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Microwave Landing System Modeling with Application to Air
Traffic Control Automation

M. M. Poulose*
Institut Teknologi, Bandar Seri Begawan 1929, Brunei

A model for evaluating the effects of scatterers on microwave landing systems (MLS) is presented and the
feasibility of its incorporation into air traffic control (ATC) automation is discussed. The model is versatile
enough to handle the effects of undulation, the roughness and the impedance of the terrain, and other scatterers
commenly found in airport environments. Innovative techniques are used to reduce the computational burden
which would enable the scattering effects on MLS position information to be evaluated in near-real time. This
would permit the incorporation of the modeling scheme into ATC automation which would then adaptively
delineate zones of reduced accuracy within the MLS coverage volume, and help establish safe approach and
takeoff trajectories in the presence of terrain and other scatterers. The model is applied to several airport

scenarios, and the results are discussed.

Introduction

INCE aircraft about to land have very low margins of

speed and altitude to effect a recovery in case of loss of
control, accuracy of guidance information is crucial to safe
and comfortable landing. The need for this accuracy is be-
coming even higher as air traffic densities are increasing at
terminal areas and there is pressure to increase the landing
rates. The microwave landing system (MLS) is a response to
the need for greater traffic handling capacity, accuracy and
versatility of landing guidance, and reduced susceptibility to
disturbing effects of site reflections.!-> However, the MLS,
which has gone through an extended period of development
and proving and is at the beginning phase of operational in-
stallation, has the possibility of being affected by certain kinds
of interference, especially because of the dense traffic that
the system is expected to handle.

The effect of interference on MLS may be more critical
than the currently used instrument landing system (ILS). This
is because the MLS is designed to provide multiple approach
corridors to aircraft. There is thus less margin for error in the
MLS than the ILS in which errors become catastrophic only
when they are so large as to affect obstruction clearance. A
second reason for the sensitivity of MLS is its higher operating
frequency which would make smaller scatterers appear elec-
trically larger. Thus the effect of objects like parked or moving
automobiles or aircraft, which are not significant at ILS fre-
quencies, will be enhanced at the MLS frequencies.*

The experimental method of MLS evaluation has certain
important drawbacks. Setting up the equipment and perform-
ing the experiment takes a long time and is very expensive.
Another, and perhaps more serious, limitation of the exper-
imental method is that it provides information on the MLS
behaviour only for an existing site. If the site is not found
suitable, the method cannot provide guidance regarding the
nature and extent of site development necessary to make it
acceptable. Air traffic control (ATC) automation® is another
area where the insight into the MLS behaviour is crucial. Since
MLS is designed to provide multiple approach corridors to
aircraft, relatively small aberrations could enhance the prob-
ability of conflict among approaching aircraft. A priori knowl-
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edge about the course aberrations will, therefore, enable ap-
propriate margins to be built into the ATC automation tool.

There is, thus, a strong motivation for research into ana-
Iytical methods for site evaluation, preferably avoiding ex-
perimental procedures. Because of the availability of large
computing power, such methods would be inexpensive, and
they could predict the MLS behaviour for several assumed
terrain shapes and scattering objects. A model developed by
Evans et al.” is based on the Fresnel-Kirchoff diffraction
formula®® which is integrated over a rectangular region. In
this method, the ground surface is divided into a number of
triangular or rectangular plane surface elements, and the small
scale roughness is treated using the Beckman-Spizzichino ap-
proximation.'® This model mainly uses a combination of phys-
ical optics (PO) and geometric optics (GO) to obtain the
desired accuracy within reasonable computation speed. How-
ever, in applying the PO method, the simplifying assumption
is usually made that the ground currents in one area have no
effect on the neighbouring areas. Such an assumption is nec-
essary to determine the fields within reasonable computation
time, but it implies that the electric fields radiated by the
ground pass through any subsequent obstructions as if they
do not exist.

Another MLS model developed by ITT Gilfillan!! has used
the geometric theory of diffraction (GTD) to determine the
fields. However this model has made certain simplifying as-
sumptions with regard to ray types and conductivity aspects
to keep the computation time within reasonable limits.

