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I. INTRODUCTION

This is the final report concerning work done on Contract

" No. DOT-FA73WA-3272, "Effects of Scattering by Obstacles in the

Field of a VOR" over the period June 18, 1974 through June 18, 1975.

Since the last annual report [1] work has been done in the
following areas. First, the theoretical work on straight wires was
systamatized and put in tabular and graphical form [2] for possible
inclusion in a revised addition of the Siting Handbook. The theoretical
results show considerable variations from the empirical data presented
in the Handbook to make such a revision desirable.

Seéondly, all the moment method programs for wires and small

cylinders were revised to give the scalloping envelope directly [3].

- These revised computer programs were furnished to the FAA They were

constructed and tested by K. Hirasawa. They have the advantage over
the originally submitted programs in that they save a good deal of
computer time and avoid a "strobscopic effect'" when the angular inter-
vals are chosen too large.

Thirdly, a general theory was developed for cylindrical scat-
terers [4]. While general solutions are presented, they are not yet
in a form that is simple enough for inclusion in the Handbook except

for relatively short cylinders. Furthermore, the theoretical results

"are not completely in agreement with results obtained by the moment

method for very small cylinders. There are also some discrepancies

with the few experiméntal results available.



Finaliy, comparisons were made with old expefimental results on
wire scatﬁerers [3] and new experiments on wires and cylinders carried
out at NAFEC at Atlantic City during the period from May' to August 1975.
The wire experiments reported in [3] and the more recent experiments at
NAFEC on wires show that the theory is generally quite accurate in pre-
dicting the course scalloping errors. There are some discrepancies .for
closely-spaced wires probably due to mutual coupling effects. Mutual
coupling was neglected in theory and further work along these lines may
be useful. The experimental results for cylinders show good agreement
with theory in some respects, but also show some discrepancies in other
respects.. The reasons for these differences have not yet been ironed
out and further work in this area is indicated.

This report gives a summary of the etraight—wire results [2] in
Chapter 2, a summary of the cylinder theory developed so far [4] in
Chapter 3, and a summary of the recent expériments at NAFEC -in Chapter 4.

It is suggested that further work be undertaken to extend the wire
results, to estimate the effects of mutual coupling between wires and the
effect of the finite conductivity of the ground. It would also be useful
to run off computer calculations to show graphically the effects of all
the system parameters on the course deviation error for inclusion in the
Handbook. It would also be useful to carry out further experiments on -
long transmission lines in the vicinity of VOR stations to test the theory
in real-life situatioms.

As mentioned above more work is needed on theory of cylindrical
structures so that the results can be reduced to handbook form. Ex-

tension of the theory to Doppler VOR's is also important.
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II. COURSE DEVIATION FOR WIRES

2-1. Introduction

This chapter gives first 5 simplified summary of the analytical
results fbr infinite wires discussing the expiicit dependence of course
deviation errors due to the various system parameters. These results
show that in most practical situations, the peak scalloping amplitude in
degrees can be expressed in the form C(hl/D) F(2a) hi/D:a/2 where h1 is
the wire height and D the normal distance to the VOR, both expressed
in feet. C(hl/D) is a slowly-varying function of hl/D which 1s approxi-
mately equal to 20 for hl/D < ,07. F(2a) is a slowly-varying function of

the wire diameter. It was arbitrarily chosen to be unity for zero gauge

wire. It deviates from unity by only +30 percent over a range of wire

" diameters from 0.050 inch to 1.00 inch. These results have been put in

tabular‘form and in the form of a series of curves suitable for inclusion
in a future addition of the Handbook.

At the end of the.chapter it is shown how one can obtain simple
estimates of the scalioping envelope for wires of finite length without
resorting to the computer program on file (Appendix I of 1).

Modified computer programs for relatively short wires using the
moment method have been given to the FAA in Washington. These are re-
visions of the original programs allowing direct computation of the

course deviation envelope.



The,factor F(2a) affects the azimuthal distribution of the scallop-

(-]

ing envelope very little. We can therefore set ¢ = 50° in Eq. (3) to

study the effect of the wire diameter on the scalloping peak. The approxi-

mate function
1n(0.23k0/a0) _ )
ln(O.23A0/a) ’

F(2a) =

isAplotted in Fig. 3 as a function of the wire diameter and gauge number.
It ié seen that F(2a) is a very slowly-varying function. It differs from
unit§>by less than +29 percent for a range of wire diameters from 0.05
to 1.0 iﬁch.
The factor G(khle)/G(khOE) can be estimated with the”usevof Fig. 4.
iﬁ mqs;vﬁréctical situations this ratio will also be close to unity.
VvThe ﬁaximum course deviation (peak scalloping) can most conveniently

be written in the form
‘ . 5

h 1/2 G(khle)
B-¢) = Hyay 3/2 (f‘) E?EEEEY'F(Za) (6)

HMAX is a function of hl/D and ho. For h0 = 16 ft 4t can be read off

directly from Fig. 2. For other values of hO it can be computed from

_ 20.3 G[(khohl/D)Sin ¢MAX] E 20.3 G[0.56 ho(hl/D)] 4‘ . (7

1/2

and Fig. 4, 1In most practical situations the factor (f/fo) and all

the G factors will be close to unity and hence a good rule-of-thumb, for

low valueé of hl/D and €, is

2
hl

3/2 (®

(B—¢)§AX = C F(2a)
D



if hl and D are given in feet,C is essentially the HMAX of Fig. 2. 1It
is closefto>20 for h1/D < 0.07. In this range, the maximum course devi-
ation is approximately proportionai to the square of the wire height and
inversely proportional to the three-halfth power of the normal distance
of the wire from the VOR antennas. Furthermore, it is a very slowly-
varying function of the wire diameter and almost completely independen£
of other system parameters.

More accurate results were computed from Eq. (2) assuming
£=f

= 115 MHz, 2a = 2a, = 0.325 inches (zero gauge wire), ho = 16 feet,

0 0
and G(khle)/G(khoe) = 1. The results are tabulated in Fig. 5 and shown
graphically in Figs. 6 and 7. Figure 6 shows the maximum course deviation
as a function of wire height with distance as a parameter, Fig. 7 shows
the maximum course deviation as a function of distance with ;ire height as
a parameter. It is seen fhat the curves approach straight lines with slopes
+2 and -3/2 as expected. For wire diameters different from zero gauge these
results should be multiplied by F(2a) obtained from Fig. 3.

Several corrections may have to be applied to these plotted results.
If the carrier frequency differs appreciably from fo = 115 MHz, a correc-—
/2

tion factor (f/fo)1 should be used. For larger aircraft elevation angles

and large disparity between ho and hl’ a correction factor

G(khle)/G(khoe)
may have to be applied. A few VOR stations have values of h0 that differ
significantly from 16 feet. In that case an additional correction factor
G(0.56 hohllD) /6(9.0 hl/D)
is needed. This assumes that the maximum remains close to ¢ = 50°. All

G factors can be obtained from Fig. 4.



2-3. Wires of Finite Length

Whilé thg results for finite wires were summarized in the final
repoft fpf tﬁe'period June 1973 to June 1974, it is useful to have a
simpie method to obtain approximate results. An exact computer pro-
gram was given previously.

| The following procedure appears to give fairly accurate results
and is based on the analytical theory presented in the final report.
One first finds the peak scalloping from Eq. (8) or from Figs. 6 or 7
":and 3. 1In most practical situatins h1/D < 0.07 and the constant C in
‘Eq. (8) may be taken to be equal to 20. One can then plot the scallop-
ing envelope for an infinite wire from Fig. 1 by proper renormalization
of the peak. The plot should be extended to ¢ = 180° by symmetry.

It h#s been shéwn that the scalloping envelope for an finite wire
differs from that of a wire of infinite length in two respects: Theré

- are gradual cut-offs at two critical angles given by

cot ¢, = Ay =1,/D 0 < g <

‘ ¢))
cot ¢2¢ ='A2 = 22/D 0 < ¢2c <7

where 21 and 22 denote the position of the end points of the wire (see
Fig. 8). At these cut-off points the scalloping amplitude is reduced‘
approximately by a factor two from that of an infinite wire. Secondly,
there is an overshoot between these two critical pbints‘which ranges from
‘15 td 30 percent. 'This is shown in Figs. 9 and 10 for two cases taken
from thg 1973/74 final réport. These.figures show the computed envelopes

for the finite wires as well as the scalloping envelopes for the cor-

responding infinite wire at the same normal distance D from the VOR. These



curves also show the critical cut-off angles computed from Eq. (9) and
the estimated half déviation at cut-off.

As a fﬁrther refinement the slope of the scalloping envelope at the
cut-off points can be computed from the theoretical expressions. The re-
sults are.best given in terms of the intercepts Al and A2 of the slope

lines on the ¢~axis (see Figs. 9 and 10). These are given by

IAll 1201/4 173 degrees
a+ Al) (kD)
10)
100
|A I = degrees
2 2,.1/4 1/2
a + 14 amyt/
It is seen that these crude estimates agree reasonably well with the
computed results and are probably sufficiently accurate for most
" purposes.

Equation (10) can be derived as follows. In the 1973/74 final
report it was shown that near the cut~off points the infinite wire
result should be multiplied by a factor of the form

2 2 1/2
| = 1?2 + gB/21Y/ 11)
where the functions f and g stand for
2
£=f[2/mY20)1, g = elm ] (12)
and
u=0Y2a + 15 %ins/2) 13)

f and g are related to the Fresnel integrals, Q = kD, A = &/D where % can
stand for zl or 22, and § is the deviation of ¢ from the critical angle
corresponding to 2. At the cut-off points § = 0 and £f = g = 1/2 and

|Q] = 1/2 as expected.
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The increment A is given by the value of |Q|/(d|Q|/d6).at § = 0.

