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RESUME

Pour quelques applications, il est né-
cessaire de develloper des systémes de navi-
gation pour aterrissage d'avions plus préci-
se que les systémes existant. La tour de con
trole de l'airport doit décider si 1l'avion
est dans le correcte couloir d'aterrissage.
Si non, elle directe l'avion & se préparer

pour une nouvelle aterrissage.

Des erreurs de position résulte en con
d'altitude
et de vitesse. Des structures trop &levés ne

séquence de mesures incorrectes

peux pas étre utilisés dans les airports.
Des nouveaux radars actives introduit indési
rable niveaux d'interference. Cette communi-
cation é&tudie un systéme passive de naviga-
tion d'aterrissage de précision. Il supose
gu'il vy a des senseurs passives placé au long
du couloir d'aterrissage, observant des sig-
neaux de bande étroite emitté par l'avion.
Le probléme de location consiste a positio-
ner l'avion rélativemment & ces senseurs.
L'algorithm présenté a deux objectives: l'ag
quisition globale suivie par 1l'integration
locale du mouvement de l'avion. La performan
ce du systéme est &tudié en fonction de 1la
géometrie et du niveaux des bruits de la dy-

namigue et d'observation.

SUMMARY

There is a need for improved accuracy
in locating an airplane in three-dimensional
space as it approaches landing. The airport
control tower must decide whether the plane
is following a nominal path leading to a safe
landing. If not, it declares a missed appro-
ach, and the plane is directed to circle the
airport to prepare for a new approach.An im-—
portant source of location error derives from
altitude and speed measurements, which may be
affected by large inaccuracies. Very high
structures cannot be used on an airport surfa
ce, and active systems may produce unaccepta-
ble interference problems. The paper investi-
gates the feasibility of a precision landing
monitor involving measurements of aircraft po

sition by ground sensors.

It is supposed that there are passive
antennas along the landing path monitoring

narrow-band signals transmitted from the air-

“eraft. The location problem is to position

the plane with respect to these outriggers.
The algorithm presented achieves the two main
tasks: the global acquisition followed by the
local tracking and integration of the dyna-
mics. The system performance is studied by
quantifying the tradeoffs between the errors
and the signal to noise ratio and the geome-—

tric parameters assumed.



115/2

SYSTEMES DE NAVIGATION DE PRECISION POUR ATERRISSAGE D'AVIONS

A NAVIGATION SYSTEM FOR ATIR TRAFFIC PRECISION LANDING

1. PROBLEM DESCRIPTION

There is a need for improved accuracy
in locating a plane in éhree—dimensional spa-
ce as it approaches landing. The paper inves-
tigates the feasibility of a precision land-
ing monitor involving passive measurements of

aircraft position by ground sensors.

Figure 1 shows plan and side views for
ideal landing geometry. At the left of both
views is the runway, which is approached by
the plane from the right. The aircraft course
may be
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Figure 1: Landing Geometry

given by an azimuth o and an elevation angle
B, both usually between 3o and 6°. To make a
safe landing, the plane must follow a certain
nominal path, defined at different ranges by
shrinking cylindrical volumes Vy:Vyree. that
measure the allowable error in the aircraft
position (see circular sections on the side
view of figure 1). At the threshold of the
runway the plane's position should be known

with a very small residual error.

It is assumed that there are passive an
tennas along the landing path monitoring nar-
row-band signals transmitted from the air-
craft such as a single tone modulated by some
coding for identification purposes. In order
to avoid end-fire configurations, which lead
tc a considerable loss of performance, the
passive structures are not placed at the end
of the runway but are mounted along the ap-
proach path before the threshold of the run-
way, as indicated by outer marks Ml and M, in
figure 1. The passive location problem is to
position the plane with respect to these ou-

triggers.

The idealized version of this precision
landing problem is sketched in figure 2. The
aircraft position and dynamics are parametri-
zed by the range Ry, the speed v with respect

to the ground, and the two viewing angles SZ
and ef

AIRPLANE
PATH
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Figure 2: Precision Landing Geometry
The receiver has two main tasks: the
global acquisition and the local tracking of
the dynamics. For the global acquisition step
the parameter wvector

a= [Ryv o, 8,] (1)

is modeled as nonrandocm. The acquisition re-
duces to a 4-dimensional parameter nonlinear
estimation problem. Maximum Likelihood (ML)
techniques [l] are applied to derive the opti
mum receiver. The ML-processor involves a
4-dimensional maximization of the (log-) ML
function. A two step, grid type algorithm,
remnant of FSK-techniques, is used in [2],
[3], [4], to implement this maximization.There
in, in section 2, the mean square error per
formance of the ML-receiver is investigated
in the particular context of the air traffic

precision landing scheme.

Once acquired,i.e.,the global geometry
has been demodulated, the receiver has to
follow the avionics motion. For this second
task, the paper considers a different strate-
gy: it describes the dynamics by a finite-di-
mensional system of stochastic differential
equations. Within this framework, extended
Kalman-Bucy filtering techniques are applied
leading to a linearized recursive receiver

that integrates the airplane dynamics.

