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The primary emphasis of this paper is to evolve a general -analytical method for the accurate
" prediction of glideslope aberrations in aircraft instrument landing systems (ILS) in the presence of known
terrain features. Methods of mathematical modelling for electric fields in the presence of arbitrary reflecting
boundaries are critically analysed, and graded according to their applicability to the evaluation of glideslopes
in ILS. Using a multiple plate model of the terrain, a series of computer programs ‘is developed to compute
glideslopes using the Uniform Theory of Diffraction (UTD) and, for the first time, Uniform Asymptotic
Theory (UAT). The programs are most general in terms of handling combinations of rays of various
orders. An innovative algorithm for direct determination of the point of diffraction at an edge is incorporated.

Results have been generated for several airports in India and those pertaining to Madras airport are
presented in this paper. The results, computed for conditions corresponding to actual flight tests, are in
excellent agreement with flight measured data. This establishes the model developed here as a practical and
economical method of accurately predicting site behaviour. of proposed ILS glideslope equipment.

Indexing terms : ILS, UTD, UAT, GTD

THE INSTRUMENT LANDING SYSTEM (iLs) pro-

vides the pilot of an aircraft with steering information
to make an accurate and controlled runway approach and
landing even under adverse weather conditions [1]. This
is accomplished by the provision of azimuth guidance,
elevation guidance and distance-from-threshold information.

The main constituents of the ILs are the localiser,
glidepath and marker beacons [1], [2]. The localiser,
operating in the 108-112 MHz band, provides azimuth
guidance information through the differential depth of
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modulation (ddm) of two signals at 90 and 150 Hz. The
ddm is zero on a vertical plane through the centre line of the
runway and varies linearly over the course sector. The
elevation guidance is provided by the glideslope equipment
in the 328-336 MHz band, also operating on the ddm
principle with 90 and 150 Hz tones.

Simultaneous nulling of the ddm from localiser and
glidepath equipment is expected to define a straight line
descent path, at a desired elevation angle, lying: in the
vertical plane passing through the runway centre line.
However, an aircraft on or near the glidepath receives not
only the direct signals from the antenna system but alse
signals reflected from the intervening terrain. The effect of
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terrain must be taken into account in determining the
course provided by the glidepath equipment.

Most widely used antenna designs make use of reflection.
characteristics of an ideal ground to establish a proper
glidepth [3]. The design of arrays is based on image
theory in which the ground plane is idealised as being
infinite and perfectly conducting. Since the elevation
angles involved are small and wavelengths fairly large,
wide stretches of plane ground must be available in front
of the antenna to obtain a reasonable approximation to
the ideal image patterns.

The presence of unevenness, reflectivity fluctuations or
other irregularities in the ground around the glideslope
antenna causes kinks and bends in the electronically defined
glideslope. An aircraft trying to follow such a course is
subjected to unnecessary maneuvers and, in extreme cases
where the undulations come close to the ground or other
obstructions, the result may be fatal. Glideslope aberra-
tions have been implicated in serious aircraft accidents in
the past. It is therefore clearly desirable to have an
estimate of the quality of glideslope that may be obtained
at specific ILs locations at the planning stage itself. Such
estimates can be obtained experimentally through actual
in-flight measurements with temporary installations.
However, such installations as well as flight calibration
operations are very expensive. More importantly, this
procedure would only give glideslope data for the existing
terrain and cannot provide insight into remedial measures
such as terrain development, system re-configuration etc.

These difficulties would be largely overcome by accurate
mathematical modelling which would be far less expensive,
and provide ‘results for any assumed terrain and system
configuration. Considerable effort has therefore been
made in the last decade to mathematically model the
terrain, and various techniques based on Physical Optics
(Po) [4], [5] and Geometrical Theory of Diffraction (cTD) [6]
have been put forward.

The Po technique is based on assumed ground currents
which are integrated to obtain the scattered field from the
reflecting terrain. In applying this method, the simplifying
assumption is usually made that ground currents in one
area have no effect on the neighbouring areas. Such an
assumption is necessary 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.

An attempt has been made in the Physical Theory. of
Diffraction (pTD) to include the mutual interactions by
‘considering an edge current [7]. However, PTD is rather
‘unattractive because of the complicated formulation and
large computer resources required [8].

A model developed by Godfrey et al [9] is based on

the half-plane diffraction solution of Senior [10], Woods
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[11] and Bromwich [12]. This is useful in modelling
glideslope sites with finite flat reflecting surface in front of
the antenna which then drops off sharply to terrain which
is either shadowed from the antennas or is so rough that it
does not reflect coherently. Redlich’s model [13], [14]
uses diffraction theory which allows for the presence of an
infinite plane located below a half plane. However this
model can handle only limited terrain configurations.

