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Abstract-Shadowing caused  by humped  runways at some airports 
significantly  attenuates the  guidance signals  of  the microwave  landing 
system as the  aircraft approaches the touchdown point. Application of 
wedge diffraction  theory provides an estimate of this  effect. A wedge 
diffraction  factor is presented  which  relates  the  signal strength in the 
shadow to that for line-of-sight on a flat runway. Computations are 
confirmed by measurements  at two airports. 

I. INTRODUCTION 

A @CRAFT LANDING guidance systems use  antennas 
sited beyond the stop end  of the runway to radiate the 

azimuth guidance and distance measuring signals. Runways 
where the line-of-sight  is  blocked  between  the transmitting 
antennas  and the landing threshold have been referred to as 
“humped” runways. The determination of the radiated power 
density  in the shadow is important with  respect to the 
requirements for automatic landing. The microwave landing 
system (MU) is now entering a  world-wide transition phase. 
The transition plan  is  that  by the year 2000, all instrument 
landing systems (ILS) would be withdrawn as an International 
Civil Aviation Organization requirement, and the MLS  would 
be universally installed. It is important that guidelines for 
installing the ground equipment  and predicting power  density 
levels be established early in the transition phase. 

Analytic studies of  the  shadowing effects caused by a 
humped  runway have provided estimates of the attenuation in 
the  shadow region. Lincoln Laboratory [2] has used the Wait- 
Con& solution of diffraction by a cylinder [3] to estimate the 
signal attenuation in the shadow. It is believed  that the model 
presented in this paper is better suited for estimating the power 
density for the humped  runway situation. 

Wedge diffraction is a classic electromagnetic field problem 
[I] which  has  a rigorous solution. It is well  suited for 
application to the  humped  runway  situation  since  most 
runways are constructed such that the runway centerline can 
be approximated by a  few straight line segments. The wedge 
diffraction model  can provide an estimate of the signal level 
along the aircraft approach path to a runway. It will predict 
power  density levels during the initial  and final phases of the 
approach, including touchdown and rollout. It will also predict 
power  density for the case of a flat runway  and for the case of 
an inverted hump. 
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The application of wedge diffraction theory to the problem 
of estimating power density for the case of a  humped  runway 
was first attempted by the United  Kingdom  Royal Aircraft 
Establishment  [4]; however, as noted in [2] the approach 
implemented  did  not  yield acceptable results. More recently, 
workers using geometrical diffraction theory have  shown the 
wedge to be ‘a very  useful  model  in predicting terrain 
propagation effects [5] ,  [6], [7]. The model  presented in this 
paper uses the concepts of geometrical diffraction [8]. It 
provides estimates of the humped  runway effects using simple 
functions to approximate the characteristic Fresnel integrals. 
These approximate functions simplify the computations. 

II. PROBLEM DEFINITION 
To get a perspective of the problem, an actual airport 

runway situation is described. Runway  14 at Ottawa Interna- 
tional Airport, Canada, has a  pronounced  hump as shown in 
Fig. 1. An MLS azimuth angle guidance station [9] is located 
beyond the stop end, with the data antenna phase center 
located as shown in the figure. 

The MLS angle guidance equipment uses several antennas 
to radiate the required time-division-multiplex  signal-in-space . 
One of these antennas is called the data antenna. This antenna 
radiates  a differential phase-shift  keying (DPSK) modulated 
signal throughout the coverage volume such that a receiver can 
identify  which angle guidance function (azimuth or elevation) 
is  being transmitted. The radiation is vertically polarized. The 
data antenna is used in this analysis because it is a  passive 
antenna, its gain and pattern characteristics are well  estab- 
lished  and it should  be close to universal for all equipments. 

The vertical field strength pattern for this antenna has a 
slope at the horizontal of 8 dB/degree [lo]. This pattern is  a 
sector pattern which extends from 0 O to about 20 O in elevation 
and has sidelobes below the horizontal that are more than 14 
dB below the pattern peak. For the purposes of this analysis, 
only the cutoff characteristic at the horizon is of interest. This 
particular pattern characteristic is approximated by the expres- 
sion 

V(0)= 1 +0.8 tanh ( A  0) (1) 

where 

0 = angle above the relevant shadow 
boundary (in degrees, Fig. 2 defines 0 
for the transmitter) 
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Fig. 1 .  Ottawa runway 14 centerline profile. The reflected field strength E2@) is given by 

A = 1.215 (radldegree). D l + D 2  
E2(8) = v 7 0 - 2 4 ~ ( e - 2 ~ )  

0 4  
The data antenna has the following characteristics: 

G = gain in the  shadow  boundary direction = 8 dBi 
P = transmitter available power = 13 dBW (20 W) 
X = wavelength =0.06 m (0.2 ft). 