Elsewhere [5], the receiver so present
ed is refered to as the .hybrid algorithm for
acquisition and tracking in platform location.
It exhibits a decomposed structure, see figu-
re 3: the nonlinear ML-processor,accomplishes
the global
while the linearized, extended Kalman-Bucy
filter (EKB) tracks the local dynamics.

acquisition of the platform,

I ML PROCESSOR LINEARIZED EKB |[DYN.
INITIALIZATION a—

DATA (G&;:bal Acquisition) {Dynamics Tracker) JEST.

Fig. 3: Structure For The Receiver
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2. ACQUISITION MEAN SQUARE ERROR PERFORMANCE

As mentioned in section 1, inside the
plane, a crystal radiates a single tone at
frequency f that is observed to be corrupted
by an additive, white, Gaussian noise. Becau-
se of the lack of synchronization, the phase
of the received signal has a uniformly distri
buted random variable component (Rayleigh
channel) . The global acquisition step of the
receiver fits the Maximum Likelihood parame-

ter estimation framework [4]. -

For a jet plane in an airport traffic
area, the altitude is below lO4 ft, and the
speed is required to be below maximum, taken
here as approximately 200 knots. The speed
measurement with respect to the ground may be
in gfeat error (depending on air circulation,
wind speed, etc.); knowledge of the altitude
may also be considerably inaccurate. In air
traffic control the frequencies used are in
the VHF or L-band. These considerations lead
to the choice of numerical values indicated
in table 1. Unless oftherwise stated, the no-
minal values listed are the ones assumed.

Freguency f = lGHZ; wavelength A= 50 ft

4

Range R < 10% f£& (typical 6x10° ft)

Speed v 200 knots (typical 300 ft/sec)

6t= 150; 9£= 150; Lin. Arr. Baseline

L= 30ft

Apriori Range Uncertainty AMRO < RO/5

Speed " AM v < 80ft/sec

" 1 A

inclination M

sing, = 1
Observations Duration T= 8 sec;

X = VT/2R0= .2

Table 1l: Numerical Values for Precicion
Landing

For these parameter values, the linear
temporal baseline vT generated by the airpla-
ne is much larger than the outriggers anten-
na baseline. This means that the 4-dimensio-
nal search of the ML-receiver decouples in a

3-dimensional search for the actual parameter

T
values of the reduced vector A =[R v et] '

plus a one-dimensional search for the spatial
bearing ez, see [4].The vector A, is esti-

mated from the temporal diversity of the re-
ceived signals [3], while the bearing sinez
is estimated from the relative delays across
the receiving antennas (spatial diversity) [2]:
the discussion is concerned with the trade-
offs and demands imposed by the range accura
cy requirements on the geometric and statisti
cal parameters. For the resulting signal-to-
noise ratio values (SNR}, the attainable accu
racies for the other parameters are well with-

in the desirable limits.

The total mean square error 02 for
tOtAj

parameter A: at the output of the ML-proces-

J
sor is the sum of two components. One referred
to as OngA , 1s associated with decision

J
(or large errors) of the ML-processor (wrong

choice of the grid cell). The other, gioc ,
A .
J

is a local error resulting from the spread of
the ML-ambiguity function. The local errors

are estimated by the Cramer-Rao bounds OgR .
A3
Figures 4 to 7 study the geometry and
statistical tradeoffs. Figure 4 shows how the
range accuracy changes with the signal to noi
se ratio SNR, for two values of the geometric

parameter X =VT/2RO= 0.1, 0.2, and two values

t
of the region of uncertainty AMRO. The linear

aspect of all curves just reflect the modeling

assumptions on the SNR dependence. For Xt=.l
the performance is well predicted by the
Cramer-Rao bound. PFor X ,= .2, both the local

t
and global errors contribute significantly to

the mean-square performance: For this value of
Xt the ML-algorithm exhibits, for the assumed

geometry, a transitional behavior.

R,=6000ft L=30ft
V=300 ft/sec A,V=80ftsec
6,:15° Dysin §,=1

Region IT

LN

A R =500 ~G K
1 \ I\:\

50 60

Region I

ol 1 1
10 20

40
SNR(dB)
Figure 4: Range Accuracy vs SNR
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Figure 5 shows the tradeoff between
required SNR and actual aircraft-passive re-
ceiver separation, for two typical accuracy

= A\/2 ft, o, = 50 ft.
RO

Note the extra 40 dB required to go
from region IT (called tracking within geome-

try) to region I {(called tracking within pha-

requirements, ©
Ro

se)., The large a priori uncertainty, inducing
significant global error, is responsible for
the additional SNR required with respect to
the value predicted by the Cramer-Rao bound.
Figure 4 suggests an itterative global acqui~
sition scheme, where several pairs of receiv-
ing elements are placed along the airplane
landing path, with increasingly greater accu-
racy requirements. This strategy is in accor-
dance with the vanishing sequence of uncer-
tainty cylinders of figure 1. As the plane
travels through, AMRO is reduced from one ite
ration to the next, with the net effect of di

minishing dgﬂ and leading to a performance
R,

which approaches the Cramer-Rao bounds.