The excessive computational requirements of PO methods
have led to the search for ray-based theories or those based
on Geometric Optics (Go) [15]. The simplest application
of GO to the study of terrain effects considers only the
direct rays and the rays reflected from the terrain. While
it can account for terrain slopes and reflectivity aspects, it
results in discontinuities in the computed field in the
presence of terrain drop-offs.

The Geometrical Theory of Diffraction (GTD) developed
by J.B. Keller [16], [17] overcomes the problem associated
with the Go methods by considering the diffracted rays in
addition to direct and reflected rays. But in this formu-
lation, the fields become infinite at the reflection and shadow
boundaries, whereas far from these boundaries, the field
prediction is accurate.

e

This drawback has been overcome by the Uniform
Theory of Diffraction (utp) and Uniform Asymptotic
Theory (uAT). In the UTD [18], [19] diffraction co-efficient
is modified by introducing cotangent and Fresnel functions.
In the UAT of Ahluwalia et a/ [20]—[22], the diffraction
term is left unaltered and the geometric field is modified
in such a way that it results in a finite value of the total
field at the reflection and shadow boundaries.

The basic theories behind the methods enumerated
above can be used to determine essentially the fields
generated by the presence of individual terrain elements.
Though several glidepath antenna types exist [23], [24]
with different influence of the surroundings on the system
performance. in each case, the siting or location of the

antenna system is critical in all the cases.

This paper describes an efficient computer terrain
model to evaluate the terrain effects on ILs glideslope.
Both utp and UAT techniques have been employed to
evaluate the fields in the presence of the terrain. . The
model is applied to several actual airports in India and the
computed results are compared with aircraft measured
data. Consistently good agreement is obtained and a
sample case is presented here.

THEORY

The 1Ls image glideslope antenna system typically
consists of two or three elements, each excited depending
on the type of the system employed. Table 1 provides
details of antenna location and relative excitations.

The resultant field at an observation point may be

P
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TABLE 1 Nominal relative antenna currents and their locations in image glidepath system

Antenna Null Ref Sideband Ref Capture Effect
element No. Ht CSB SBO Ht CSB SBO Ht CSB SBO
h 1 0 05h 1 —1 h 1 —05
2h 0 1 1.5h 0 1 2h —0.5 1
3 — — — — — — 3h 0 —0.5
Notes : (1) csB = Carrier-plus-sideband, sBo = Sideband only
(2) h =A/(4sin 0) where 6 is the glide angle and A wavelength
obtained by the superposition of fields due to individual
Field point Anienns source

antenna elements. The contribution of the electro-
magnetic theory to the current problem arises through the
method of computing the field at the observation point due
to a single antenna element in the presence of a reflecting
terrain. This section outlines the adaptation of the ray
theoretic approach to the field computation assuming
the antenna element to be a point source.

Field computation

Total field at an observation point can be written as

ey

where E#, E” and E? are the direct, reflected and diffracted
fields respectively. Substituting for these in equation

(1) [16],
. exp (—jks,) F exp (—jks”
E:,;. =Eo[: pS(OJ o) F exp (jks”)

‘n =Ef+E‘=E% + E, + Ef,

s
+ ﬁ‘l?k_” Dy, exp (—jks)Aa ] @)
where Ay = [s'/s(s+s")]*/2 (2a)
and
D., — eJ7/4 sinmn [ 1
% = 4 5mk sin B, L cos m/n—cos =/n
1
T <o m/n—Cos ﬁ+/n] &)

The various parameters referred to in above equations
are shown in Fig 1. ‘

The main drawback of the above GID approach is the
singularity in the diffraction co-efficient and therefore in
the field at the reflection boundary (¢-+¢’ = =) and the
shadow boundary (¢—¢ = ).

The uniform theories obviate this drawback.