Hence
; . f2 + g2 ] 1 s
. f(df/ds) + g(dg/ds) (df/d8) + (dg/ds) v
since f = g = 1/2 at § = 0. The derivatives in (14) can be approxi-
mated as follows. For small §, the arguments in f and g reduce to
x = @/m2a + 1H1/% as)

and for small x

]
N =

b

n
N

f(x) (1 + 0.030%)

® = 5y 2 5
& 2 + 4.142x 2

1¢

(1 - 2.071%)

Hence df/dx = 0.015 and dg/dx = -1.036 at x = 0. Substitution im Eq+
(14) leads to

1

2| 172

1/% radians

1.02 (Q/m) a+ A2)

_ 100 d
= 177 desrees

(9)1/2(1 + A2)

which is Eq. (10).
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III. SCALLOPING THEORY FOR CYLINDERS

3-1. A General Course Scalloping Formula -

If therORilogpsAare lbcate&fdti(O;O,ho) in a réctahgular coordinate

system with the ground plane- at z=0 and‘the’aircréftlhas the spherical
coordinates (r,6,¢) then the direct ray at the aircraft has the intensity

E .S exp(-jkr) S(e)[1 + C(cos pt cos¢ + sin pt sin¢ )]cose ¢D)

¢ r
Where ¢ = (n/2) - 8 is the elevation angle of the aircraft and p is the
sidébénd'modulétioﬁ ffequeﬁcy (usually 30 Hz). It is‘assumed that the
Véctical fadiaﬁioﬁ.patternvs(sﬁ cos € is the same fdr thebcarrier as for

the two sidebands. When the aircraft elevation angle is small we can

‘set cose= 1 and we can neglect the effect of the counterpoise and that

of the finite ground conductivity. In that case
- S(e)cos ‘& = sin(kh ¢) | (2)
and we canjwrifé’Eq1‘(l):épproximately-as

E¢,=

Here it hasAbeen assumed that the two sidebands have horizontal radi-

% exp(ejky)gin(khoe)_[1‘+ C(cos pt cos ¢ + sin pt sin ¢)] (3)

ation pattérns'that are exact figure;éights. In the final report for
1974 [1] account was taken of the deviation from a figure-eight pat-
tern due to the.loop spacing.. This léd to a quadrantal error which,

to a first approximation, can simply be added to the course error due
to scattering ffombneafﬁy objects. The error introduced by the above
simplification is then negligible.eépeciglly siﬁce an effort is always
made in practice to compensate for the quadrantal error. | |

If a scatterihg'Bbject'ié locatéd near ﬁhe'VOR, thebincident

field on the point (rl,sl,¢1) of the scatterer will have the same

21
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form as Eq. (3) with r,e,¢ replaced by the corresponding subscripted

variables. Let us assume that the E ~components of the scattered

¢
fields due to the sidebands can be determined analytically or by the
moment method. They can be written in the form
E: = (KC/r) exp(jkr) Ml exp(jul) cos pt
and (4
E: = (KC/r) exp(jkr) Hz exp(juz) sin pt
for the even and odd sidebands, respectively. The amplitude and phase

functions M, and g (i=1,2) will of course be funcfions of ¢ and €. The

i
phase center for these expressions is taken to be the origin of the
coordinate system, i.e. the foot of the perpendicular to the ground from
the VOR loops.

The total field at the aircraft receiver will be the sum of_Eqs.
(3) and (4). The séattered field from the carrier can be neglected
since the receiver detects only the component of the sidebands in phase
with the carrier. Since the scattered carrier sigﬁal is small compared
to the direct carrier signal, negligible error 1s.introduced when pro-

jecting the réceived sideband signal onto the direct carrier signal

instead of the total received carrier. This projection is proportional

to
Ml Mz
(cos ¢ + ) cos ul) cos pt + (sin ¢ + 5C8) cos uz) sin pt (5)

which can be written in the form cos(pt-B) where B is determined by

sin¢ + (MZ/S) cos 1,

cos ¢ + (Mlls) cos uy (6)

tan B =

- In the absence of a scatterer, M2 = Hl = 0, and B reduces to ¢. The



receiver measures the phase B of the expression in (5). This differs from

- the true bearing of the aircraft by the amount

tan B - tan ¢ (7)
1+ tan B tan ¢ '

B-¢ = tan(B-¢)=
The replacement of B-¢ by its tangent can be justified as long as the
course deviation error is not too high. When Eq. (6) is substituted

in (7) we obtain finally

M2cos uzcos¢ - Mlcos ulsln ¢

(8)

.1
B-¢ T 8(e) 1+ (Ml/S) cos 1y cos ¢ + GHZ/S) cos u, sin ¢

When the course deviation error is not too large, the terms in Ml
and M2 in the denominator of Eq. (8) can be neglected with respect to

unity. We then get the simpler, but less accurate, result

~ 1
B—¢ = S(E) (M

€08 U, cos ¢ - Mlcos ulsin ¢) )

The error introduced in this last step is difficult to estimate in
the general case without some knowledge of the functional dependence

of M, and M, on ¢. It is probably less than 10 percent in most practical

1 2
situations. The simpler form given by Eq. (9) has the advantage that it
can be used to obtain an expression for the scalloping envelope. The
advantages of computing the envelope directly, especially in connection
with the moment method, have been discussed in the last quarterly re-
port [3].

The factors cos Mo and cos uy are rapidly oscillating functionms.

The reason for this is the form of the phase functions of the scattered

radiation pattern, My and Mys when they are referred to the origin. For
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"lumped" 'scatterers at r = D, ¢ = ¢o’ with transverse dimensions small

compared to D, we have

My g = kD cos (¢ - ¢o) + V1,2 ' (10)‘

For scattering objected that subtend a large angle at the VOR, such as

long horizontal wires, we have more nearly

12 = 2kD cos(d - ¢o)*'“1,2 ‘ (11)

In all practical cases kD is very large compared to unity. For scat-
terers located at distances in excess of 150 feet, we have kd > 100.
The two terms in Eq. (9) can then be added, for each ¢, by the phasor

addition law giving an envelope function

o _ 180 /2

O™ 75ty [Mycos 02+ (4, sin 2 - 2(4,5in ¢) 01, cos ¢)cos(u2—ul)]1

12)

(B-¢)

where a factor (180/7) has been added to cohvert from radians to “de-
grees. All that remains now is to determine the magnitude and phase
functibns, Mi(¢,e) and ui(¢,e), either analytically>or by the moment
method.

Before we consider special cases and compare with previously
obtained results [1] the following comment is in order. Both in the
analytical deviations and the moment method programs developed so far,
the sideband terms in fhe VOR radiation pattern were taken to be of
the form

cos pt sin(ks cos ¢) + sin pt sin(ks sin ¢) (13)
to take into account the effect of the finite loop spacing. For

ks < 1 we have to a good approximation



:éin(ks cos ¢) sin(ks sin ¢)
25, Gs) D %t 23, (ks)

= sin ¢ (14)

Hence if M andA-M2 are computed on the basis of the incident field in

1

(13) instead of the sideband terms in (3), the above course deviation
formulas and the special cases derived below must be divided by 2J1(ks).
For scatterers that subtend a small azimuthal angle at the VOR it
is convenient to locate the scatterer at r=D and ¢=0 or 7. In that case
it is easily shown that the scattgred radiation due to the odd sideband

can be neglected and we get the simpler result

B-0)2., = Tores M, (6,2) sin o] _' 5)

This equation is useful, for instance, for scatterers in the form of
cylinders with a vertical axis. In the case of circular cylinders of
radius a;-the restriétion fof the use of Eq. (15) will be seen to be
a/D << 1, a condition that is usually satisfiedfin practice.

As another exgmple wé consider a horizontal wire of length 22
spaced at a distance h, above the ground. To be specific the wire is

located parallel to the x-axis at ¥y = D, 2z = h, and the end points

= £2 with 22 - 2, = 22, If the induced

are located at x 1

1= £1 and %,

currents in the wire due to the two sidebands are given by Ii(x) with
i=1,2, and the radiation integral is defined as in Appendix A of

reference [1].

)

Ni(¢) exp jvi(¢) = %-[ Ii(x) exp (jkx cqs $)dx (lﬁ)

4

then from Eqs. (30) to (34) of that appendix we get




Mi(¢,€) = 60 kD sin(khls) Ni(¢) |sin ¢|
' 17)
by (#) = KD sin ¢ + v, (9)

When (16) and (17) as well as (2) are substituted in Eq. (12) one obtains

10800 kp Sin(khje)
= T sin(khos)

(B-¢)va |sin ¢|[(N2COS ¢)2+(lein ¢)2 -

2(lein ¢)(N2cos ¢)cos(v2-v1)]1/2

(18)

This result is consistent with Eq. (41la) of Appendix A of [1] if we
replace wuoD by nokD = 120 kD, divide by 2J1(ks) as explained above,
and combine the two terms in Eq. (4la) as phasors to get the scalloping
envelopé.

If the wire is symmetrically located with respect to the VOR
(-21 = 21 = 2) and if the wire is long (24/D >> 1) the expression in

Eq. (18) can be further simplified. The analysis (section 2.2 of

Appendix B in reference [1]) shows that in this case

vy for 0 < [¢| < n/2
vy = { (19)
v, + 7 for /2 < || <7 .
Hence cos ¢ cos(\)2 - vl) = |cos ¢| and Eq. (18) can be reduced to the
form
B0 = 10 S0 ot o] [y eos d- vy otm] @)

When the expressions for N1 and N2 derived in the above reference are
substituted in Eq. (20) we find as before that there is negligible

course deviation error on the side of the wire away from the VOR
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(-7 < ¢ <;0) and the scalloping envelope on the side of the VOR
(0 < ¢ < w) is given by Eq. (37) of Appendix B of reference [1] pro-
vided tha; we again divide by 2J1(ks) and also take note of the dif-
ferent wire location (at ¥y = D instead of Y, = -D) by changing
¢ to —d.

Equation (18) has been successfully wused to modify the moment
method program for horizontal wires. In a similar way, Eq. (12) has
been used to modify the moment method program for arbitrary wires, and
Eq. (15) to modify the computer program for vertical cylinders. Equation

(15) is also used in the next section to obtain analytical results for

circular cylinders.

3-2. Course Deviation Pattern Due to a Circular Cylinder

For analysis purposes it is convenient to locate the cylinder in
the azimuthal direction ¢ = 0 from the VOR at a horizontal distance D.
This does not effect the generality of the result but simplifies the
analysis and the amount of computations. Scattering has to be computed
only for the even sideband (the one that varies as cos ¢) and use can be
made of the simplified envelope formula given by Eq. (15).

A plan and elevation view of the configuration is shown in Fig. 11.
The cylinder has a diameter 2a and has a length h. The bottom and top
surfaces lie in the planes z = h1 and z = h2’ respectively, and h2 - h1=1L

We shall make the following assumptions:

(1) The cylinder is perfectly conducting. This assumption is
reasor.ably satisfied by many important structures that need to be con-

sidered: metal poles, towers, silos, reinforced concrete structures used

in atomic power plants, etc.
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(2)- Thé radius-to-distance ratio is small (a/D << 1). This is
also usually satisfied in prattice.

(3) The distance D itself is large, so that the parameter kD >> 1.
This condition is met for the usual VOR frequencies if D is larger than
150 or 200 feet.

(4) The elevation angles to the aircraft and to the highest point
on the cylinder are small, perhaps 10 degrees or less. For larger angles
corrections due to the counterpoise of the VOR and due to the finite
ground conductivity may become important. |

(5) The circumferential components of.the induced current at
each element of the cylindrical surface will be the same as that produced
locally on an infinitely long cylinder by a plane wave of the same intensity
. and phase. This assumption appears reasonable from a geometric optics
point of view as long as 2a and h are comparable to the wavelength or
larger.

(6) The effect of currents induced on the top and bottom surfaces
of the cylinder can be neglected. This is again justified on geometrical
optics grounds since these faces are not illuminated. Furthermore these
currents are essentially in the y-direction and produce scattered fields
in the forward direction near the nulls of the sin ¢ factor in Eq. (15).
Another effect of these currents on the flat faces of the cylinder is to
generate axial currents on the curved surface. These will produce vertical
components in the scattered field which will again not affect the receiver
output.