The problem is to predict accurately the power density 
radiated  by  the antenna along the aircraft approach path, 
including the segment through the shadow region. A wedge 
surface is  used  to approximate the runway surface as shown in 
Fig. 1 for application to prediction of the power density. For 
the purpose of this paper it is  assumed  that the ground 
reflection coefficient for the vertically polarized  signal is - 1. 
This is a good approximation. The reflection  coefficient for 
ground surfaces approaches - 1 as the grazing angle ap- 
proaches zero and  is less than the Brewster angle (say less than 
3"). 

III. WEDGE DIFFRACTION MODEL 
The geometry for the wedge diffraction model  is  shown  in 

Fig. 2. The figure defines distances and angles. As shown  in 
the figure, the signal at the receiver is the  sum of direct, 
reflected  and diffracted signals. The reflected signal in general 
consists of two components. In some cases only  one reflected 
component exists. For the case of CY + /3 < ?r/8 (i.e., small 
deviation from flat ground case) the diffracted signal  can  be 
closely approximated by four components. The transmitter 
and  the three images shown in Fig. 2 excite these dominant 
diffraction components. Each diffraction component  has  maxi- 
mum amplitude in the direction of the corresponding shadow 
boundary [ 1 11. In (2), (3), and (4) the  field strengths are 
relative to  the free space  field strength at the shadow  boundary 
at a distance of D l  + 0 2 .  

The direct field strength E l(0) is  given by 

where 

V'(0)= 1-0.8 tanh ( A  0). 

The diffracted field strength E3(8), which can be expressed 
rigorously  in terms of a Fresnel integral for the case of D 1 and 
0 2  % X, and CY + /3 < ?r/8 is  given by a simple 
approximation. (It is  recalled  that in the  illuminated region the 
Fresnel integral has an  oscillatory component. The oscillation 
is  caused by the phase variation of the diffracted signal  with 
respect to the direct signal. In the  illuminated region, the 
diffracted signal expressed below  is  in terms of a Fresnel 
integral  minus  the direct signal.) 

?r 

sgn (8)- 1, 8 2 0  
D l   + 0 2  

E I  ( e )  = 
0 3  

= - I ,  e<o. 

(2) 
For u = 0, E3(0) = 1/2; for large u (u > h ) ,  m ( 8 )  
approaches where 
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The diffracted component, as expressed in (4) is exact at the 
shadow  boundary ( u  = 0) and also for large values  of u (LJ > 
2 4 .  The largest amplitude error occurs at u = 0.75 where the 
exact value is 0.3582, and the approximate value is 0.3622 
which is a 1 percent error.  The largest phase error occurs at u 
= 1.0  and 4.5, where the error is -2.2" and 2.2" 
respectively. 

The total signal (direct + reflected + diffracted compo- 
nents)  is given by 

E(B)=El(B)-E2(0) -E3(0)+E3(0-2a)  

+E3(-0-20)-E3(-0-2a -20). (5)  

The power density, 

If the transmitter and the receiver are on opposite sides of 
the  wedge apex, are near the wedge surface, a + < a/8 
and u > 2a, then  a simple expression can be derived for the 
power density. 

P(HT,   HR)=(P) (G)  - 
( D E 0 2 ) '  

where 

HT= height of transmitter above wedge surface 

HR =height of receiver above wedge surface. 

A well-known expression for power  density for the case of flat 
ground, and the transmitter and receiver near ground level, is 
given by 

- ( HR )'. (8) 
0 1 + D 2  

This equation is valid if (HT)(HR)  < (Dl + 0 2 ) h / 8 .  A 
comparison of the two equations shows that the dependence on 
transmitter and receiver heights above the wedge surface and 
distance (Dl + 0 2 )  is the same as that of flat ground. If the 
transmitter or receiver height  is doubled, then  the signal level 
increa-.es by 6 dB. The ratio of P(HT,  HR)/PFG(HT,  HR) is 
defined as the  wedge attenuation and is given by 

Equation (9) can be used to determine the attenuation  caused 
by a  hump relative to the flat runway case. Equation (9) is 
plotted  in Fig. 3 as attenuation (dl3 = 10 log (1/ WA)) versus 

HTlDl HR/DZ 

X = FREE SPACE WAVELENGTH 

,TRANSMITTER yy- RECEIVER 

80 L r 
Fig. 3. Wedge  attenuation  (with respect to the  reference  case of flat ground) 

versus  wedge  angle. 

normalized  wedge angle for (CY + P ) / m  > 1. By 
definition, the  wedge attenuation is 0 dB when  the  wedge angle 
is equal to zero. The attenuation for (a + B ) / m  between 0 
and  1  was determined by evaluating (6). 