This paper presents a powerful analytical approach for the
determination of the quality of MLS performance in the pres-
ence of non-ideal scatterers based on an impedance uniform
theory of diffraction (impedance UTD) model and a closed-
form geometric method for ray tracing. This modeling choice
is expected to increase the modeling accuracy with far less
evaluation time and expense, given the low cost and high
accessibility of modern computing systems. The model is ap-
plied to terrain geometries, and the results are compared with
earlier results and measurements. Finally, the use of MLS
scatter effect modeling in ATC automation is discussed.

System Features

The time reference scanning beam (TRSB) MLS system
composition is shown in Fig. 1. It consists of forward azimuth,
elevation, back azimuth, and flare equipment operating in the
5000 MHz carrier frequency band. The MLS uses two narrow
beams which are scanned in an oscillatory manner in the
azimuth and elevation sectors. At every position within the
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Fig. 1 TRSB MLS system composition.
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Fig. 2 Beam sweep angle as a function of time.

scan sector, an aircraft will receive two pulses from each beam
corresponding to the to and fro scans. The aircraft derives its
position within the coverage volume by measuring the time
difference between these pulses pairwise. The azimuth scan
uses a fan beam broad in the vertical plane and narrow in the
horizontal plane. Similarly the elevation beam scans up and
down using a fan beam broad in horizontal plane and narrow
in vertical plane. Each beam scans its assigned sector (azimuth
or elevation) at a constant sweep rate. There is a final dwell
time (time of transit of the beam during which it exceeds the
threshold level) at the end of each stroke. A schematic rep-
resentation of beam sweep angle as a function of time is shown
in Fig. 2. The same figure applies to both beams with different
scales.

MLS Multipath Effects

The MLS has a more elaborate design than the ILS with
the objectives of increasing the traffic handling capacity and
reducing the site effects.’ The beam configuration makes it
possible for the MLS to cover a much larger sector than the
ILS with a narrow beam. Further, the design of the radiation
patterns of the MLS antennas is aimed to minimize the power
radiated in the direction of terrain features, resulting in re-
duced site effects.?

There are, however, reasons that make the study of site
effects important for the MLS. First, the standard terrain
conditions assumed for the MLS may not be valid everywhere.
For example, although the lower scanning limit of 1 deg for
the vertical scan ensures that the elevation coverage beam

stays clear of the ground at its lowest position, this may not
be so if the ground has significant slope. Further, scattering
due to sidelobes could have significant interfering effect.!*

The error arising out of a multipath signal depends on its
angular separation 8 from the direct signal. The multipath
signal at an angular coordinate different from the direct signal
will result in the shifting of the centroids of the received beam
shapes. Given the transmitter beamwidth 8 and the amplitude
ratio A,, the in-beam multipath error, when & is less than
1.58, can be in the order of A4,0/2."> When the level of the
out-of-beam multipath compared to the direct signal remains
higher for a sufficiently long time, it can result in significant
error. This duration can be typically 5s, and the worst case
error in such situations can be A, 6 times the sidelobe ampli-
tude ratio.’®

Theoretical Background

Early efforts at evaluating the electromagnetic fields in the
presence of scatterers were based on physical optics.’¢'” In
this method, fields are evaluated from assumed currents through
a process of integration. This requires heavy computational
effort and cannot model obstructions and shadow effects. Var-
iants of this model, incorporating half-plane diffraction were
next proposed, but these also suffered from limitations re-
garding the type of terrain and other scatterers handled.

The more recent modeling approaches have relied on ray
theory. Since the size of the scatterers, and the significant
features on it, are large compared to the operating wave-
length, the scattering behaviour is expected to be close to
optical in nature.’® This makes a ray-theoretic approach a
natural choice, and such an approach has been used predom-
inantly in recent studies.'®? The simplest of such models
considers only the direct rays from the antenna to the aircraft,
and the rays reflected from the scatterers. The drawback of
this model is that it predicts discontinuous fields due to shadow
effects; this is against physical reality.

Perhaps the largest quantum jump in the search for accurate
ray-theoretic field prediction around a wedge was contributed
by J. B. Keller?! through his geometric theory of diffraction
(GTD) which considered diffracted rays in addition to re-
flected and direct rays. This theory predicted the field nearly
everywhere with high accuracy except in two narrow sectors
along reflection and shadow boundaries, where infinite fields
(singularities) were predicted (Fig. 3).