Consider a surface element adq)dzl at the point given by the

cylindrical coordinates (a,vy, zl) about the axis 0'Z'. The rectangular



coordinates in the coordinate system centered at 0 are: D + a cos ¥,

a sin y, z). The length of the distance from 0 to the element is

2

1/2
1]

[(D + a cos w)z + (a sin w)z + 7

=
1

(21)

a2+zi
D+aCOSl}J+_——2-D——

He

The projection of the radius vector R to the surface element onto the

radius vector r to the aircraft is

p= R+ r/r =D sin 6 cos ¢ + a sin 0 cos(y-¢) + z, cos ]
= D cos ¢ + a cos(y~-¢) + z € 22)
In the last step use was made of assumption (4) which prescribes that
e = w/2 - 8 << 1 and hence cos € £ 1, sin € = €.
If we take the direct incident field on the aircraft to be
" cos ¢ even mode
(23)

Eg = % exp (—jkr) S(e) {

the incident field at the surface element adwdz1 will be

sin ¢ odd mode

cos ¢l even mode
(24)

sin ¢l odd mode

i 1 .
E¢ = R exp (=jkr) S(el){
The factors KC cos pt and KC sin pt have been omitted from these ex-
pressions since they were seen to have no effect on the final scalloping
formula. In Eq. (24) e, = zl/D is the elevation angle of the surface

element. Because of assumption (4) we can usually write

S(e) € sin kh.e , S(el) Z sin khoel= sin(khozl/D) (25)

0

Y

From Fig. 1 and assumption (2), ¢1 (a/D) sin ¥ << 1. Hence cos ¢1 =1
and sin ¢l = (a/D) sin Y. Therefore the odd-mode incident field is

negligible with respect to the even-mode field and henceforth will be

29
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omitted from consideration. For the even-mode field we get, using

Eq. (22),
i‘ 1 khoz1 a2 + zi
E, =3 sin () expl-jk(D + —55—)] exp(~jka cos ¥) (26)

For convenience we write this in the form

i-—

Ep

f(zl) exp(~jka cos ¥) (27)

Then the incident magnetic field is given by Hi = Ei/nb where Ny is
as usual the intrinsic wave impedance /52722; By assumption (5) and
reference [5] the induced circumferential component of the surface
current density is

_ j2 f(zl) o jfn ean

K , . (28)
VIR, L0

The surface current element K adwdzl will produce a scattered
field at the aircraft whose ¢-component is

juu
4rr

[o]

(Kwadwdzl) exp[-jk(xr-p)] cos(y~9¢)

If we substitute for p from Eq. (22) and for K, from Eq. (28) and then

¥
add the contribution from the image of the element at -z in the proper

phase, we obtain

dydz

diEs == f(zl) sin (kzle) exp (-jkr) exp jk[D cos¢+ a cos (y~4) 1.
r
o —n+l gJny
« cos (y~¢) ¥ y (2)? 29)
’ Hn (ka)

To obtain Ml exp jul we must drop the factor exp(-jkr)/r (compare Eq. 4)
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and integfaté over the cylindrical surface. The factor KC cos pt has
been dropped previously (Eq. 24).

The w-iptegration can be carried out starting from the integral
representation of the Bessel function [6]

nw
Jn(Z) = f%—j expl[iz cos(y-¢) + in(y-¢ - %ﬁ]dw (30)

-
This can be re-written in the form

m . .
j_n [ expl[iz cos(y-¢) + joyldy = 2an(Z) exp (jné)

-
Differentiating both sides with respect to z and setting z = ka yields

T
j—n+1 J cos (y-¢) expl[jka cos(y-¢) + jny] dy = ZwJ;(ka) exp (jn¢) (31)

-7
Comparing with Eq. (29) this is seen to be exactly the integral needed
there.

The radiation integral can now be written in the form

' 2 ‘
. =2 . -p -2 . . -
Mlexp(Jul) = 7D exp[jk(D cos ¢~ D 2D)] V(e ;kD, kho, dhl,khz)H(¢,ka) (32)

and, from Eq. (15), the scalloping envelope
360|V(e) H(¢) sin ¢]

(B-9)° = (33)
env.  2ip sin(khge)

To get the actual course deviation, Eq. (33) must be multiplied by

the scalloping factor cos(kD cos ¢ + vl) where

2

v, = - k(D + %5) + ang V(e) + ang H(¢) (34)



Expressiﬁg the sine factors in the integrand in terms of exponentials

one gets four terms of the form exp jl[+(e i_eo)t - t2/29]. By completing

the squares in the exponents, each term can be reduced to the standard

form of the Fresnel integral
X
2
f exp[~j(1/2)u]du = C(x) - jS(x)
0 :
After some algebra one finds

V(e R, pos Pl9 pz) = F(e;Q, Pospz) - F(€§Q, pO’pl)

where

F(e;Q, pO,X)

- /—E_Qw {exp j %Q (e—eo)Z[C(a) - 3s(a) - C) + 35(0)]

- exp j %{2(e+eo)2[C(c) - jS(c) - c(d) + js@d)]1}

and
as= (e~eo) olT + x/VrQ b= (s—eo) ofr - x//mQ
c = (e+eo) v/ + x/Vre d = (e+eo) Yo/t - x//mq

(41)

(42)

(43)

(44)

It is clear from the manner in which the various system parameters’are

intertwined that the above is not a very useful result. Even though

the equations could be easily programmed on a computer, they do not give

a good picture of the dependence on individual parameters. Clearly some

approximations are needed.

34
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3—3. Summary and Preliminary Discussion

To make the results of the last section more useful they must be
simplified and systematized. This has only been possible to a limited
extent so far and further work is needed.

We first note that for ka >> 1, the azimuthal dependence of the
course deviation pattern is given by |sin(¢/2)|1/2|sin ¢|. This ex-

pression has maxima at + ¢0 where

6, = cos T (-0.2) = 101.54° (45)

The value of the maximum is sin q‘:o[sin(<t>0/2)]1/2 ='0.86233. It is con-

venient to normalize with respect to this peak and define

|H(¢3ka) sin o] _ |H(¢;ka) sin ¢]
177 = 1/3 (46)
(1/2) sin ¢o[ﬂka sin(¢o/2)] 0.76422 (ka)

f(¢s;ka) =

Thesé normalized scalloping envelopes were computed with the aid of
Eqs. (36) and (46). The results are tabulated in Tables 1 to 4 and
plotteé in Figs.12to 21 for values of ka.in the range from 0.4 to 8.0.
It is seen that there is only one peak in the domain 0 < ¢ < 180° when
ka < 2,4. ’There are two peaks for 2.4 < ka < 4.0. At ka = 2.6 the two
peaks are about equal. One is located at ¢ = 58°, the other one at

¢ = 120°. As ka increases, the forward-directed maximum decreases in
amplitude but moves closer to the forward scattering direction. This
sort of phenomenon has been observed with cylinders of rectangular
cross-section. Beyond ka = 4 further ripples appear but they eventu—

ally reduce in amplitude and the highest peaks merge near ¢o = 101.54°.
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The‘maxima of f(¢; ka) are plotted versus ka in Fig. 22, The solid
line indicates the 1argest maximum f (ka) thé dashed lines indicate
subsidiary maxima The geometric-optics and long-wavelength limits are
indicated by straight lines. It is seen that approximating fmax(ka) by
its géoﬁetrié-optics:iimit (unity) leads to an error of less than 12
percent for ka >v2; »

The ‘location of the maxima is indicated in Fig. 23. Again the
solid 11ndiéhows:the position of the largest maximum, the dashed lines
the podition of subsidiary maxima whenvtheyvoccur, At the long-wavelength
end (ka << 1) the:loéation of the peak approaches ¢ = 126.38° asymptotically.
This is the location of the ﬁaximum of [(L - 2 cos ¢)sin ¢| as expected
(see Eq.'38). ‘As ka increases beyond aboutVS, the largest two peaks merge

near ¢.= 101.54°,

We can summarize the above results by writing the scalloping envelope

given in Eq. (33) in the modified form

1/2 |V(e;Rs PrsPqsP)]
@02 = 27.875 <ka) ~ 0° 71" 727 £(4; ka) 47)

kD sin (khoe)
For ka < 8, £(¢; ka) is plotted in Figs. 2 to 11. For ka > 8, £(¢; ka)

can be approximated by

' - 1/2
™ . |sin ¢ sin(¢/2) | 1/2
£(3 ka) = 1T o5 [sinte/D] = 1.159% |sin ¢| sin($/2)| (48)
The largest maximum isﬂgiven by
1/2 IV(E Ry PpysPqsP )|
o (ka) 0°F1°%2
(B—¢)m =27 875 kD |51n(kh )| max(ka)v' (49)

For kafﬁ, fmax(ka) can be read off Fig. 22 and the location of the maximum
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can be obtained from the solid line in Fig. 23. For ka > 2, £ (ka) = 1.
For ka < 0.4, the\peak course deviation occurs near ¢ = 126° and
Eqs. (47) and (49) are more conveniently expressed in the approximate

forms

2 |V(€;Q: PnsPq P )l
(B-¢)va = %?'(tg) lsin(kgoe§' : (1-2 cos ¢»sindﬂ (50),
' | 2 |v(es2,pn5p,5p,) |
o _ (ka) 0°F1°F2
(B=0) oy = 90-426 g sin(khge) (51

There still remains the task of interpreting
the integral V(e) given by Eq. (37) and its closed form solution given by
. (42) to (44). While some success towards this goal has beén achieved, a
good approximate result is, at the moment, only available when the cylinder
height is small. This case is important since it allows a direct compari-
son of the analytical result with the momentmethod results previously
obtained.

To arrive at thelapproximate result, we re-write Eqs. (43) and (44)

in the form

Pe) = T8 expl3 L a(elee?) ] (exp(-3pye) [E(@)-E() I- exp(ipge) (E(-E@]} (52)

. - eQ - Pg +x b,=.€Q ~ Py~ X

VrQ VoY (53)
.. e + po_+ X d - eQ + Py~ X

/o /rQ

<

where, for convenience we have written

E(x) = C(x) - iS(x) (54)



If we write hz and h1 in terms of the mean height h and the cylinder

length h, i.e.

h, = B + h/2 hl =f - h/2 (55)
and assume that
_kh << 1 (56)
/18

we can approximate V(e) by the Taylor expansion
V= F(kh,)) - F(kh)) = kh F' () + 3 (k) F"GKR) + ... (57)

Starting from Eq. (52) we find, after some lengthy algebra, that

2
F'(x) = exp(-j %59 sin (eox) sin (ex) _ (58)

, 2
F'"(x) = exp(~j gﬁ){(polﬂ)cos £ X sin ex + ¢ sin € XCOS €X -

- j(x/Q) sin € X sin ex} (59)

Substituting (58) and (59) in (57) yields finally:

~

2 . ' .
V(e) =‘eXp(—j§% y {kh sin (khOE/D) sin(khe) +

any? Po . N 5 .
+ ——E——{B— cos(khoh/D)sin(khe) +-esin(kh0h/D)cos(khe)-

~

- j %—sin(khoﬁ/D)sin(kﬁe)]} (60)

When kh/vYmQ is small enough the second term in the curly bracket could

be omitted for crude estimates. We then get approximately

lV(e)| = kh lsin(khoﬁ/D) sin(khe)} (61)

This is exactly what one would obtain from the original integral in

38
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Eq. (37);by setting the exponential phase factor in the integrand equal

: ~2
to its value at the average height: exp(~j §%~).

