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EXECUTIVE SUMMARY

A number of problems associated with wind turbine (WT) interference
to the electromagnetic environment were investigated. These studies, and
the significant findings thereof, are summarized below.

The scattering of circularly polarized electromagnetic waves by a
slowly rotating rectangular metal plate, and the reception of such
incident and scattered waves by an arbitrarily polarized receiving
antenna, were investigated theoretically and experimentally. It was
found that with a circularly polarized incident field, the scattered field
is in genera1 elliptically polarized. In the forward and specular
directions the scattered wave becomes circularly polarized with a sense
of polarization simi]ar»and opposite, respectively, to that of the
incident field. Consequently, a similarly polarized receiving antenna,
with polarization matched to receive the direct or incident circularly
polarized signal, will discriminate against the specularly scattered
interfering signal. This implies that the video distortion to TV reception
within thg backward interference region of a WT is less with circularly
polarized signals than with conventional horizontally polarized signals,
all other conditions being equal.

Our previous analyses based on the 'worst case' assumptions, i.e.,
the WT blades oriented such that the maximum scattered signals are directed
to a receiving point with the receiving antenna isotropic, shows that the
interference zone of a large WT can be quite large at the upper UHF TV
Channel frequencies. However, directional receiving antennas are used in
many practical situations; also the interference zone is merely the region
where video distortion could possibly occur, and gives no information

about the probability of its occurrence. In order to assess the practical

i



severity of the TV interference problem, the use of a directional receiving
antenna and various statistical (and other) factors governing the occurrence
of interference have been theoretically examined. It is found that the
availability and correct orientation of a directional antenna will decrease
the maximum interfering distance as well as the actual possibility of inter-
ference throughout the backward portion of the interference zone. For exampl
within the backward interference region of a MOD-0A WT, the maximum inter-
fering distance on TV Channel 52 is about 1.1 km when using an isotropic
receiving antenna; with a directional antenna receiving the direct signal
through its main beam maximum and the WT-scattered signal through the
backlobe maximum which is 15 dB down (i.e., ~0.2 times the mainbeam
maximum), the corresponding distance is about 0.2 km. A method has been
developed to estimate the percent viewing time during which unacceptable
video distortion may occur during TV reception within the interference

zone of a WT by taking into account the relevant statistical parameters,
wind speed, direction, etc. For example, for a receiver Tocated

in the backward region of, and at a distance 0.5 km from, the MOD-0A WT

on Block Island, the probability of experiencing significant interference

on Channel 53 is 9 percént when using an isotropic receiving antenna, but
only 2 percent with a properly oriented directional antenna having a back-
to-front ratio 0.2. In practice, therefore, the interference problem
could be much less severe than is suggested by the basic interference

zone obtained under the deterministic assumptions, but it is still true

that this zone defines the region where interference could occur. In

fact, were a directional antenna operated incorrectly, i.e., pointed at

the WT, interference could exist even beyond the zone.
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A variety of scattering measurements were carried out in a microwave
anechoic chamber using 1/40 scale models of the MOD-OA WT, the Darrieus
and the Giromill to determine their electromagnetic scattering character-
istics. It was found that the scattering cross-section of a scale model
MOD-OA . WT . is about 5 dB greater than for the Darrieus, and 5 dB less
than that for the Giromill.

A laboratory microwave TV system has been developed to study the
TV interference effects produced by the rotating scale models of a
variety of WTs. The exact TV Channel frequency at which these effects are
applicable for a given full scale WT is determined by the scale factor of
the model and the frequency of the microwave signal used. The system
consists of a commercial TV signal generator providing some test program
(video pattern and audio information). The modulated RF output is up-
converted in frequency to 4 GHz and radiated by a suitable antenna in an
outside environment. The direct (primary) signal and the one scattered
by the rotating blades of a scale model WT are then received and down-
converted to a frequency acceptable to a TV receiver, enabling us to
observe the interference under a vériety of controlled conditions. In
particular, the modulation waveform, modulation index and the video
distortion (if any) produced by a given WT can be determined. The system
has been used at the frequency 4.07 GHz (x» = 7.6 cm) to investigate the
interference produced by 1/10 scale models of the Giromill and Darrieus,
and by ~1/40 scale model of MOD-OA WT. The results can therefore
be used to obtain the interference effects caused by the two full-scale
vertical axis machines at about TV Channel 14, and by the full scale
horizontal axis machine at about TV Channel 6. The modulation waveforms