The approach of the UTD technique is to modify Keller’s
diffraction co-efficient in (3). The UtD diffraction co-efficient,

which can be applied to any wedge configuration, is given -

by [181
) —jm[4)
D@40 = T,

x [[cot (ZHG2) F bk Lot 6]

— _Observation

" point

Incident ray

®)
Fig1 (a) Diffraction and reflection at a wedge,
(b) Cone of diffracted rays

+ cot (—~——"_(é:¢') ) F [k La_ (4—9')]
F {cot ( ————"+(;”n+"‘" )F [k La* ($+47]

+ cot (=) (e Loy s +490 ]

)
where
F(¥) =2 | /x| exp(jx) [ exp(—imde  (4a)
N | 4/x |
4+ +
2nr N~ —B

N;*:: = the integers which most nearly satisfy the
following equations,

2mn Nl_ — = (4c)

2mn N — pE= — (4d)
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and

Bt = ¢+’ (4)

The distance parameter for spherical wave incidence is
given by

ss’

+s

4f)

At reflection and shadow boundaries, one of the
gotangent functions in [4] becomes singular. But the
product of this cotangent function and the Fresnel function
is still finite.

L= sin2B,

When the observation pdint moves away from the
reflection and shadow boundaries, (4) is reduced to (3).
Under this situation, the observation point is said to be
outside the transition regions.

The UAT introduced by Ahluwalia et al [20] has been
further develoned by Lee and Deschamps [21,22]. Both
1D and UAT are based on different ansatz and yield different
expressions for high frequency asymptotic solution of the
edge diffraction problem that are uniformly valid in the
entire space including transition regions around the shadow
boundaries.

In the UAT, the total field E is given by

E;,,=E° + E )

When the UAT solution is compared with the GTD
solution in equation (1), it is noticed that the diffracted
field E is unchanged while the geometric optics field E? is
modified to take care of the singularities at the shadow
and reflection regions.

The modified geometric optic field EC in (5) is given by

ES = [F(&)—R(E) | B

+ [FE) — FENE ®)

where F(x) = (m)~1/2 exp [—jr/4] j‘m exp(jt¥)ds (7a)
I*Q(x) = [2x(m)*2]- exp [j{x*+(m/4)}] (7b)

g =F (k)2 | (s"+s—so)' ™ | (7e)

and & =F (P = | ad)

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

It ean easily be seen that when the observation point
is away from the shadow boundaries, the detour para-
meters & and & are large and the expression for the
modified geometric optics field reduces to the geometric
optics field and the UAT recovers the GTD solution.

As is obvious, the main contribution of UAT is to modify
the GTD near the shadow and reflection boundaries where
& and ¢ are small. Exactly on these boundaries both
ES and E¢ become infinite in such a manper that their
singular parts cancel each other and hence E‘ remains
gnite and continuous across the boundaries.
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TERRAIN MODELLING

The 1Ls glideslope antenna system is mounted on a
single mast located with respect to a runway as shown in
Fig 2a. Aircraft operations may be assumed to remain
confined to a vertical plane passing through the runway
centre line. In such a case significant perturbation effects
are produced by the terrain along the vertical plane passing
through the antenna and the aircraft. This section of the
terrain is called the profile line and is shown in Fig 2a.
Far away from the profile line, only large features contri-
bute significant scattered energy and are not considered in
this work. Focussing attention only on the profile line
permits a 2-D treatment of the terrain.

1. Runwoy centre line
2. Térrain profile line

s

(@)

Observetion

Antenno L]
source

®
Two dimensional terrain model,

Diffracted-reflected-reflected ray, diffracted from edge e
to plate D, reflected from plate D to E and reflected from
plate E to observation point

Fig2 (a)
%

For simplicity, the profile line is described in terms of a
relatively small number of straight line segments and the
terrain height is assumed invariant in a direction prependi-
cular to the runway. This permits a wedge description of
the terrain for glideslope modelling purposes as shown
in Fig 2a.

Smooth wedges with perfect conductivity are considered
here. At grazing incidence angles, the perfect conduction
assumption is very close to reality. The effect of normal
levels of surface roughness has been shown to be negligible
in 1ws applications [25]. The effect of roughness is a
reduction of the coherent scattered signals and an-increase
in the incoherent signals. The terrain of the airport is
usually smooth enough in relation to glidepath signal
wavelength (about 1 m) that the coherent signal will
dominate. For small roughness compared to wavelength,
it has been shown that [26], the effect on the scattered
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signal can be substituted by an equivalent surface impe-
~dance. Then the problem may be treated by using an
appropriate theory such as that develeped by James [27]
for an impedance wedge. Using the above terrain model,
and the formulation outlined in the previous section,
concrete results have been generated and reported in this
paper, and compared with actual flight measurements.