As an example let us consider the small cylinder previously evaluated

by the moment method [section 4-~2 of reference 1, pp. 39]. The following

data are pertinent:

£ =115MHz , ) = 8.56 ft, k = 0.734 £t 1
a= L4 , ka = 1/2 = 1.57
h=31/8 =3.21 ft, h =19 ft, h, = 22.21 £t, h = 20.6 £t
D =150 ft , hy =16 ft
e = 0.0505 , €0~ hy/D = 0.1067
This makes
kh = 2.356 khy = 11.744 kh = 15.120
khe = 0.7636 sin(khe) = 0.6915 cos(khe) = 0.7224
kﬁeo = 1.6134 sin(kﬁeo) = 0.9991 cos(kﬁeo) = - 0.0425
Hence | |
|v(e)| = |1.6278 + [~ 0.0126 + 0.1012 - j0.26341| = 1.7365

The error in neglecting the second term, i.e. the term in (kh)z, would
have been only 6.26%. In other words, Eq. (61l) gives a value that is
only about 6% lower than Eq. (60). Using this result and Eq. (49)

with fmax(1.57) = 1.216 from Fig. 12 or the corresponding table, we find

o _ °
(B-¢)max = 1.20’

From Fig. 13 and Table 1 (column for ka = 1.60) the peak course deviation

should be close to ¢ = + 90°. The shape of scalloping envelope should be
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close tq that shown in Fig. 3. The wavelength of the scalloping ripples
near ¢ = 90° should be

360

® = 0773 x 150 - >+

A
by Eq. (35).

Comparison with the moment method result [p. 43 of reference 1]
shows excellent agreement in most respects. There are 18 half-periods
or 9 wavelengths inban intervalloghabout 30° about ¢ = 90°. This cor-
responds to.a ripplg waﬁélength of about 3.3°. Pgak séalloping does
oceur near ¢ = 90° (if allowénce is‘made fdr the differéntrzero point
for the azimuthal angle). The shape of the envelope follows quite
closely that in Fig. 3. The oﬁly discrepancy appears to bé in the
absolute value of the peak course deviation: about 1.55° compared to
the above theoretical value of 1.20°. Without further study it is
difficﬁlt to assess what the cause of this aiscrepancy is. Only three
modes were gsed for the expansion of the azimuthal current distribution
in the moment method. ‘It is possible that more modes are required for
good accuracy. This question is.now being looked into.

Further work is needed to put the general results into more
useful forms. It is believed that Eqs. (47) and (49) together with
Figs. 22 and 23 and Egs. (42) to (44) should give good estimates in
all practical cases involving vertical cylindrical structures. It
would be useful, however, to have simple and good approximations to

Eq. (43) for a sufficiently large range of parameters similar to

Eq. (61) for short cylihders.
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“TABLE 2 FOR £(4; ka)
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IV. EXPERIMENTAIL RESULTS

4-1. Experiments with Wires

Analysis of old experiments were repbrted on both in last year's
Final Report [1l] and also in an Interim Engineering Report [3] and com-
parisons were made with theory. Unfortunately, not all important parame-
ters were recorded in these experiments which date back twenty years or
more. In some cases it was possible to ascertain what these parameters
were by talking to the original experimenters. In other cases, reasonable
estimates were possible. On the whole these experiments show good agree-
ment with the theory developed under this contract over the last two years.

Nevertheless, it was decided to carry out some new experiments with
straight  wires and one bent-wire configuration to check theoretical pre—
- dictions that previously had not been carefully tested. The experiments
were performed by E. Lind at NAFEC near Atlantic City, N.J. during June
and July 1975. The procedure followed was essentially that described in
reference [7] except that peak course deviation errors were not averaged
over l0-degree intervals. The test site is not ideal. While the ground
is cleared of all treeé and underbrush to a radius of 500 feet from the
VOR and is essentially free of trees up to a radius of 1000 feet, there
are a number of scattering objects at distances varying between 1000 feet
“and 2500 feet and beyond. There are power and telephone lines as cloée
as 1000 feet to the VOR site and radar stations and other structures
about 2000 feet away. These produce background scalloping errors which
are as high as + 1 degree in some azimuthal directions. To minimize

"

errors due to this "background noise," the following precautions were

taken:
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1._ The ﬁest scatterers were placed close enough to the VOR and
high enoﬁgh aﬁove ground to produce maximum course deviation errors of
at least + 3 degrees. By placing the scatterers close to the VOR the
scalloping frequency was kept low, about 0.06 Hz or less, so that the
aircraft receivers were working near peak sensitivity.

2. The scatterers were placed at such azimuthal positions to
make the maximum course deviation errors fall in angular sectors where
the background errors were small or non-existent.

3. The aircraft was made to circle the VOR site at a comparatively
large radius, about 25 nautical miles. Since the aircraft speed was of
the order of 190 knots this made the scalloping frequency of the more
distant background scatterers high enough (0.6 Hz and more) to cut down the
background errors. The half-amplitude points of the aircraft receivers

.used were near 0.35 Hz,

The aircraft was directed into circular orbits by radar control
from the ground. Tests were conducted at aircraft altitudes of 1500,
3000 and 6000 feet. Since the results of the experiments did not change
appreciably with altitude only the results for 3000 feet are reported
here. It shouid be noted in passing that this observation in itself
confirms one of the predictions of the theory for low aircraft elevation
angles.

Signals from the VOR were recorded continuously and simultaneously
by two receivers (Bendix aﬁd Collins) in the aircfaft. The two receivers
had nearly the same frequency characteristics. They were calibrated on
the ground before each flight. While their outputs during flight tests
were nearly identical in most cases they occasionally showed differences

as high as one degree. In these cases the average was recorded. It is



‘believed,that>in mostvcases the measured peak deviation errors are accurate
to about-j-_ 10 percent.

In all wire experiments, number 6 copper wifes (0.162 inch diameter)
were used. They were kept from sagging and held in a horizontal position
by rope supports. In experiments with two wires, the wires were kept at
the desired separation By wooden spacers. They were stretched between
two cross bars and could be moved up and down the supporting poles by
pulleys. The nominal plan view of the pole locations is shown in Fig. 24.
Single and double wire experiments were carried out with the wire(s)
stretched between poles Pl and P2. The perpendicular distance from the
VOR antenna to the wire axis was nominally 200 feet. A survey after the
poles weré installed showed that this distance was actually é little large
so a value of D = 205 feet is used in computations. With this wvalue of D,

" the angle ¢ measured from the wire axis is related to the magnetic azimuth
by

¢ = 124° - azimuth angle.

Experiment 1:

This involved a single wire between poles Pl and P2 at a height of
28.5 feet above the ground. The ground level at the location of the pdles
was found to be 2.7 feet below the ground level at the VOR site. In the

theoretical formulas a wire height of h, = 28.5 - 2.7 = 25.8 feet was

1
therefore used. For an infinitely long wire at this height and at a
normal distance of D = 205 feet from the VOR we get a peak course devi-

ation error of 3.65° both from Fig. 6 and by interpolation in the table

of Fig. 5. Since these charts are prepared for zero gauge wires, we
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obtain a'éorréction factor 0.88 for No. 6 wire from Fig. 3. A further
small correction is needed since the VOR frequency in the experiments
was 109 MHz rather than the 115 MHz used in obtaining the charts. This

leads to a corrected peak error for an infinite wire of
3.65 x 0.88 x (109/115)*/2 = 3.13°

The same result can also be obtained by the use of Eq. (6) of
Chapter II. For h1/D = 25,8/205 = 0.126 one obtains from Fig. 2 that

H = 16,2 and the peak should occur at ¢ = ¢ = 48°, The correc-
max max -

tion factor for the wire diameter is again F(2a) = 0.88. The correction

factor G(khla)/G(khoe) can be obtained from Fig. 4. Using k = 0.696 ft_l,

h1 = 25.8, h0 = 16 and € = aircraft altitude/aircraft range we get 0.993,
0.990 and 0.95, respectively, for aircraft altitudes of 1500, 3000 and

" 6000 feet respectively. Hence:

2
h
L S )

G(kh,e)
H 1
max D3/2 fo

G(k.hO’E)

1/2

(B-6) 0 o F(2a)

25. 82
205372

A0991/2 | .99 x 0.88 = 3.12°

16.2 115

To this we must still apply a receiver reduction factor based on the
scalloping frequency. This factor is about 0.966 for a receiver half
width of 3.35 Hz, an aircraft speed of 190 knots at a range of 25
nautical miles. Hence the expected peak errors for an infinite wire
would be 3.0° at azimuthal angles of ¢ = + 48° and + 132°.

For the 100-foot wire we expect the scalloping envelope to be
confined between the critical angles of 38.6° and 53.8° (as well as

between -38.6° and -53.8°). Hence we can only expect two maxima near
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h
360 7%'é% = 5 Ah degrees

This is équal to 5, 10 and 15 degrees, respectively, for the three spacings
leading to array factors of 1.996, 1.985 and 1.966. Using the theoretical
single-wire résult from the first expefiment these lead to expected peak
scalloping values of 7.47, 7.42 and 7.35 degrees, respectively. The experi-
mental results are 4.6, 4.8 and 5.5 degrees, down: 38, 35 and 25 percent from
the expected values. This seems to indicate that mutual effects are of somé
importance, especially for small spacings, if precise predictions are needed.
For crude estimates this refinement may not be required.

As far as the shape of the scalloping error envelope is concerned the
theory predicts that the envelope should be the same as that for a single
wire with peaks at ¢ = + 46.4°. The experiments confirm this. The scal-

loping ripple spacing is also the same as that for a single wire.

Experiment 3

This involved two parallel No. 6 gauge wires stretched between poles
Pl and P2, both at the same height of 25.8 feet with horizontal spacings of
31 and 43 inches, respectively. The purpose was to chéck cancellation effects
predicted by the theory. If d is the horizontal spacing between the two wires
and mutual effects can be neglected the theory predicts that the course devi-
ation envelope for the double wire can be obtained from that of the single

wire by multiplication by the array factor
1
2|cos [E-kd(l + sin ¢)]|

The result of multiplying the theoretical single-wire curve by this factor
is shown in Fig. 26 for two wire spacings. Experimental points are also

shown.
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The experimental results show a rather wide scatter and the detailed

vagreement with theory is not too good. However some basic predictions of

the theory are verified: For the 31-inch spacing the scalloping error is
substantially reduced with about zero error in the azimuthal range near
¢ = 48°, The measured course deviation errors on either side of ¢ = 48°
exceeds the theoretical prediction by about 0.6°. This discrepance is not
much larger than the expected measurement error.