Equations (1)-(6) have  been  used to compute the power 
density at several runways. The results of some of these 
computations, along  with comparisons to measured results, 
are presented in the following sections. Appendix I presents a 
computer program, written in Basic, in which receiver 
position is an input and power density is the output. A simple 
and  helpful  method for modeling  a  runway  hump  is to use he 
threshold and stop end points plus one other point on the 
runway centerline to define the wedge geometry. 

IV. OTTAWA LUTERNATIONAL AIRPORT, RUNWAY 14 
The results of computations of the MLS (C-band)  power 

density  along the approach to Runway 14 at Ottawa Interna- 
tional Airport, Canada, are shown in Figs. 4, 5, and 6 .  The 
assumed  runway profile is shown as a cross hatched sector. 

The measured data shown in Fig. 4 was  taken  by  means of a 
helicopter flying approximately 8 ft  above the runway  cen- 
terline [12]. The power measurements were not calibrated. 
Consequently, for comparison purposes the level of the 
measured curve was adjusted for a  best  fit in the runway 
segment closest to the azimuth transmitter where the flat 
ground  model is valid. The comparison shows  that  the trend of 
computed  and  measured data is  the same. At Ottawa Runway 
14 there is significant multipath in the shadow region, which 
may explain some of the differences in  that region. The best 
comparison should be with respect to data measured  using  a 
stationary vehicle along the runway centerline with  a stable 
directional receive antenna of known gain. Measurements of 
this  type are described in the following section. 

The computed power density for a centerline approach to 
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Fig. 4. Ottawa  runway 14, computed  power  density,  antenna  phase  center  at 
370 ft MSL. 
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Fig. 5 .  Ottawa  runway 14, computed  power  density,  antenna  phase  center  at 
370 ft MSL, 20 NM range. 
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Fig. 6 .  Ottawa  runway 14, computed  power  density,  antenna  phase  center  at 
390 ft MSL, 20 NM range. 

Ottawa  Runway 14, starting at  20 NM, is shown  in Fig. 5. It is 
noted  that near touchdown the power density level is  below the 
specified  minimum level. Fig. 6 shows the same approach 
with the transmitting antenna raised 20 ft. For this case the 
power  density level is well above the requirement. 

V. BEDFORD U.K. RUNWAY 27 

Absolute  C-band  measurements relative to free-space loss 
were made  in 1973 by the  United  Kingdom  Royal Aircraft 
Establishment (UKRAE) [4] (see Fig. 7). The free-space loss 
(FSL) factor is given by 

FSL= (&)’ 
where 

R = distance from transmitter to receiver. 

Free-space loss is related to power density, PD, by 

PD = (P)( G)(FSL) - . (4 
x= 

This expression is  used to convert the RAE measurements to 
power density. 

The Bedford  U.K.  Runway  27 centerline profile and the 
assumed  wedge surface is shown  in Fig.  7. (It is noted  that for 
distances less than 3000 ft, a steeper wedge angle would  be a 
better approximation.) The computed  and  measured results for 
a transmitter located 1 ft above the  wedge surface is  presented 
in Fig. 8. The results for a transmitter located 4.8 ft  above the 
wedge surface is presented in Fig. 9. 

More recent measurements (March 1986) 1131 have been 
obtained for an actual MLS  installed  on  Runway 27. This data 
is summarized in Fig. 10. The measurements were made  using 
a calibrated spectrum analyzer, a receive antenna with 20.4 
dBi  gain  and a cable with 10.0 dB loss. It is noted  that the 
agreement between the simulations and  measurements is quite 
good near the  runway threshold. 

It should be noted  that for MLS an accurate estimate of 
power density  along the runway surface away from the 
threshold  is  not of primary concern since the power increases 
inversely  with the fourth power of dist .Ice (see (7)). The 
critical p i n t  is the aircraft touch  down  point  near the 
threshold, where the power density  is at a minimum  value.  It  is 
believed  that in almost all cases the single-wedge  model 
presented in this paper will provide an accurate estimate 
(within f 3 dB) near the threshold. If desired, at some 
runways  such as Bedford  Runway 27, the accuracy at shorter 
distances can be improved by adjusting the  wedge  geometry as 
a function  of receiver distance or by using a multiple  wedge 
model as described in [ 5 ] .  