More recent theories have been available to tackle the field
singularity problem. Two well-known members of this class
are the uniform theory of diffraction (UTD)???* and uniform
asymptotic theory (UAT).2* These theories take different ap-
proaches to the determination of the diffraction coefficient,
but each predicts a continuous and bounded field estimate.
The perfectly conducting model does not take into account
the surface roughness and impedance properties of the scat-
terer. These properties have been taken into account in the
impedence UTD formulation®> where the diffraction coeffi-
cient has been modified by introducing the Maliuzhinets
function® (see Appendix).
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Fig. 3 Wedge parameters and ray geometry.
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Modeling

All theories using the diffraction phenomenon, including
the GTD, UTD, and impedance UTD assume a wedge as the
basic element. Diffraction occurs at the edge between the two
plane faces of the wedge. To be able to harness these theories
for MLS modeling, the most convenient approach, therefore,
is to visualize the terrain and other scatterers as a succession
of plane surfaces, forming wedges pairwise (see Fig. 4). Such
multi-plate models have been used in the recent past for scat-
ter effect studies.28-3¢

A good way of arriving at a multi-wedge approximation is
to obtain the terrain profile along a vertical plane parallel to
the runway centreline and passing through the antenna lo-
cation, to approximate the profile by straight-line segments,
and finally to translate the line-segmented profile laterally to
obtain the wedge structure. Clearly, the number of such planes
required to model the terrain faithfully would depend on the
extent of undulation present in the terrain and would be based
on a compromise between accuracy and tractability.

Other factors that influence the scattering behaviour are
the impedance and surface roughness of the scatterer. In lo-
cations, especially those involving dry and sandy soils, imped-
ance effects cannot be neglected and must be built into the
model. It is also possible to incorporate roughness effects into
the model by using an equivalence relation which expresses
the roughness in terms of an equivalent surface impedance
which may be added to the inherent surface impedance.?” The
multi-wedge approximation, after incorporation of the surface
impedance and roughness effects, constitutes the complete
model of the terrain that is used to evaluate the site effects.
Objects like hangars, buildings, etc. are also modeled in a
similar way using the multiplate modeling approach. The mul-
tipath levels from aircraft surfaces such as the front and rear
of the fuselage, leading and trailing edges of wings and engines
are shown to be 15 dB below that of the fuselage and tail
fin.3! It is therefore assumed that the fuselage (main body)
and the tail fin are the significant scatterers for MLS multipath
effects and are considered in this work. For each aircraft
position, a profile of the fuselage and tail fin is determined
with respect to the antenna location for scattering computa-
tions.

Ray Tracing

The presence of multiple scatterers/wedges in the model
means that the electromagnetic rays radiated from the an-
tenna can reach an approaching aircraft through many pos-
sible paths. The first step in applying the ray-theoretic ap-
proach to the MLS problem is the process of ray tracing which
involves the determination of all unblocked ray paths from
each antenna element to the current position of the aircraft.
In addition to the direct ray from the antenna to the aircraft,
numerous rays will reach the aircraft after being scattered by
the ground and other scatterers.

A ray striking the scatterer, modeled as multiple plates or
wedges, may suffer reflection on a plate surface or diffraction
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Fig. 4 Schematic of a multiwedge model of an airport terrain.
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at an edge. Rays emanating from an antenna element may
reach the aircraft after either a single reflection or diffraction
or a sequence of reflections and/or diffractions in any order.
Accordingly, rays may be classified as singly reflected or dif-
fracted rays or higher order rays such as reflected-reflected,
reflected-diffracted, diffracted-reflected-diffracted, etc. A
diffracted-reflected-reflected ray is shown in Fig. 5 as an ex-
ample.