For the 43-inch spacing, both theory and experiment predict a peak
error near ¢ = 47°. However the theoretical prediction for the peak error is
4° while the experiments give about 2°. As in experiment 2, these amplitude

discrepancies may be due to mutual coupling effects.

Experiment 4

In this case one No. 6 gauge wire was stretched between the three
poles Pl1, P2, and P3 to form an equilateral triangle. All wires were at
an effective height of 25.8 feet above the groﬁnd plane at the VOR site. 1In
this case there is very little mutual coupling between the wires. Further-
more, eaéhvside of the triangle produces course errors in a different and
very narrow azimuthal sector. Hence the scalloping pattern can be computed
by considering each side separately.

The wire between P1 and P2 has already been discussed in connection
with experiment 1. It should give rise to a course deviation error in the

narrow sector between ¢ = 38° and ¢ = 54° with a peak of 3.74° near ¢ = 46°.

‘Two consecutive aircraft runs at 3000 feet altitude do indeed give peak

errors of 3.4° and 3.6°, respectively, near ¢ = 47°.
To obtain a theoretical estimate for the wire between P2 and P3 we

must first determine the perpendicular distance from the VOR and the new
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lateral offsets for the wire ends. By simple geometrical considerations

from Fig, 24 (with D corrected to 205 ft) one obtains:

v
9 = 152.5 ft

D' = 319 f¢t, li = 52,5 ft, 2%
Let us first estimate the peak course error we could expect from a wire
of infinite length at a perpendicular distance of 319 ft from the VOR and
a height of 25.8 ft. By interpolation from Fig. / we get about 2° for zero
gauge wire. With the correction factor of 0.88 from Fig. 3 for No. 6 wire
this reduces to about 1.8°, A more accurate result can be obtained using
Eq. (6) of Chapter II., From Fig. 2 we find for hl/D = 25.8/319 = 0.081
that Hmax = 18.4 and ¢max = 50.8°. Hence an infinite wire would give a

static peak error of

25.82 109

1/2
x (
3193/2 © "11.5

)~/ x 0.88 = 1.82°

o —
(B—¢)max = 18.4
. near ¢' = 51°.

To obtain an estimate for the finite wire we compute the critical

angles
Y = _1 52.5 = o 9 - —l 152-5 _ )
¢c1 cot (Eig—) 80.6°, ¢c2 = cot ( 319 ) = 64.4

We therefore should expect a peak error near ¢' = 72.5°. At this point

the infinite-wire error pattern is down from its peak. The reduction can
be estimated from the h1/D = 0.10 curve of Fig. 1. At ¢ = 72.5° the error
is down to 60 percent of the peak value. However, we also know that the
finite wire usually has about a 307% overshoot compared to the infinite

wire, Furthermore, theré will be a small reduction because of the receiver
response introducing another factor of about 0.96. Taking all these factors

into consideration we obtain for the peak error
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1.82 x 0.60 x 1,20 x 0.98 = 1,28°

Essentially the same result is obtained directly.from both computer
programs for wires: based on the analyticél formula and based on the
moment method. To compare with experiment we still have to relate ¢'
to ¢ and the magnetic aximuth. From Fig. 24 we see that ¢ = 240 - ¢'.
Hence the course deviation error should have a peak of 1.28° at ¢ = 167.5° and
should fall off to about half this valﬁe near ¢ = 159.4° and ¢ = 175.6°. The
experiments show a peak of 1.3° at ¢ = 167° in excellent agreément with
theory.

The third side of the wire, Pl to P3, is almost radially out from the
VOR. The.perpendicular distance of this side from the VOR ié too small to
expect an accurate prediction from the analytical formulas. However, this
. 18 not serious because the course error producéd by this side will be small
anyway.' It should occur in a narrow azimuthal sector with a maximum at
¢ = 1675 + 120 = 287.5°. The experiments do show a peak error of about
0.7° in the azimuthal range from ¢ = 285° to ¢ = 295°,

In summary we can say that there is excellent agreement between theory

and experiment.

4-2, Experiments with Cylinders

‘These experiments involved a cylindrical scatterer of 9 feet diameter
and a height of 9 feet. The cylinder surface was wire mesh. No mesh was
put on the top and bottom surfaces., This was an oversight that was not
discovered until after the completion of the tests. The moment-method
calculations assumed conducting surfaces on top and bottom as well on the

curved sides.
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The cylinder waé 1oca;ed with 1ts axils 150 feet from the VOR and
at an azimuth of 240°. Measurements were made with the mean height of
the cylinder at 20 and 30 feet, respective}y. Aifcraft range, altitude
and speed were the same as for the previous experiments.

In the notation of Fig. 11 we have

2a=9 ft, h =9 ft, D= 150 ft

30 ft, we have hl = 25.5 ft, h2 = 34,5 ft

20 ft, we have h1 = 15.5 f¢t, h2 = 24.5 ft

Since the pattern is symmetrical about the line from the VOR to the

ot
n

For

= ot
]

for

cylinder axis, the angle ¢ 1s measured from azimuth 240° and theoretical
results are only computed for the interval (0, 180°). Theoretical results
were computed for mean cylinder heights of 15.5, 20, 25.5 and 30 feet both
by the mﬁment method and the theoretical formulas in Chapter IIT (Eqs. 51
'and 61). Both methods were corrected for the effect of scalloping frequency.

Figures 27 and 28 show the moment-method results for the two cylinder
heights used in the experiments. They show peaks at ¢ = 46° and ¢ = 118°
(and, of course, at —46° and -118°). The theoretical formulas predict
approximétely the same double-peaked pattern with peak locations at ¢ = + 48°
and + 103° from Fig. 23 for ka = 3.13. Figure 15 shows a theoretical pattern
for ka = 3.2 which is not too far off.

The experimental results show quite a bit of scatter but they show the same
even symmetry and the general shape predicted by theory with peaks at approxi-
mately + 50° and + 110°. ‘Because the peaks are relatively broad this can be
considered in good agreement with theory. The amplitudes of the peaks are of
the same order of magnitude as those predicted by theory, but theagreement is not

as good as in the case of wire scatterers. Table 5 gives a summary of the

theoretical and meagured amplitudes.
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.. Table 5. Peak Course Deviation Errors in Degrees

Mean . Moment Method Formula ﬁéééuremggfg.
Cylinder

Height ¢ = 46° ¢ = 118° ¢ = 48° ¢ = 103° ¢ = 50° ¢ = 110°
30 ft 3.38 4.38 3.37 4,28 3.0 3.0
25.5 ft 2.72 ' 3.48 3.25 4$.13 not measured

20 ft 1.87 2.36 2.85 3.62 3.0 3.0
15.5 ft 1.23 1.52 2.10 2.65 not measured

From the table we come to the folloﬁing conclﬁsions:

(a) Both the moment-method and the analytical theory predict the
general shépe of the course deviation pattern and the location of the
peaks correctly.

(b) The moment-method and the analytical formula predict that the
second peak should be about 24 to 30 percent higher than the first peak
with some dependence on the cylinder height. The experimental data appear
to give approximately equal peaks. |

(¢) TFor a mean cylinder height of 30 feet, the peak course deviations
‘computed from the moment method and the analytical formula are in excellent
agreement but the measured peak values are too low by comparison: 11 and 30
percent down, respectively.

(d) The theoretical formula and the moment method give a somewhat
different dependence on the mean height of the cylinder. This discrepancy
has not yet been resolved. The experimental result at a mean height of 20
feet seem to favor the theoretical formula but the agreement is not perfect:
about 5 and 20 percent errors for the two peaks.

There is a further point of close agreement between theory and

experiment. Theory predicts a minimum scalloping ripple wavelength of
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4, It is recommended that experiments be conducted with cylinders of
larger diameters, heights, and with a greater variation in the other parameters:
distanced from a VOR, mean height above ground, etc.

5. It 15 recommended that further theoreticalnwork be done to examine
the assumptions used in the deviation of the formulas and to put the results

for cylinders of arbitrary height and diameter into a simplified tabulated and '

- graphical form for inclusion in a future edition of the Siting Handbook.

6. It is recommeded that the unfinished work on scatters in the form
of towers with rectangular cross sections, hangars, and other buildings be completed.
7. It is recommended that the remaining programs for Doppler VOR be completed.
8. Method of determining the combination of two reflected signals from two
separated scétteres of different parameters and effect on course errors.
9. Work on scatterers to include double sideband DVOR.

10. Use of scale models for tests in lieu of flight tests where applicable.
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Fig. 27.
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APPENDIX A

'.>This appendix gives a listing of a program for calculating course
scalloping envelopes for thin-wire obstacles in the field of a conventional
VOR. This program is a modification 6f the moment method program of Ap-
pendix D in the 1974 Final Report [l]. It should be used for comparatively
short wires only. Compared to the old program, the listing here reduces
the amount of computation and gives the scalloping envelppe directly. In
this manner a good picture of the course error curve is obtained even when
comparatively large azimuthal increments are used.

Corrections for the presence of the counterpoise have also been in-
cluded. This requires an additional card 6 with three inputs:

H = height of counterpoise above the ground in feet

SH = height of VOR loops above the counterpoise in feet

R = radius of the counterpoise in feet

The o0ld card 7 remains card 7 and the old card 6 becomes card 8.



)eALLzBO)

&4 o

79

—
o
W -G
. O
— P
= —
-~
= N
X L
e O~
—~ SO~
- SR T oY
2T YD)
b e
[7: B > o < 4
T d
< D en
: - T g
o On
G Do~
s\ J
¢V Nw o
[E U
X =0
Pt .1 - pud
- »CTN
- DL
W et
-t
- ON =
g NXY
.o —t oD :
< o~ - T e O Qe
—t— 0O B tlat 4 .
wZwniNO — "
O e~ F ed N L) -
ULl - T e 72. Rel
~ MG )\Ix o e I i NN - —— -~
N e W=D TN NN [Tal wuw
) e~ > N O SN N e — —-t 2T
dIq CmtN~— —t—p P~ O . T N -~ L e~
CL VONU il Adm—m——m PN ¥ < ot Z 1 ~ - X>N
NOCD ™Moy | - : LTINS Y Y < 0NN - UVie Do —— X3
Uil - C Z R4 NN N gl LN N -z FO = 11
Z2Z XN Z~Nren - -} . # ——— e | _ )] (TR "4 o] H < ~Z EH =
et =N et N QL o~ N CadAddag |} W xO¥ Ve N O~ diem s P~
=< e IO N _121111111111KK5AQI HHNINNTYARN 2V OXY N2 27 &
ST WZ 2TV e~ OIN Vet | bbb pr bl Hlmmrmn b ZTNNXX | Z~= 1O +Z ] b
CCLTUCZ o sirmitN (N Nt DN FUOCNFNOD Do m o PNV 3 S O 3 NP~ I Oy Sl M N
L aaQ ZTIWOUMND b bl | it T DMTTNSY X AT TOLNTDITDINTNE 5 e e Nl TG D e e 2K
FAETEZ L = BT H U N =~ Ny JlJJ(((.\:h [N e\ Taal N} non =~ HZy 0onoy i
DO Or b~ OO Gl N O T O P T O i N e OO ?nn?hv\KOh.anJﬂ ML SCCC TVe=n\D
SSFCCFPUPECCJJDIJJJ JJJKKKKQSTTTTT U DDL 2 A2~ UX C 2VNG