produced by the scale model Giromill and Darrieus are different from those
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of the scale model MOD-OA WT, the latter being similar to those obtained
at Plum Brook using the full-scale MOD-OA WT. With the Giromill and
Darrieus models, the threshold type of video distortion was observed in
the backward interference region for a modulation index of about 0.27;
with the MOD-0A model the corresponding modulation index was about 0.17.
From the results of the threshold measurements it appears that the
interference produced by the Giromill and the MOD-0A would be of the
same order of magnitude while that of the Darrieus would be much less.
The possible interference to the performance of a Loran-C system
caused by a large horizontal axis WT has been investigated theoretically.
Since the physical dimensions of even the MOD-1 machine are very small
compared to the extremely large wavelength (A = 3 km) of Loran-C
signals, the maximum signal scattered from the WT was found to be about
100 dB Tower than the direct signal at the receiver even when the WT is
located as close as 100 m to the Loran-C transmitter or receiver. It is
unlikely that the Loran-C receiver performance would be degraded by such
Tow level interfering signals. The mutual interaction effects of the WT
on the performance of a Loran-C transmitting antenna were found to be
insignificant for a WT located as close as /12 (=250 m) from the
transmitter. From the results obtained, it appears that a WT located at
distances & A/12 (= 250 m) from any Loran-C transmitter or receiver will

not have a significant effect on the Loran-C performance.



ABSTRACT

Selected problems associated with wind turbine generator interference
to the electromagnetic environment have been investigated theoretically and
experimentally.

A study of the reception of circularly polarized electromagnetic waves
in the presence of a slowly rotating rectangular metal plate indicates that
a similarly polarized receiving antenna discriminates against the scattered
signals in the backward scattering region. This implies that the video dis-
tortion to TV reception within the backward interference zone of a windmill
will be less with circularly polarized signals than with conventional hori-
zontally polarized signals, all other conditions being equal.

A method has been developed to estimate the percent viewing time during
which unacceptable video distortion may occur during TV reception within the
interference zone of a WTG, by taking into account the relevant statistical
parameters, e.g., wind speed, direction, etc.

The electromagnetic scattering characteristics of small scale models of
the Darrieus and Giromill have been measured in a microwave anechoic chamber.

A Taboratory microwave TV system has been developed for studying the TV
interference produced by a variety of windmills. Some representative results
are given for the Giromill, Darrieus and MOD-C machines.

Possible interference to the performance of a Loran-C system caused by
large horizontal axis windmills has been investigated theoretically and it
has been found that under normal conditions no degradation in performance is

Tikely to occur due to the siting of a WTG near a Loran-C transmitter.
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CHAPTER 1
INTRODUCTION

This is the final report of a third year's study of the effects of wind
turbine generators (WTG) or windmills on the electromagnetic environment. Since
the present research has been a continuation of a sustained research program,

it is appropriate to begin by a brief summary of our previous studies.

1.1 Background

Over the past two years the interference produced by horizontal axis
wind turbine generators or windmills to a number of electromagnetic systems
has been identified and quantified [1-3]. The work was originally motivated
by the possibility of interference to TV reception. Analyses of blade scatter-
ing quickly established that the rotating blades of the WTG could serve to
pulse amplitude modulate the total field received in its vicinity, and an
examination of the basic detection process in a TV receiver showed that the
extraneous modu]atioﬁ could cause video (but not audio) distortion. This
led to an intense study [2] of TV interference usfng field tests with the
NASA/ERDA 100 KW WTG at PTum Brook, Ohio, scale model measurements, and
laboratory simulations. One outcome was the establishing of a threshold for
the modulation index representing the largest value for which the video dis-
tortion was judged acceptable for small periods of viewing; and the dependence
of this threshold on the ambient signal level, the TV channel number and the
test receiver used was explored. Examples of the interference at different
modulation levels were recorded on a video tape furnished to the sponsor.

Knowing the threshold and the equivalent scattering area of the particular



windmill blade, it is then possible to define an interference zone about a WTG
for each of the TV channels available in its vicinity, the zone being that
where the video distortion could be unacceptable. Using analyses and compu-
tations of the propagation and scattering phenomena, a simple technique was
developed [3] for computing the interference zones for large horizontal axis
WTG's such as the MOD-0, MOD-OA, and MOD-1 machines.

In addition to the TV work, the possibility of windmill interference
to other electromagnetic systems has been examined. In the case of FM broad-
casts, laboratory simulations have shown that interference is detectable
only at Very high modulation levels. or where the ambient signal is itself
low, and for all practical purposes the interference will be negligible ex-
cept possibly within a few tens of meters of the WTG. Studies [2] of the
interference to two specific air navigation systems, VOR and DVOR, have
indicated that no significant degradation in the performance of these systems
will occur if the WTG is sited according to the standard guidelines (for
stationary objects) established by the FAA. We have also analyzed the per-
formance of two typical microwave communication link systems whose repeater
stations could be Tocated in the vicinity of a WTG. It was found that the
blade rotation produces a frequency smearing of the received baseband signal
energy, but the maximum smear is much less than the total FDM bandwidth of the
channel. Using then the threshold value for the interference-to-signal (RF
carrier) level allowed by the telephone companies, the concept of a forbidden
zone around the link receiver was developed, the zone being that where the
placement of a windmill could cause unacceptable interference, and illustrative

examples were given in [2].