The order of a ray is the number of reflections and/or dif-
fractions it undergoes before reaching the aircraft. The highest
order of rays in general will be infinite. However, the con-
tribution of rays will generally diminish with increase in their
order.* For a multiwedge model, a large number of ray com-
binations involving many wedges/planes is possible, not all of
which may exist in a given situation. Ray tracing to determine
all possible rays is thus a complex exercise which has con-
ventionally been carried out by a numerical search procedure.
Such a procedure requires large computational effort and yields
essentially approximate results. In this work, a systematic
geometric method has been devised, along with the necessary
computer programs, that generates exact solutions for the
existence and location of all rays up to any specified order
and tests for their existence.

Results and Discussion

Accurate determination of the electromagnetic field at the
aircraft location is an important step in the modeling. The
diffraction from the edges of the wedges, as also reflection
from the plane segments of the model, are dependent on the
characteristics of the scatterer, particularly its impedance. While
nearly all the earlier models assumed the terrain and other
scatterers to be perfectly conducting, this model takes into
account the impedance of the scatterers. Through an equiv-
alence relationship, the surface roughness has also been taken
into account. The ability to handle the surface undulation,
surface roughness, and impedance, separately or simuitane-
ously, makes the model both general and powerful.

Application to Experimental Site

To demonstrate the difference in fields computed by using
the various modeling approaches, an experimental site’ shown
in Fig. 6 is used for computing the fields at different elevation
angles. The site has both up-slopes and down-slopes and has
several features that are common with airport terrains around
the world. The curves in Fig. 7 show the computed power
versus elevation angle for the actual C-band measurements
and the results obtained by Evans et al.” All the curves show
a similar pattern, though the one obtained using the approach
outlined here follows more closely the measured values. This
may be due to the difference in the modeling approach and
the use of accurate field estimation using impedance UTD.

Otsarvation
Source point (sircraft)

(sntonna) P

Fig. 5 A diffracted-reflected-reflected ray.
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Fig. 6 Experimental site (Fort Devens, MA, golf course).
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Fig. 7 Computed and measured power vs elevation angle.

Further, the model developed in this work tests for all rays
of any order and combination. This means that the primary
ray types (direct, reflected and diffracted) are combined in
any order up to any level, and the model would automatically
check for the existence of all possible combinations for the
given antenna and aircraft location. Such a scheme ensures
that the field contribution due to all possible unblocked ray
paths are taken into account. However, all the curves dem-
onstrate the presence of direct signal at 4.2 deg with two
prominent specular returns.

Application of Hypothetical Airport Site

The international civil aviation organization (ICAO) has
specified®-** a flight validation process for glideslope which
includes a level run and a low level approach for measuring
the vertical and structural characteristics of the glideslope. In
the low-level approach the flight is along the nominal glide-
slope and the error in angle should ideally remain zero
throughout. In practice, however, there will generally be a
residual error whose prominent component is random, caused
by navigational uncertainties, gusts, measurement inaccura-
cies, etc. The recorded error along the nominal glideslope
approach is expressed in terms of statistical parameters which
are used to determine the quality of the glideslope. The error
in the case of MLS is required to be less than .001 deg. A
hypothetical airport model shown in Fig. 8 with the elevation
antenna located at a distance 450 ft offset from the runway
centre line is now considered. The desired elevation angle is
3 deg. The ground elevation is up to about 8 ft with respect
to the antenna mast base. A five-plate model has been used
to model the terrain. The impedance model has been used
for the field estimation. This permits the inclusion of the
effects of surface roughness and surface impedance, in ad-
dition to the effect of ground undulation. The surface rough-
ness parameter for the terrain is assumed to be 0.3, and the
surface impedance of the dry sandy terrain is 3-j0.06 ) (per
square). The computed elevation error for a low level ap-
proach is shown in Fig. 9. The maximum error is more than
0.029 deg. This high degree of error can be attributed to the
upslope in the terrain geometry considered here. Several sim-
ulations were carried out with different terrain geometries,
and it has been observed that only terrain undulations within
960 ft from the antenna contribute significantly to the mul-
tipath effects. Beyond 960 ft, the error is observed to be less
than 0.01 deg. Further, the sloping terrain within the above
region is responsible for maximum error.