- o




80

&
kS

2%S2+S3HSI+AN T LT

-~ o. -
-~ Ng -~
™ ~ M~
o 3 z
N | o o .=
—t = #*: -
. ¢ - # .
R 3 . —
A oL .
: m Noe p=d
. — I —
- S e« & ~N
- TN [T BN ]
M~ A o o~ -
z o+ + < _—
~ -4 U A ~
~ ' o N . Z
- Ry onN H T -
* B oy C# & 7 >
m - o~ e e
v X ‘ [t 5 S - I B ¥
+ [=4 S e Mmoo -~
e ~ NN N xl o0 .
~ LS el o VA B < ¢ L W z
rd [ T B ] = A e L ¢ N NO ~— o
-~ VI M i T —— FAD s 5 g .
> + N e s PO F oA - C ..
- -~ 4 <" - X ® Nem om + sl :
#* — W BN N NGO =N N e [\ :
N -l 40 Lo w0 N ot < &~ L M
[%] e - o . B o~ er. H# N P 4
+ et RN —e 3 N S W # OO % e o i
-~ = - TX =~ O |+ My = o aMTX < :
~ — T T A e +8 OV D< ¥ s
2z 71N el ) =y N N L A e o8
- - ¥ - 0 e e T < o e N NNV~
M M~ DNe VN N e NE < <l Z -~ <
-~ -~ Fevad- FE~D VT HON ke I N ey Z & (IS 41 -
W=t i~ -~ < O} P e Y (Y * ot &% O 4+ N~ * -3 Z —
* O tbe b ) O O NN wr e VT I,D.A%D.A RZZO[# LN T X ~— [ Ao | ]
VIO X W s N ZE P O OO I Z**3_R/31AA=TFE1 [T [S3%)
N | BN 100 ONO s IO ) 38 NI N T ] e TN\ | D2 ) Z | O T}
FruilbnRA VY | 40T med cddNrmeddY ¥ T NEaxy *3% +0 ¥ T 4G L+ 4+ +
oo X OONHFFOOCHCOI Q= CONY MG NN G aNEADCE Dty N Z~ o v N0
SQﬁ:(:APCAJRQSSS:T:===AA.T1n===P==:(&1_AZZP(PTT(_IZ(LJJOOOZJ
LU 73 [ o VO T N TR VI I LI TR TR T RS O e T N o R S TR TR ] WO RO B il BN~ Hun [ T [ TR T 1] H
OV bt T ot L Nt O T L 5t O bt = f O e O N T X X X @y =i CNAOT BTN U DO
PPRRFAAQU[lSSSSIAG&AAASSSCUBB\AT?ZZHQAIAfSSPPCCJJJDJTJJUUJDJ
-t «© oC N C @ ~ O
o e\ o o e N N




-

81

(VOR)
ALtzeor

20),

" GROUMDPLANE
1
/

< + (OO0
ol Docc
gV oD o
O efNee(mm
OO T
VL *>X X
e et e 0N
[ d o el
— .'ﬂU\lp
2 «DLOC
e - o
[ d ) HNL gTaPrs T [3
o o I A
- . -
™~
o~

GO TO 62

WG O

X3 #UE UL
{LByNF) .
54NR KL HTLL5)

L oy «OOY oo o
- [AaTa Vo 7. SR 1 7 zzZ
LELL) v v U &+ ¥ e}
) : o g EEON T b= e
Pt g s O s o~ (L et AN ] b o= UL —t—t M= AL "ned "
= ISNTI T E UL OND D e~ \ Cei D == —t S N Cedend
* I LT AT et 0 et Tt 8T el ed md 853 Z 0 ZTIODWITIV e XY A I\
N Qe O il & et N P i S e o D LN F Ot o, CO S0 sl N ) NZ2ZC
NIV I OUL O I Z 0 TS A ST SN CT T bt DD QAT I UG N ot ) et et T e 0
W NN HNZNZIZBEZZ N~ B Hll=H HH ) NIl mOE s 5L et T TR Vo R}
W ONWESONCwrat~CC OO CNCOMUL QU OO Ot =~ COuUZDD0C O xx XN Ol YO Y

NW) 6O TO
BK3EXZ(NS)

5

{
LyNW
«NW)
1oNW

W ¥~ )

K=L&,LS

MzMBQMS L e e (
M
z

G
7
S
1
J
)
GT
7)
57
1

2LHBISDCCNNTCCE U IC A IS I CE S CEm~nOun Lnr.d oo RaaaZ s Z2Z2a Cx
4+ o cwno own «c~ on . m N
NN AN TN : ratty) <0 .




Mt~z ~
M2 N6 06 _JMAOONIZT o @
Ny Zh 2 | COCZ 8w C O W D2 nD

Ut nZFnz

S OWMNC A i NN e N D

SC=ZZTmDI I Tuda

WX Z U
Chx Q0 C
[aduy.sf el bt

%1)+U*SIN(S[))[,“ 

{
3; ‘;V e ey

N NV Ses Nt~ 0}
A NT DS ND S
TR AEDIIN S 2R

— TN e O G (Y DO

ITT4NS1%SIMN{BK4)
L 2. M U B 0 - O

%
Wt

i
o w
G

;Sgpv

gf

T,5CP,

[l o - o aib- NN TRN | B [ QDR g

R ,SR,BK)

EX¥ ST SB*SSP xS [
X*ESTHSBESCPRST | o [y g e v s

-
~

arNpOnOn

Vo g (T} e 22 o £
O O, b L bt e e e T
b C 2w C. 2 G200 O
WZODDC o= QU OS5 3y nizz>1 w2
EUNU SOOI WL b L Ol o)

QO C QoQ
- &N an

79243, 10G4EX)®X ) o

7(2.+11.

GIX)
¥ {41424 3.,492¢6
N

82

Ry

SHTO%XX)

AT8)-GIXI*CNS(A)



B)-GEX)*SIN{AY  ~
H-u*(z;*S(Pox+sH/H)f

H{ALP¥ . 5)

CTP(H, SH

135,35

KoM NN D~emill
Q0 CENN—-UT

NE

N XN~ IQAQAC Tl XD
S N C Vi o SN L X e
DWWt I ol OFd#t & TV 2NNVt~ — QAQuViH
O T ROV EC o @ o e XTI NAWVIOC O T
CanCaviatil f YVicy ¢l NNy XUneVIicoo | L EvioQvD

= < e N N e R N N A A R =T N
L2200 CeCZ Jhacs U ddedtN g 1 X2 ==Xy N a Coavi# L ZO0NCC U XT-Ow s~ i | 3 ~OW
F.ASQ-F.SCUD.AHRD‘.AA-.ASD.DQAD.D.XYSSSSCCT.PSCCSCSUQ.ECCUDDI!DZCIZAR.IZCR

ow

LRI S agib- 2 g

-

T et

n ®
M M

Ao gt )~

83

=2 T o K)%Z{Kyd)

W -
e U

(i g Sad P2

OO+ 1D

-

T3

e cOCU O~ U ST~ T
jer i lelofl N Kt it laah 38 Tl ot 4
CZONT et opr olir] op- D
—Z—Taa -z

o
Q
<



ES(721)

JEJU3)PEK(3),

’fb Y.

ZDISTANCES?

2811 yPYI281) ,P7(281) LLES)RADULO),ER(T21)

YUZSXy U (13615 (341390, ETC3T,UV(4),U1

o , Y
" 1 -~ by L L b y (¥, TN
L e s YD O - ) n Kl
[»] o L L L L P — e e e w
Oy O XN Coirs 0w o T o
6 N~ i T~ - <A | Pl e) Vw.H Vis
E T Qe ) e O N SedWMen e
- [~ E R 3 NN N N etew AW e T o y
ClomtNwe UL~ [V T el PN T S A v e e~~~ T & SXTN - - . . ) ol
. VNN oI~ 0 - # ¢NTINONXINTER JmME COTOT mtmnt= tems (O L ] -
ACEA~ICZOFZ o oCOG L 6 N el St A D iy~ s~V N ZC A i
R Tt AT = AL O H# a0 CCACOHO T FOUWANAONT O~ T o 0 Z o~ BV
D IO =T -ttt oI et O 8 ¢ ot e i\ rw et e D ew (O UL e ; *
L NG e~Mae emil NI TN O o B (O S s o (O el & et e HNUW - N . N
R B <1 « L YR N e e e et ot A Sl auad A2 Seed andapben; oo "Ded O N
G  EZZWse ey Hna ol el el B S o e i e Lottt siian eiand ol N b U B U r
a0 0Z dlham o0 el Wigaw QU T X Al AT LSl QO - Z
T ERETEIUNCERE f Cim i - - EE Z0E R CFE 2 ZC TR IO L OF - ESME~NOC NIt S -
oY SCST i (| et ity O (€T e S (L e T QL= S CZN NN W24 I

OO OO Y O rNEr g NOCCa Ga Cr MUCu NUCE CRICE OO C et C U O < L 0L
weNOLUCCKL I CAQAAZIIZU L WL CRU Jdorl T ot TV ST al. JE bttt by WA T - L o R

-t .
o - o~ (= e ~ © A NI * A = T T R B = S T B o < ™
0 o . -y oco O C© O, C e~ NN T [ g .




85

>T1SCPyEXLEL, TTT,HySHoR)

o«
.
N % . o d
] * a ~
# - Ol -
) M i -
vy e ] D =
+ o d s [7e B
o~ > e £ -
v x - - zun.
3+ o~ > . N L
o Lo~ m -~ [Zo B I
@ o + > - -
e (O (OO S : - o+ (e o -y
KNI~ o Wi X B o~ - N Viiwvny - Doe .
QLA ——tNFF T ..N)48LL)235L =z . : e > # CCHEXEmam 4%
— e DD Y NN P e Z 2O e e = Py Z F emem e D ¥ OO b o
#EEXALCO NN\ GO optd i N, Cremif Y BT AAEC Vg Y ek 4 SNNMbnCce T
I ] ) | Vi (NS P oo amdedt—t et . U s O P —— Y emem T —~—A P RN LWL
¢ 8 b NMNTNILIN ) » e | e oA LI i Sy e e . CO>> e Lo~ DU U —a =)
HNUHDOD U g YD Aodans wmimd = DD & 0w TITNe NOD FEE TR CCTTOIX— R R ZZ2RVIL
v f e Z N wd b b e Z W) ~—dd WM v (X (NN S e b N e e S et
ot 2 BN 3 o ed ot bt o, | SW <Y e O 00 NI G =ONNXOGXO> X X g e o
EZZ22Z2000 V2l Z bmritN Ui F FOFT T 0 b e OOt | N DDt (N N XA T X N0 W) =)
e ] ) e 2D 4] =Y, S L T d et L) RN R st BUHRBH RN NOAVOA

RN NG XN IO WL X CCUWTa G CT i CANOUN~AYC> > YOMmX @O Ao O nnanedDXda

HAE XX NANVINIE R d U 2003 LG b TUNOODVNCD G OIY OD Dx O g o COVVIC X MUV e

L T -0 o o 0N RN o o
: S e - N P . N o~ o
- -l - = B . ,


http:��<...."",�

ERPHSAINC

CHETARRKRUL

£500.). SPH,

ZUT+3¥%UI);

i
1

O~ TOWL O SO0
T e ek o (LS PLOTUND = e ot ) o (D @ 0
It DD 6 Z# R s @ =T
44+ +F +TNLANDZ DT = Ot b O )l = ¢ L 2 AT CANZT = O Z -G

SIFUVELIHT (IS)HUVI2)HTII61RUV I3 +TLITI R0V (4)

ot ol it et o e O S -0+ D

86

29

9 F7

" INCREM ENT:

2,

;F?