VI. CONCLUSION 
This paper has  presented a theoretical model for estimating 

the power densities of signals from a microwave landing 
system along the approach path  of  an aircraft and during 
rollout for the humped  runway situation. It  should provide 
fairly accurate estimates of  the absolute power densities for the 
angle guidance and distance measuring signals. It is  believed 
that near the threshold the prediction accuracy  can  be  within 
f 3 dB for the angle guidance equipment. Although there is no 
experimental data for the distance measuring equipment, it  is 
believed  that  the prediction accuracy should  be  within  the 
same limits. The computations are made  using simple func- 
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Fig. 9. Bedford U.K. runway 27, computed power density, antenna phase 
center at 292.8 ft MSL 10. 

tions  which approximate the antenna vertical  plane  patterns 
and  the  diffraction  coefficients. 

APPENDIX I 

Computer Program  Name: HWMPRWY 
Language: BASIC 

Input Data: 
ZT = height of transmitter (ft) 

'i 028 FT RECEIVER  HEIGHT 
MEASURED: 

A 8 FT RECEIVER  HEIGHT 

-20 t 
8 FT RECEIVER HEIGHT 

THRESHOLD 

-,- ~ ~ 

0 ZDOO 4033 6 w o  8Mo lM00 12ooo 

DISTANCE FROM A2 STATION (FTI 

Fig. 10. Bedford U.K. rimway 27, MLS installation, computed power 
density, wedge angles 0.23" and -0.17", apex at 1230 ft, data antenna 
height above wedge surface is 2 ft. 

Z1 = height  of  wedge surface directly below the 
transmitter (ft) 

X2 = position (X coordinate) of wedge apex (ft) 
22 = height of wedge apex (ft) 
X3 = position (X coordinate) of a point on the  wedge 

23 = height of same point (ft) 
WL = wavelength (0.2 ft for AGE, 1.0 ft for DME) 
DBW = P (13 dBW for  AGE, 18 dBW for DME) 
DBG = G (8 dBi for  AGE, 4dBi for DME) 
VPF = vertical pattern  factor (1.215 for AGE, 0.30 

for DME) 
XR = position (X coordinate) of receiver (ft) 
ZR = height of receiver (ft) 

surface beyond the apex (ft) 

NOTE: 
AGE = angle guidance equipment 
DME = distance measuring eq~pment  

Output Data: 
DBWM2 = power density  (dBW/m2) 
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Listing: 
100  
1 1 0  
120 
1 3 0  
1 4 0  
1 5 0  
1 6 0  
1 7 0  
180 
1 9 0  
200  
21 0 
2 2 0  
2 3 0  
240 
2 5 0  
2 6 0  
270 
280 
290 
300  
31 0 
320  
330  
340  
350  
360  
370 
380  
3 9 0  
400 
41 0 
420 
430 
440 
4 50 
460 
470 
480 
490 
5 0 0  
51 0 
5 2 0  
530  
540 
550  
560  
570 
580  
5 9 0  
600 
b l o  
620  
630  
640 
650  
660 
670  
680 