Application to Aircraft in ATC Environment

The B 747 aircraft is known to be extreme in terms of
fuselage and tail fin sizes, and therefore scattering from this
aircraft is expected to induce maximum error. Hence in this
model, a 747 aircraft has been simulated to the beginning of
the runway. The error vs distance is shown in Fig. 10. It has
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Fig. 8 Five-segment approximation of hypothetical airport site. Co-
ordinates are in feet (not to scale).
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been noticed that the 747 aircraft has resulted only in an error
of 0,012 deg for an aircraft in the final approach at a distance
of about 900 ft from the instrument runway. This result in-
dicates that the movement of aircraft on the runway is not
likely to affect the performance of the elevation equipment.
Another simulation was carried-out by modeling an aircraft
at a distance of 500 ft from the edge of the runway and is 150
ft to the front of the elevation antenna. This has resulted in
an error of more than 0.025 deg (Fig. 11) which may be quite
unacceptable. Thus taxi tracks, roads, etc. within 500 ft from
the runway and in front of the elevation antenna are likely
to cause unacceptable errors.

Use of MLS Scatter Effect Modeling in
ATC Automation

As already mentioned, since the MLS (unlike ILS) is de-
signed to provide multiple approach corridors to aircraft, er-
rors arising from multipath effects could enhance the prob-
ability of conflict among approaching aircraft. To minimize
such conflict probability, it is desirable to build MLS scatter
effects into the ATC automation scheme so that any percep-
tible aircraft course deviation due to the scattering environ-
ment of the MLS that may lead to a potential conflict is
available as an input for the automation tool.

In incorporating the MLS model into an automated ATC
tool, the scattering environment of the MLS may be divided
into two parts. One part consists of the “fixed” scatterers such
as terrain features, hangars, antenna masts, and other airport
structures in the MLS influence area. A map of such scatterers
can be obtained, and the course aberrations due to the scat-
terers computed, for each MLS installation in the ATC net-
work. Since such a computation can be carried out off-line,
a full-fledged and accurate analysis may be employed to do
the analysis, using the impedance UTD method in conjunction
with an accurate terrain model using a large number of plates/
wedges. Further, field evaluation may be conducted at a large
number of closely spaced points over the MLS coverage vol-
ume, and the vector fields at those points may be stored as
a look-up table in computer memory for combination with
other field contributions, such as those shown below.

The second part of the scattering environment consists of
the moving (or movable) scatterers such as aircraft parked,
taxiing, or flying in the MLS influence volume, parked or
moving vehicles, or other temporary structures. The effects
of scattering from these bodies would have to be modeled for
dynamic, real-time evaluation. This requires the use of rel-
atively simple algorithms. Considerable simplicity results from
the fact that these effects need be computed only at a few
discrete points corresponding to the current locations of the
aircraft being guided by the MLS. Further simplicity may be
attained by assuming the scatterers to be fully conducting,
which is valid for aircraft, vehicles, and metal hangars. This
permits the use of the simpler UTD-based field computation,
which results in several-fold savings in computational efforts
compared to the more elaborate impedance UTD method.
To a first order, the effect of each “temporary” scatterer may
be considered separately and vectorially added to the field
due to the fixed scatterers (retrieved from the computer mem-
ory) to provide an estimate of the total aberration due to the
scattering environment. The relatively weak second-order ef-
fects due to the rays bouncing among the scatterers and be-
tween the scatterers and the terrain would require too much
computation for cost-effective real-time implementation, and
is not recommended at the present time.

The results of the scatterer-effect simulation would appear
as a certain inaccuracy in position location of aircraft that
utilize the MLS information for that purpose. The automated
ATC system could thus take this error into account in its
conflict detection and resolution algorithms. Thus, the sep-
aration criteria between aircraft at each particular zone within
the MLS coverage volume should be enlarged to take into
account the additional position inaccuracy due to scatter ef-

fects. A good criterion to compound the stipulated separation
distance and the expected error due to scatter effects is to
add them in a root-mean-square (rms) sense, since the actual
position of the aircraft within the allocated volume and the
sense of the scatter-induced errors are well-approximated as
uncorrelated random variables.

Model Validation

Further studies in this area include a statistical estimation,
by experimental means, of the accuracy of the MLS guidance
in the presence of scattering effects by comparing the position
information of the MLS with other position location devices
such as the radar and the aircraft’s inertial navigation system.
Such an analysis will validate the accuracy of the modeling
approach and pave the way for its successful integration into
the ATC automation process.

