion
sausties the RNP requirement by about a 2-to-1 margin,
alarger margin than was seen for verucal TSE at the 150
ftpomt This is not surprising, since longimdinal
dispersion is affected at least as much by me autoland
flare laws and wind conditions as by verucat TSE. A 3-
degree glide parh angle is equivalent to a19-to-1 slope.
Therefore, the 3.4 ft standard deviation measured for
vertical TSE in these tests translates into only 358 (3.4
x 4 x 19) of total longitudina dispersion (95%}).

CONCLUSIONS

A C/A code tracking differential GPS landing system,
using narrow correlator receiversin rhe ground reference
station and avionics, and configured to drive an ILS
autoland flight control system with ILS “look alike”
deviaton signals, successfully guided a Boeing 737 1o 31

successful “hands off” landings. No landings were aboried

because of equipment failure, and conservative estimates
of lateral and vertical total system error fell within
Category I RNP tumnel requirements for both the
approach and touchdown segments of the landings with
substantial margin. The number of landing provided a
sufficient sample size to ensure high confidence m the
statistical error =stimates.

The TSRV pilots commented that the DGPS approach
paths seemed noticeably swaighter than what they had
experienced with ILS coupled approaches.
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