DATA 2 ~ 0 1 1 2 3 0 ~ 5 1 9 0 0 0 ~ ~ 1 8 1 ~ 2 1 1 3 ~ 8 ~ 1 ~ 2 1 5  
READ ZT121rX21Z2rX3123tWLqDBWlDBGtVPF 
INPUT  "RECEIVER COORDINATES X 1 Z  = " ;XRtZR 
P I = 4 * A T N ( l  ) 
T H E T A l = A T N ( ( 2 2 - Z T ) / X Z )  
D2=SQR((ZR-Z2)"2+(XR-X2)A2):Dl=SQR((Z2-ZT)*2+X2A2) 
D3=SQR((3R-ZT)"2+XRA2) 
ALPHA=ATN((Z2-Zl)/X2)-THETAl 
BETA=ATN((ZZ-Z3)/(X3-XZ))+THETAl 
ZI~ZZ-D1*SIt~~Z*ALPHA+THETAl~~XI~X2-Dl*COS~2*ALPHA+THETAl~ 
ZI2~Z2+Dl*SIN~2*BETA-THETAl~:XI2~X2-Dl*COS~2*BETA-THETAl~ 
U 4 = S Q R ( ( Z R - Z I ) " 2 + ( X R - X 1 ) " 2 )  
D5=SQR((ZR-ZI2)"2+(XR-X12)*2) 
PHE=ATN((ZR:ZT)/XR)-THETAl 
I F  XR)XP  THEN G A M M A = A T N ( ( Z R - Z 2 ) / ( X R - X 2 ) )  
I F  XRCXZ THEN G A M M A = A T N ( [ Z R - Z Z ) / ( X R - X Z ) ) + P I  
I F  XR=XZ THEN GAMMA=PI/2 
THETA=GAMMA-THETA1 
W=VPF*PHE*45/ATN(l):GOSU6 650:V1=1+.8*TANH 
PHE2=ATN((ZR-ZI)/(XR-XI))-THETAl-2*ALPHA 
PHE3=AIN((ZR-ZI2)/(XR-XIZ))+Z*BETA-THETAl 
W=VPF*PHE2*45/ATN(l):GOSUB  650:V2=1-.8*TANH 
W=VPF*PHE3*45/ATN(l):GOSUB 650:V3=1- .8*TANH 
D 3 P = D l * 2 * ( S I N ( P H E / 2 ) ) " 2 + D 2 t 2 x ( S I N ( ( T H E T A - P H E ) / 2 ) ) * 2  
D 4 P = 0 1 * 2 * ( S I N ( P H E 2 / 2 ) ) * 2 + D 2 * 2 * ( S I N ( ( T H E T A - 2 * A L P ~ A - P H E 2 ) / 2 ) ) * 2  
D5P=D1*2* (S IN(PHE3/2 ) ) "2+D2*2+D2*2* (S IN( (THETA+2*BETA-PHE3) /2 ) )A2  
SNl=SGN(THETA): IF  SNl=O THEN SN1.1 
SN~PSGN(THETA-~*ALPHAI:IF SN2=0 THEN  SNZ=1 
SN3=SGN(-THETA-2*BETA):IF SN3=0 THEN SN3=1 
SN4=SGN(-THETA-Z*ALPHA-2*BETA):IF SN4=0 THEN SN4=1  
ElR=(Dl+D2)*V1*(.5+.5*SNl)*COS(Z*PI*D3P/WL)/D3 
E l I = ( D 1 + D 2 ) * V 1 * ( . 5 + . 5 x S N l ) f S I N ( 2 * P I * D 3 P / W L ) / D 3  
E2R=(Dl+D2)*V2*!.5+,5*SN2)*COS(Z*PI*D4P/WL)/D4 

E3R=(Dl+D2)*V3*(.5+.5*SN3)*COS(2*PI*D5P/WL)/D5 
E3I=(Dl+D2)*V3*(.5+.5*SN3)*SIN(Z*PI*D5P/WL)/D5 
D = D l * D 2 / ( D l + D 2 )  
FOR K =  1 TO 4 
I F  K = l  THEN  THET=THETA:SN=SNl:GOTO 520 

E21=(Dl+D2)*V2*(.5+.5*SNZ)*SI~I(2*PI*D4P/WL)/D4 

I F  K=2 THEN THET=THETA-2*ALPHA:SN=SN2:GOTO 5 2 0  
I F  K=3 THEN THET=-THETA-Z*BETA:SN=SN3:GOTO 5 2 0  
I F  K=4 THEN THET=-THETA-Z.*ALPHA-2*BETA:SN=SN4 
V=2*PI*SQR(D/WL)*SIN(THET/Z):V=A@S(V) 
I F  V = O  THEN E3R(K)=.5:E31(K)=O:GOTO  580 
W=V:GOSUB 650:TANHl=TANH 
W=V/2.4:GOSUB  650:TANHZ=TANH 
E 3 R ( K ) = ( T A N H 1 / 2 / V - V * E X P ( - l . 5 * V ) / 4 ) * S N * C O S ( P I * T A t ~ H 2 / 4 )  
E 3 1 ( K ) = ( T A N H 1 / 2 / V - V * E X P ( - l . 5 * V ) / 4 ) * S N * S I N ( - P I * T A N H 2 / 4 )  
NEXT K 
ER=ElR-E2R-E3R-E3R(l)+E3R(Z)+E3R(3)-E3R(4) 
E1=E11-E21-E31-E31(1)+E31(2~+E31(3~-E31~4~ 
P=(ERA2+EIA2)/4/PI/(Dl+D2)AZ 

DBWM2=DBP+DBW+DBG+10.3 

I F  W>10 THEN TANH=l:GOTO  680 

I F  P=O  THEN DBP=-1000  ELSE  DBP=lO*LOG(P)/LOG(lO)  

PRINT " X  = "XRI " 2  = " Z R t  "DB W/M"2 = "DBWM2:END 

I F  W(-10 THEN  TANH=-l:GOTO 680  
T A ' d H = ( E X P ( W ) - E X P ( - W ) ) / ( E X P ( W ) + E X P ( - W ) )  
RETURN 

Fig. 11. 
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