RAY TYPES, THEIR EXISTENCE AND ORDER
EFFECTS

Determination of ray types is a major step in the field
evaluation using ray-theoretic approach in the case of a
multiwedge terrain model. The earlier investigators have
made some simplifying assumptions with regard to the
ray groups; in this study algorithms have been developed
which exhaustively test for all rays of any order and
combination. This means that the primary three ray types
viz. Direct (D), Reflected (R) and Diffracted (D;) rays
from each plate/edge in the terrain model can be combined
in any order upto any level (eg D, R, Dy, RDy, Dy RR etc)
and the computer model would automatically check for the
-existence of the particular combination for the given
antenna and observation location. For each ray that is
found to exist, the model would proceed to compute the
vector field contribution at the observer point. To provide
a brief explanation of the algorithms developed consider
a diffracted-reflected-reflected (DfRR) ray-shown in Fig 2b.
“This is a ray diffracted once from an edge and reflected
from two other plates.
obviously not a part of the reflecting plates

The ray existence algorithm starts with a test for the
-existence of the diffraction and reflection points.
is achieved by imaging the observer location with respect
toplate E (Fig2b)and using this image location, a secondary

image location with' respect to plate D is obtained. The
diffraction point P, satisfies the law of edge diffraction

(Fermat’s principle). Instead of an iterative algorithm
used in the past for the determination of the diffraction
point; an efficient non-iterative algorithm has been

-developed in this study which reduces the computer time

-substantially.

After the existence test, the program proceeds further
to ensure that the rays from the antenna (Fig 3) to P, P, to

Rp, Rpto Rgand Rgto the observation pint are not blocked .
If the above path is not blocked, .

by other obstructions.
then the D;RR ray is accepted as valid and its contribution
calculated and added to the previous contrlbutlons

(212,01 - i

1419, ~1:06)

LT

Fig 3 Approximate terram model fbr Madras ghdepath site

The dlﬂ,’ract;mg edge here is

This

The process is repeated until all combinations of edge
and plates have been examined. The total diffracted-
reflected-reflected field is given by

et N N
EDRR — 3 % E ERRR, ®)
e DE
where e = the edge index
e; = the total number of edges
D,E= plate indexes
N = Number of modelling plates
ERRR . = the DsRR field
Similar algorithms have been developed for the

determination and evaluation of various other ray combi-
nations upto order three. Actual computation shows that
a CPU time of less than 5 minutes in a Dec-10 computer is
required when 12 modelling plates are considered, with all
the ray combinations, for an 80-point simulation along the
aircraft flight path.

APPLICATION TO A REAL SITE

The treatment outlined in the earlier sections has been
applied to several actual airport sites in India with
encouraging results. For illustration here, the runway
07 at Madras Airport is considered. The terrain has no
significant lateral variations (i e less than one foot). . The
glidepath antenna is located at 1000 feet from the 07 end,
offset by 450 feet. The operating frequency is 335 MHz.
Six conducting plates are used to model the terrain as
shown in Fig 3.

As per 1ICAO standards [28], usually the flight validation
proccss includes a level run and & low-level approach for
measuring the vertical and structure characteristics of the’
glideslope. The measuring aircraft is instrumented = to’
record the pDDM values at various observation points
resulting from the composite antenna system. No direct
measurement of individual antenna element patterns is
possible. To be “able to compare on a standard basis,
therefore, the computed field strengths due to various
antenna elements are reduced to equivalent DDM values
using; "the theory in Appendix A and the values are compared
with mcasured DDM values. Flgure 4 is a plot of the
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measured and computed DDM as a function of the elevation
angle for a level run at 1000 ft altitude. Glideslope para-
metres derived from these runs are shown in Table 2.

TABLE 2 Measured and computed parameters for a 1000-foot level run
at Madras 07 runway

Parameter Measured Calculated
UAT  UID
Path angle (deg) 3 2.98 2.98
Lower sector width (deg) 0.35 0.33 0.323
Upper sector width (deg) 0.37 0.36 0.353
CPU time (sec) 92.6 69.34

The difference between the measured and computed
path angle is only 0.02 degrees. Against a total measured
course width of 0.72 degrees, the computed value is 0.69
which also shows good agreement. The UAT technique
requires about 339, more CPU time as compared to UTD.

Figure 5 shows the computed and measured DDM
versus distance for a low-level approach. Here since the
aircraft always remains in a zone of low DDM, the predo-
minant component of error is random, caused by navigation
uncertainties, gusts, measurement inaccuracies, etc. The
crucial test in the low-level approach experiment is to
check whether the residual pDpM along the geometric
glideslope remains within the IcAO tolerance limit of +30
microamps [29]. Itis noticed from Fig 5 that the computed
DDM range remains within the 1cAo stipulation just as the
measured value does.