“END PHI

.
o~
. Lo~
. A
{79
B -
o A
L
o
=
-

S GAT NG I Nt 8 P AN e S 3 04 eV vttt (G e 0O oI D a1 T eI CID il -
- UUVNOEFE <O ¥AVQ e radod

S E ke ™ e M o it o b Ui € om P 2 o e S = 1 L W

L — lNNS::E:::MRMR (IRI:zﬁ:M==f[(M:===W
et NOCU XOw O | F O > CoC- OG- TIX WO C LI T ralan G Oemnms
B a3 5355 08 e SCaE N DE-—EDE000ETFFIONZE X i s =W AT 9ua Ve EOKORWW.

~— A EINE S =Z2aan— W

L .

-~ @© . O o . %

m o G
L I I 0 -

IR



87

IS NOT POSITIVE!)

~EP2)

0S(EP1

ot
- X
a.
v ¢ o
- . 0
Ly m B .
Q. & . e =
¢ [ % B Com. . jin
# ¥ s ON e =z
Qa ~ C 1 IR
O N DO ey <
# WV MO * S
UL o - Z
A 7, S N 1 4] -
W M NN e :
¥ < WweradtN - W
o ¥ W Wwice I
S M N ey o
w o NG o .
£ N WxZOoa~ * .
* i e 22 1M - % s
O~ & ~ o<t » o
CNl r S s o (o B
—tpe L LIG e O oC Xt Srnell e~ B
[FE4Y) -~ el 0 OMSOQ W X e CM o Sl
¥ ¥ CetN o NN OO CUl— e ~u e
—teey - ¢ Ol CWO=Na ) N U= g T L L -« R - : :
(VST ® o e LLUITC 0% 0 0D ¢ m\w 0 % e ol O i~ « e
:\(Dvp CNN QZFFEFTTFFQ,Q. TETLCCNG 0 . =0  ne O
O L2 W2t = SO0 el GUid IC—ted  ®a = NF D
s dv I o oI <t~ o) o ® B o il N AT d o M
CONM eQl— 0 (O3 & QAN OIS o T . - (Tx TL :
VANXE XX GdOYdNGOdax o l.AdC2a T I I sallg R SN
LA Hle 1 pW e LWL = e [ A OS2 20 X
OO || et e O U s e (Y, ) P b 2 Z L. =X OO B
XXNOQALAGUALWZO qUuklLiLeCHaVia TL2DDICaCH2Z-n O
Ec:rE:Ll:rtTrLchhrIQAIrhﬂFtAtFo&xPchFpunF(Zté);.d.
— [l BN
N L 21 ' < : ; o Ooco CON 4

IS o ] - A Or IO nv.lll.AYLOO
) o .. C T .



http:��...."��

RBITRARY WIRES ‘oo s oo o

Xe

AL{280)

Mp=N\0D s oNOL
o Lo 1114-65,...
’ JUFNMHSvI?ZS

UN-.312.

\ls'..ﬁ T - 1155‘_
2 NS SN NVIN S
L NN e v -,/.l.\c. .
: [T T R N, |
e e e o U NN
CAIIO LY o~
NN NN e ) o
: - o bt et e L ) €T Y
GOl =g | |
.=1?1111111111KKA5AA:===2UKH#2;
Md bbbt r I Y N T ONY X
Oy LTINS N T N e i g IV O PO T
CEIC M I 8 temd | el ™™ DY YN QA FINCRDDDNTRE S Ot et et Z T
e LN BN NN NTINTD e | E W BOTN N

3 TR T (N ]
P[:IT12179F2134567L56712((((PoPPZD:4KK0233HFKBQ

CnlpFCCJJLiJJJJ,JJKKKKSSTTTTTTTTJCUURBNRNN“IKF

88

~ N1l n

10 \
DN 14 NF=1,N1

: (;n
12 KK


http:Cc"'�'.,;;;.c".<,;�

89

e
R
vy
T~
™
R ol
YA . <
- %
et -
S i .
B Y« 4 ‘
o~ R e &
e SN [T N
P~ - 4 o e
4 iR + .
R s ol o
U . o N
i N al N
o —— R .
LA - —] R T s U
: o X TN O -
Co* o e Gem U ® (ST A T S
v L~ ~ SN o al e
§ A S P Y o R <t s X ¥
3 & o e T FO NO
; L~ AR AP K = o) e PO
| > ST S 7 BRI SER &+ o\
s - et g lON oo Q0 Ne~ o
: +* K7 R I T T .1 NGO e
® o BN L R < S N 1l <
S~ W, e we @l BX R L
L) K —— 3 N T O [TaY o VERNP VR S o ¥
.- - TI = —~ "M% 1+ My, e o <
-~ tn ¥ LndEis ot & NA e LAV A T
T4 X¥s) i . - Z A U2 B o B S R e g N 6 4
=z : - —Z ~ N ek b o~ g0 oo aN N
el e D~ ~OX PMRKN *eey VW T BN 3 d e I N e
viv Y =0 ZH#HZ 1t L~k J _—O S Y (Nt Y o aa v e ok ;K 4
oo W e Fom i mamom g ) —_maNA L VNN~ st A NOA o ONNO—H D eI
WHWL Y e Wemmil el e d e el e OO 2 3 oo~ ON g NE O eSsN—<dq
S)UUKKLZLUI_NKNNNS((n_x/R(.CAATTaUZD(ZZ*.#2CA$*2R#Z3_(A2(/B(

USTZZ +ICH+T IV de—wt R NOOQ SV £ O ety ¥ horaNxo o o o i+t
NNII537AOIKN6FXYZ1QHRR-LKDRZTTQQ[AUAA(AIIRﬂZKR&ATZZZ3P.ZRnnA
e T IO S et Z XX XO - AT DR VI N R NSl I N Noz it 0 f~r<lmd | SN
b2 R NN HN NNl a il n~n gl et =03 0N AN e p ity nnun
,SSQDO?FA001X081332=TTHLP12F?1234FIOIIYI31702AAPRFPQF11023&12
..PPCCDNIANCKNDNSSS?RQRQAASU!USSSSIAGAAAASSRGURBAQZZZZHAAAAASS

0 00N - o o —t T o ooy . ot
ot pt R i Col ~ -t N o



Rt NY

;“§C00337901F97QF56 e
L AGORETmTINC I TOE .lUU e ] oo

ALI280)

)y

FIRTYINT)+TZNFI*TZ(NT)
v
I
S
0
5

Ve I8 : Co—C~a

—il v ez e sOSY

»Z aF 7, T T o AL

[ o -3t .NUZ» U e el

>X - # -~ -~y -4 S S il ot ol ed o

[T} ST

Wr-ZZ+V - + 4T 2N ST DDWZEIV: e XY
!8‘&1352 ] €3 ptne O =l i U™ ’7.1..19 CLCCa e

—— = TR 1] I~ = " __( [ ]

& n - CcneO
NN N la ]

@ Ouw R
o et . NN

FF\IZEIE*\I\I. WIW e X N0
JJZJU“U“XS2UJ = — i ¥ 3% 3E

90

+ +
N MmN :
e T2 X - D PRPMuC7===1.1(1N4T15M(N
HU RN P 2N Z2NZEZTFOCLIETZET et B
DN TN OX e e OCUWZ DD SO I XX ZNOSWU yMNCx O a

JJUU(J(hI?JC(RESSCCCD)RBPfNFTKNbGKDNB[

P

PR A N O RN




-

LEFUASINTS L) P AUX SINA-S2 1 %2

<+
k]
- atlat X1 .
NN =DmnNy W
Ve e (N T DD D
N EENDIFT T+ HIZIDZ
J SO o o = TN W e (N i o (Y O
e o ZZ = ot } 006(NN(00QJAPFT|}TUNTXU
NZBZ NN [T R T LI 0) Huupnuwuwzn :ﬁ.STD

{
CUITILNS)

b

Kr3023340F3211?ﬂ231?520430 I WZ .

BCNCNNUUDIhNJJUDJJSSUUCUNCERE
e o w M U

RS

91




92

APPENDIX B

'The following program replaces that in Appendix F of the 1974
Final Report [1]. The program computes the scalloping due to metallic
scatterers'iﬁ the form of bodies of revolution with vertical axes. The
modifications are the same as those listed in Appendix A: The scalloping
envelope is computed directly and the effect of the counterpoise has been
included.

The first part of the program is unchanged. In the seéond part of
the program a new iﬁput card has to be placed between the second and third
data card. This new card must give the values of H, SH, and R as in Ap-

pendix A.
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APPENDIX C

This is a simplified version of the program in appendix J of the
1974 Final Report [1]. It is based on the theoretical formula for single

wire scatterers of any length. The input data cards are unchanged.