Conclusion

An attempt has been made in this paper to present a per-
spective of the important problem of the effect of site and
other scatterers on MLS and to outline the developments
relating to the evaluation of multipath effects on the system
performance. Details of the developments and sample results
are provided. It has been shown that, with a proper combi-
nation of modeling, ray tracing, and powerful field evaluation
techniques, it is possible to evaluate MLS multipath effects
quite realistically. The results of the simulations carried out
in this study show that aircraft in front of the elevation antenna
induce unacceptable errors in elevation angle. While this study
has simulated sample results for terrain irregularities and scat-
terers like aircraft, more full-run simulations are necessary to
evaluate the effects in a variety of situations encountered in
actual ATC operations. The formation, including the ray-
tracing algorithm is generally capable of handling any scat-
terer, ray order, and impedance. This provides freedom to
handle any airport situation, as well as other radio commu-
nication problems involving multipath. The major bottleneck
in the use of analytical methods for scatter effect modeling
hitherto has been the relative inaccuracy and computation-
intensiveness of the method. This paper has pointed out that
such constraints have now been largely removed, and the
method is versatile enough to handle all types of scatterers
encountered in practice. The accuracy, versatility, speed, and
cost-effectiveness of the method is expected to make a sig-
nificant practical contribution to the quality of ATC auto-
mation.
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Appendix: Field Computation

According to GTD, the total field at an observation point
is the sum of the geometric optics (GO) and diffracted fields
and can be represented as (see Fig. 3)

_ d
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where the diffraction coefficient D, and the divergence factor
A, are given by Keller?

—e~imj* sin =

Dy =~

’ nV2wrk sinf,

1 1
— F (A2)
cos = — cosB— cos T — cos—B—t
n n n n
and
a4, =S (A3)
7 s'(s + 5)

Equation (A3) is not valid in transition regions in the vi-
cinity of shadow and reflection boundaries where it predicts
infinite fields. The above drawback of the GTD has been
overcome by the two uniform theories. In the UTD,? the
diffraction coefficient in equation (A3) is modified by intro-
ducing Fresnel and cotangent functions and is given by

—e —jn/4

_ T+ B- .
Des = 5ok sin B {“’t( n ) F(kLazp")
+ cot <7r ;nﬁ—> F(kLa-B7)
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and
az =2 cosz<m—§2—‘—ﬁi) (A6)

Nz: = integers which nearly satisfy the following equations:

2anNt — B* = = (A7)
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and
B* =¢ x4 (A9)

The distance parameter for spherical wave incidence is given
by

'

KX} ;
L = - sin’f3,
s+ s

(A10)

‘When the observation point moves away from the reflection
and shadow boundaries, equation (AS) is reduced to (A3).
Under this situation, the observation point is said to be outside
the transition regions.

In UAT the diffracted field E“ is as in equation (A2). The
modified GO field E<° is given by

E® = [F("y = FEIE + [F() - F(IE (Al

where
e imA (= .
F(x) = ' J; e’ dt (A12)
i, 1 i(x2+ /4
F(x) = 2x\/1_-re( ) (A13)
= FV(R)|G" + s — 50)7 (Al4)
and
= I\/(7)|(s’ + 5 — s")12| (A15)

where the positive and negative signs correspond to the shadow
and lit regions respectively.

The perfectly conducting model does not take into account
the surface roughness and impedance properties of the scat-
terer. The diffraction coefficient D,, h in the case of imped-
ance formulation has been shown to be?
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with the Maliuzhinets’ function M(«) defined as*

M@ = [ 1

n'=1m=1

(—1ym'+1
'[1 - <n7‘r(2n' - 1) + (#2)Qm' — 1))]

(A17)

and
0, = sin~!(e, — cos?¢’)V? (A18)
8, = sin"!'[(g, — cos*¢')"?]e, (A19)

The subscripts A and B refer to the two faces of the wedges
in Fig. 3, and the superscripts s and & correspond to soft and
hard boundary conditions on the wedge surface.
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