CONCLUSION

In this paper, the feasibility of a sound mathematical
nodelling of glideslopes has been established. Available
nethods of electric field computation have been graded
ccording to their applicability to the ILS problem, and the
rore admissible methods have been critically analysed.

Based on these methods and a plate-modelled terrain:
along with a DDM computation algorithm, a complete -
chain for evaluating the glideslope aberrations has been
established. A computer program to implement this-
procedure has been written, exhaustively covering all’
possible rays, and the results corresponding to a represen--
tative actual terrain profile is presented. The program
incorporates several innovative features such as the most
general ray-order formulation and a non-iterative technique-
for locating the diffraction point on an edge. The:
experience gained from this study shows that sophisticated
mathematical modelling can yield results very close to-
true or measured data on glideslopes. Thus, modelling-
can be a low cost, fast and versatile method of site evaluation
for 1Ls installation.
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APPENDIX A

DDM Computation
The far field in front of the antenna may be represented by
E = A [14m cos wpt] exp iwt (Al).

where A = field vector whose amplitude is inversely proportional to
the distance from the antenna and phase directly proportional to dis--
tance. .

m= modulation index
wm= the modulating angular frequency
we= the carrier angular frequency

The csB (carrier-plus-sideband) and sso (sideband only) fields in
the 1Ls system are modulated with 90 and 150 Hz. Denoting these-
frequencies by wg, and w,;, respectively, the field due to csB signal
can be written as

Ec = Ags [L+m (cos wggt+ €OS wygt)] A2)
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awhere the subscript cs refers to the csB signal. Similarly, the field

-«due to sBo can be written as

(A3)

Egp = Agp m [COS wygl—COS wy5yt]

" where the subscript sb refers to sBo signal.

The total complex field envelope at the observation point (aircraft)

~§s-the sum of the csB and sBo fields.

The detector at the aircraft receiver outputs a signal proportional

“to the amplitude of the total field envelope. The normalized detector
«output E,y; can be represented as

Eod = l (Ec:+Esb)/ Acs I
‘Substituting for E.s and Eg from equations (A2) and (A3) and simplify-

(A%)

ing, (A4) reduces to

Eoq = [(L+E)*4E,I/

= [14-2E, +E2 -+ E,2]\/2 (AS)
where Ey=m [l +Re (Ap/Ays)] cos wgot
+ m [1—Re (Asp/Acs)] cCs w gt (A6)
cand E, = Im (Ap/Acs) m COS (wggf—wi5ot) A
.Expanding (A5) as a power series,
Eoq = 1+[(2B+E*+Ep) 2] —[(2E, + E 2+ ED 8]
+higher order terms. (A8)

E, contains undistorted 90 and 150 Hz signals. E;? and E,2 con-

“#ain harmonics of 90 and 150 Hz signals and their sums and differ-
—ences. The third and higher order terms contain harmonics and cross

product frequencies including some additional small amplitude 90 and
150 Hz signals. The detector output is passed through 90 and 150 Hz
filters. it

Neglecting the contributions from the third and higher ordcr terms,
the outputs from these filters can be considered to come from E; in
the second term of equation (A8). Therefore, the outputs from 90 and
‘150 Hz filters can be written as :
A9

L]

Eyo = m [14Re (As/Acs)]
~and

Ey50=m [1—Re (An/As)]

The ppM signal is obtained by taking the difference between E,,

(A10)

and Eyg, signals obtained above. DDM is therefore given by

DDM = Eg,—FE, = 2m Re (Ag/Ac) (All)

Glidepath systems are normalized so that at 4-0.35 degrees relative
‘to the desired path angle, the aircraft ppm indicator reads+75 mic-

sroamperes. Thus, the normalized ppM can be represented as

DDM, 4= 150 d Al2

4 lPlo~§s+'P|—o-35 ( )

“where  p = Re (Ap/A) (A13a)
.and o] +0.35 = value of p at Aﬂ:.—-.. +0.35° (A13b)

The value of the field contributions Ay, and A, due to the SBO
~and CSB antenna elements can be computed using the field computa-
tion methods.

In ILS hand book and opsrating literature, for instinctive under-
-standing, the formulae (A11) and (A12) are represented respectively as

ppbM=2 m Re (sB0O/csB) (Al4)
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DDMy 4 =
.5 Re(sao/csn)
~ #[|Re(sBo/csB)| 450 35° + [Re(sBo/csB)| yg— ¢ 350 |
(A15).
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