104

! :
H cF i
£ L 1 . M <
{ : ] o
: : ;
P 5 . H
B : H .
: B . : i -
g - .
i L !
: o o
e ’ M w\,,. i
: o - 1
| [ b
) D=t ;
wz. . i
- i
Uak i
%7 H
T R
* ! i
~ :
= -
o% N
(Lol o
[ P
—_ T
—u) -
[ B -2 -
St ol
I =
~ 2 (=4
=~ u.
> o
SR -
L | ‘-
bt oL
Ve . LI
& 0. .
 m O "
23 o et -
o o [ Pl w4
i : o> o~ [ A1
x . : Iy ~ ;4
L - . ~ + 3t ~ -5
-~ F o< — X, o~ o -~
ST I . -~ x % ~~en 12 NI
Lt L ) @ 4 D. 3 ey . i
S R (e ] [ -~ et ~iL .
.~ HIY [ v Q- 8 ~ Ly
g e ¥* V23 4oa - —5r - .
YR Y ) - - L + o~ - - -
S »x i o> ") O ~T it
- RPN - - . X [$1% - =T
e g i W w L # + -~ oW
— E t . .- TamN )~ XT
- H . .~ T e X 3 1N\ [V I ) e >
+ i <« A b T e *o - ox -
s Wine N~ K #* 2D I~ ~ ey
~N - «Z . .S. i T .= Lo S . p* < ot o
~— o~ P 3 e oo R o ol [T, T~ ~NEY D
N R >V LI - ~ o AN~ ™ i+ Mo~ el
- - - $ -~ 3 - -— eet® NN L 2N Y] - -T O Y -
¢ X o Dy om I oD xI Q BN FH LT n # N VinNg ¢ =
-~ it ~—-3 X i - M N~ 7 ot b e e et v T (3] (a3 L UIO—~1
wo (L4 QMe N~ WU @ # = <O wWinn e . . - ~O ~ a=inT
~N + ouw oL ZVe Toa wOAIpOs | # H V=~ e ~% NZOU~O
=0 = e . =Wk - 20814 — et =A<l o <A X X0 NN D=~ ™D Urdy soe
Qe [@ ]! QO Ot FXATIHENACHV— VN DX erw— - 00 NN Mot ey

T ez bt 82 rad 0P DU et Io i Id gy F TUZNNI AN~ O O0NH 2 W et

- FNE e el Dud ¢ T OV O ol i o 2 X > UONA VU D0 T J&wdiig
P OHD Le Ve D LS SAOMNEZARRXVN I I NNYYOUVRIVNOUA | | | FUROOVND AWCEERE !
L e OO ZC 0Zm —OCE~ g N oo b Mot paed b g o o gps~—uy Ity W~ T Fgu e~ -,

SWWEINWZSE WD WED0 Y —~O—OZ N O i =Nl | X)X > U NAQ O AN WZC—WOgD |
,.FFREFGREFACQEFASRESCUPHRRAAASPDAAPPXYSSSSCCIPSCGSCSURECDRFNF

, . 2 ; : ;- : . : —

S o i ; by T . o nw D . co in
B HE i g B -
S S B o




105

HA&,V, FO
y HAy'Vy FD

W W : i o
: i i T
. L ; i ;
U i . : "
: . i o ; ’
: o ! M : S ! o . : :
; e ; K i o ; m M
H S8 n i 5 L : )
H P H N Lo : :
i il 3 : N o
: P i . : ; s : ; “
: Pl i ! : "y : : __
: i i j : ¢ ; ) : :
3 P E Fod z . 4 3 . b 3
L k! B i 7] : & . : : i
: | . s : ; ! C M m .
: v e vog 2 3 i i
L. S Ty 3 : £ . : w
S D : i ! . w
i — 23 i § Pl N ;
o [ B ! -] Lo !
A i E 3 H 1] :
- o : : v :
M~ - : ! i i
- N [ L1 ¢ 1 H
W 5 i R .
. — : e i w - i 4 «
x . - i & 3 3 oy .
; o PH {4 ¢ : L :

- - - ;o P : - :

N - = . i -y : I :

e o . il _ 5 & : - :

L . . = : H B i P .

TS < w ny - : o W

- T o LBl . . v :

- LS ¥ i ] i P ;

[T - = A i H 5o :

(@] [ - Dok ¥ : -

&< - < : N £ HE d
e - W $ HE ;
S 5 e E £ - . :

. L ’ 2 ) H % - £ -—
N B 1 Do a H . o
. [ } : Pk : : *
~ w Pi o : - #
Qi ag L. Vol (] 8 g oy
o - P % ; w N S
. i . ! N c v
0 — 2 . E o : L g
o~ o ; i : . 4 - i i : o~
o frr] P g 50 F 3 - ¥ P !
I ST i D dk : ° : e
Sk w1 PR P 1 X e ; : *.
- =y Z N g S M = o
Sk B EERS R 4 i - Poox v
. . X 5 v IS a1 -

e i q’t H Lol P w 13 m H P xa ”
ST SIS IS A %

.- T On R : | cun =2

HT ee L Z ¢ Coowr L { . Zun v - Q

<l e <SH £ i~ ~nNE i - ~;

T et s <TU. INNO : Wie o —
- Nt < o« < ¢ oW i ~ N
N » Te At -~ ®
- a# <# 4O M 3
- N~ N
-t V¥ o~
— F R P

. -

ELFALT LN

- [ —

- <{ e I ; =
(3\] ~ea O W™ [T — ¥ ) _—
. Ll N TUR O o z - v u T~ s xea
o — e - TInL ) 7 e Z>m0 : W o e C
w a~ T a : ; - ~ —td — 00 ~ vy Ll N+
et <L o O mNpeemrmed 50N SLile e BEDERS PN} o tn * g -0y
r e - <5 . B TI e it

TNWe «ONC o« NN Xe o  Tgl cCOpmIE e ' : N
Ne D e = tm LGN NWINRS O\ ¥~ e —~ o= % VI AN A O
Qg O= i, ~ODpaiy » o) erdin) Ot OIS B S Cd~0n OXQedem =N | & eON—NVIN
~—ipe A O et YN $ TN —_id ® e o T 3 N ON O 0 | O—C O LN ~rwrw—d
OLACCULNE MU S IO T sy =—=<IaNNNI—~t XONN Ne eI TUNINGU =N OO NN
i~ e U e ey e () UM ) SN G g P W W P S - W I = N~ G L O
et et L et (O SN O D 4 b T —CESCIT A X =BG Db aZ g T ad-
b e Db b V2 H H# TOAF NN NHE ¢ X X Z R NCO s e T 200~y OV L
U =i U Loy Dl & s A~ OGT X sadgu) UG O =OdMN =Dt <o La<dy
Cs -33O33 X SOTFTNE N LN = —enTAnncngd il H 1O Fe 1OOMANNT 00 0B UV
Ay QA= | T L 1) NI T BTo 0 00 H 00NNt gy > I RH BN ey —or = Cet §
WO OROEOOWOZT WIZ I adX K2 DNt gt O T O To0 AT ~ONO—~aIOoC—~ =Ny
RFNFRFNFHRFNFcISHEABGUEFAAQQQGSCCCPRRIHFEPSCSCBBQAECCSSSSAAS
i . - .

Lo~ o Wn o~ D S P P . o o . .

—~ = NN m o ) L < P - Py 2N i
g el e [ H m. o i N .1 P F
; ! W Fio b ST . N
L ! Pl b 5 ! b SR T - :
i H 2 t i m,. v P : - :


http:M.;;."""',,.,�
http:I-....~.~,...~""',.�
http:v,"::",.,',..".,.�

+ETHET) ) X5P+50-

U AN e L g +4>> ww

—wed (Y p Ll F L) P -y S g ot O] 3 B N

O L N DD o W . = NNBnNN ¢ eUL
© el 3 3t TN e + WNWINVI>> ¢ OOCUL R
— e (30 G 3 3 UN L et N NP TN T D DD 3 3 e 0 ¢ UL
—CORE | P ANCEommm e lI OO UL D D e NNV - - e G
CNOEWE i A< DA+ | 4 | HEFEHZNEN) ¢ o X x(DONE

@ T atNMFEDMVTH 4 3 MO IC—ArdA NONAN Nt (V= (D + T 0 SLLD -
- T N OAEONOE T U LR L WL UWDDOOVL ¢ NNy e

=0

L E.O0.) AA

-4

106

;

H

s

%
i
3
3
3

i e b 7 RO AT i il €57 38 I

5 sttt F o 3

MPGLSCAF "

0.
i
y
)

YM1*CUL

) X3MPG
PHI,BMPI,BMPD,SCAI, BMPF, B

P2)
P4)
2
*B
F843, 5Xy 3F 84 3)
H
!

Be

YM2#CU2
U2-YB 2%CU2

~ 3
[ X% X7 =N 1w L] < Z Ui r=t~r e 00
St N el D ¢ =~ o & & oll
DHIDNAND i TNCWOOND :
LNETUVSZZIlnnsu Ol +wCOmirmO &
wd3 >3 e LT e (D)1 et ] et o F Gl NN
St N+ e VI v pe > L e i
o oI § bt Tmao TIT<CC:W

460

L Al e Y (et CECE O O W Moy B g W N et g CSOLONGONO»I>O N g L3 ._D.rbmo.vM.M?u.lH

. WO g W W 1 g 0 g 0 et NN A Ot Nt = YN B g et O e OO Wt Do U Ut YU e W et e 2 200 e’
L @E Zunt) N e AN e O et NS E. 0. ENNVIND DD DM VL LT Qg ~NME L e n0uae lu 300u0a |
L EMEVDE DN (AU > 2 DDV VIOL UL L = OO g = =2 A 0 AL LN I G =0 Oty O

i

m ,_ IR S P
¥ : [ ﬁ i M
: Pl [
! ' LI mh Ll
' [ [ Ny
¢ H B rod
I b FIES : . w

. . e (e]=] 0@ '
. ” je—t WY, .
- m @4 A.w ;

b

1


http:�.".,.��
http:w,...'.'�

107

o R S At e e v e A R L e el ~ s For s b N — e
. .
o PN 3o s e st oM SN W e e NG N SRS LN SN S B I T e S - . P
Seet e e et gl r A . maaw B R P T T R TP T P b e e
. - NI . « B . - S - R - « 4
. « s S A S v s s % P W e AT N T S a1 W SRR L AR > P N e P - [P .
..... - PRP e S NP . ~ B e v B - e B IR A
.
.
oo G Y A B AR R SR T T ST Vi 3. 1A DS g 0 A S AT 2 RSN YA 3 R YA AR S R B AW SN S S N T e § S h bwag s ot s gy e e Lo v e e e
- e e S SN ce ¥ i e 5 2 g e S TR L G s b st Ko L B s

PP et ey tas .24 S R P

R T — g 139 e, o S {8

v s St

e e e B I et T ST IPUUR P LIV S B e Tt

. PO A o . VI~ S e o e e
. B P S Reat N R R N sk e 0 AR S S T R S P
. . Y e g e o - N et e
it e et b b e 3 :

RPN .
ATV SO PRI TIPS 3 SV
G e e, g S S et A R P e e SR

/ 1
e e e S AN -1 T
_____ R o i § Loote00€ 0 uLtee
L .¢ .NH
. : : an3
e e e S ey . dC1S 006
\ LTI teSATLISCd LON ST THATAC ANIWIBINL U 3H ] xxd0dUI#%04) IVWdDd 0S¥




1.

108
REFERENCES

B. J. Strait and H. Gruenberg, "Effects of Scattering by Obstacles
in the Field of VOR/DVOR," Final Report No. FAA-RD-74-153, September

1974.

B. J. Strait and H. Gruenberg, "Effects of Scattering by Obstacles
in the Field of VOR/DVOR," Interim Engineering Report No. 4, 1 August
to 31 October 1974.

B. J. Strait and H. Gruenberg, "Effects of Scattering by Obstacles
in the Field of VOR/DVOR," Interim Engineering Report No. 5, 1 November
1974 to 31 January 1975.

H. Gruenberg, "Effects of Scattering by Obstacles in the Field of
VOR/DVOR," Interim Engineering Report No. 6, 1 February to 31 April 1975.

George Tyras, "Radiation and Propagation of Electromagnetic Waves,"
Academic Press, New York and London, 1969, p. 285.

George Tyras, '"'Radiation and Propagation of Electromagnetic Waves,"
Academic Press, New York and London, 1969, p. 106.

S. R. Anderson and H. F. Keary, VHF Omnirange Wave Reflections from
Wires," Technical Report 126, Civil Aeronautics Administration,

May 1952.