x,:02
ByRG 20% of R,

50 “RgO5ft
47 e
—— Total error
prediction
& . ———= Cramer Rao
o 03 Bound
p ! ot prediction
z
w
10 R 250 ft

3 4q

10
Range (1)
Fig. 5: SNR vs Range

Figure 6 studies as a function of the

separation R, the total acquisition time Tacq

necessary for the receiver to attain the two
given accuracy requirements. The lineari
ty of the lower curve (tracking within the
geometry) reflects the linear dependence of

the Cramer-Rao on Tacq' The tracking within

phase (upper curve) changes from the Cramer-

—~Rao dependence to a global dependence, with

a sharper slope. Since limitations imposed by
path random perturbations restrict the in-
crease of the acquisition interval, figure 6
says that if the overall geometry does not
lead to a Cramer-Rao dependence, it is unreal-

istic to expect to improve the estimation ac
curacy significantly by simply increasing the
acquisition time: higher performance standards
have to.be met with enough SNR.

SNR=40dB
=50
éuRo L

G
2
i
o
b Rz=50ft
A 1
10® 0*
R, (1)
Fig. 6: T vs Rang
g. 6 Tacq ge

Figure 7 studies the speed accuracy
versus SNR, for two different mean-square speed
accuracies. It is apparent that for slower
avionics the total temporal baseline is shor-—
ter, hence leading to a deterioration of per-
formance (left end of both curves). This can
acq'’ de-
pending on the path perturbation (see comments

be partly compensated by increasing T

above). Even for 6V=.l ft/sec, which may be
thought of as an upper bound on the desired
speed accuracy in most practical situations,
the necessary SNR is less than 50 dB, which is
below the SNR demanded by the tracking within

the phase acquisition mode.

50
V=0l fijsec
30

20 1 1 1
100 200 300
v (ftfsec)

Fig.7:gnR/Aircraft Speed

SNR (dB)
&
(o]
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3. RELATED HYBRID ALGORITHEM ISSUES

In the context of the precision lan-
ding scheme, one has still to consider the
sensitivity of the ML~algorithm to path dis-
turbances, and the extended Kalman-Bucy li-
near tracker of figure 3. If Q represents the
noise power level of the random path.pérturbg
tions, T

acq
by the ML-receiver, and I

,the total (acquisition) time used
R the mean square
range error induced by the path variations,
table 2 summarizes, for several Q and T, the
path induced standard deviation errors. It

shows that the

le/z (£t) | .004 .4 20 | Q(ft2/sec?)
.15 1.45 10
.35 4.12 30

Tacq(sec)

Table 2: Path Variation Errors

path variations may be a limiting factor on

the final attainable accuracy.

The source parameter estimates retur-
ned by the ML-processor serve to initialize
the extended Kalman~Bucy (EKB) tracker. It
can be shown that, for a low SNR=10 4B (in
terms of the precision landing application)
and Q=1, the asymptotic EKB mean square error

. 2 ~ 2 2 ~ 2
perfomance- is OEKBR =.367 ft” and OEKBR=L365

(ft/sec)z. These numbers mean that no signifi
cant degradation is introduced by the EKB du~-

ring the observation interval.

4. CONCLUSION

The preceding analysis shows that the
range global acquisition is the detefmining
factor of the receiver's performance in the
passive precision landing scheme just studied.
There are two main sources of inaccuracy: er-

rors incurred by the ML-receiver, because of

the additive noise disturbances, and errors
induced by flight turbulence.
A practical solution to the passive

precision landing, with two sets of passive

outriggers, is illustrated in figure 8.

Tocq ® 2 sec

A
Ry < 7 R0 ~ 10% 11

e

Set 2 Set |
{(a) Within Phase (b) Within Geometry

Fig. 8: Passive Tracking Solution

Relatively early in the approach path is pla-
ced a passive receiving element (set 1) de-

" signed for tracking planes at 104 feet range

with 300 ft/second speed. Between set 1 and
set 2 the plane is recursively tracked by the
EKB.Set 2 is placed deeper in the landing path,
being designed to track planes at 103 ft
range, with nominal speeds of 150 ft/sec.From
then on, the plane is tracked by the EKB. As-—
suming the nominal values of table 1,SNR=50 dB
and that the receiver elements in each set have

L=50 feet, figure 9 studies the attainable
range accuracies for light (¥/Q2=g/10) and me-
dium (/Q1=g/2) turbulence flight conditions
(here g=32 ft/sec2
tant) .

is the gravitational cons-

0
z I~ ‘\‘ Q.. ] {Rb. 107
"é, 10 4. '\ ,'\ v *300f1/sec
e " @{R,-lo‘(m
’
\07".-/ v 150 fi/sec
R d

x 0, * (97101
Qg (qlz)2

10° T —

0 2 10 -

Tacq (m)

Fig. 9: Range Accuracy Vs Tacc

The upper curves in figure 9 corres-
pond to the expected perfomance at set 1 of
the outriggers in figure 8, while the Ilower
curves, to set 2. For the indicated turbulence
conditions, the range acquisition accuracy de
pends on both the ML receiver perfomance
GiatR and the root mean square path variance,
(o]
which limits the maximum acguisition time and

attainable accuracy.
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