1.2 Present Study

In spite of the wide ranging nature of the above-mentioned investiga-
tions, there are other systems and/or circumstances where WTG-generated
interference could be a problem, and the objective of the present study
has been to treat some of these.

The use of circular polarization for television transmission has been
suggested in order to eliminate the reception of extraneous multipath signals
due to single reflections. This could significantly affect the interference
caused by a windmill. The implications of the use of circularly polarized
signals to WTG-generated interference are discussed in Chapter 2 by investi-
gating the reception of circularly polarized signals in the presence of a
sTowly rotating rectangular metal plate.

In all our previous calculations of the zones [3] of interference about
a WTG, such parameters as the windmill pointing direction and the blade
pitch angle were chosen to maximize interference for a given TV channel and
receiver location, and in addition the receiving antenna was assumed omni-
directional. As a result, the interference zone is the region of possible TV
video disruption, but gives no information about the probability of disruption
actually occurring. Chapter 3 describes a method to arrive at a statistical
measure, e.g., percent time viewed when the interference is unacceptable,
by taking into account the statistical nature of the pertinent parameters.

Large horizontal axis windmills have been the focus of our previous
studies. The vertical axis windmills, in particular the Darrieus and Giromill,
are very different structures from the horizontal axis machines, and it is not
obvious what their electromagnetic scattering is, Chapter 4 presents the
results of a variety of scattering measurements carried out in a microwave

anechoic chamber using small scale models of the Darrieus and Giromill.



Chapter 5 describes a laboratory microwave TV system which we have
developed to enable us to observe and quantify the interference effects
produced by a variety of windmills under controlled conditions without
having to rely on outside signal sources. Some representative results for the
Darrieus, Giromill and MOD-0 machines obtained using it are also presented.

Chapter 6 discusses theoretically the possible interference by a

large WTG to a Loran-C system.

Because of the large number of quantities to be represented, it has
been necessary to use some symbols to represent different quantities in
different places. In every instance the symbol has been defined where
introduced to avoid misrepresentation of its meaning. For easy reference,

a list of selected symbols and acronyms used is given in the Appendix.



CHAPTER 2

MODULATION OF CIRCULARLY POLARIZED ELECTROMAGNETIC
SIGNALS BY A SLOWLY ROTATING METAL PLATE

At the present time, virtually all TV transmitters in the U.S. are
horizontally polarized, and the receiving antennas are designed to receive
this polarization (the lack of any valid basis for this choice is évidenced
by the fact that throughout Europe the transmissions are vertically polarized).
Nevertheless, there is a move to change over to circular polarization because
of the improved reception in urban areas. Such a change could affect the
interference that a windmill produces, and it is therefore desirable to
explore its impact. To this end, we present here an approximate theory
for determining the scattered field (hence the modulation introduced) when
a circularly polarized plane electromagnetic wave is incident on a rotating
rectangular metal plate. As is well known, a circularly polarized electro-
magnetic wave may be obtained by a proper combination of two orthogonally-
oriented linearly polarized waves. Thus, we shall obtain the desired
fields by combining the appropriate scattered fields obtained with horizontally
and vertically polarized waves illuminating the rotating plate. The horizon-
tally polarized case has been investigated in [2,4], and the results obtained
therein will be used as the basis for the present analysis. The implications
of the results obtained on the reception of circularly polarized signals in
the presence of a rotating plate are then discussed. Finally, results of
some limited measurements confirming the general theoretical finding% are

given,



2.1 Scattering of Horizontally Polarized Waves

As mentioned earlier, this case has been investigated in [2,4] and we
give here the appropriate expressions without detailed derivation. The
fundamental assumption involved in the analysis is that all relevant velo-
cities involved are much less than the velocity of light, and that the
rotation frequency of the plate is much less than the frequency of the
incident wave.

At time t = 0 a rectangular metal plate of dimensions L] and L2 is
assumed located in the plane ¢ = ¢s with its axis A-A' aligned along the
z-axis of a rectangular coordinate system whose origin is at 0, as shown
in Fig. 2-1. The center of the plate is at 0 which is also the origin of
a spherical coordinate system. The axis A-A' of the plate is now rotated
in the x-z plane (i.e., around the y-axis) with an angular frequency @

such that at time t its position is as shown in Fig. 2-2, where

6, = ot. . (2.1)

The azimuth angle ¢s (in Fig. 2-1) of the plate is also the angle between
the unit normal ﬁ to the plate and the normal to the plane of rotation
(i.e., the y-axis) and will be referred to as the skew angle of the plate.
The plate is illuminated by a plane electromagnetic wave incident
from the direction (eo,¢o) with the electric field vector polarized in the

horizontal (x-y plane) such that:

>,

i A ~ . . . . .
= E |X - i + +

. o[ sin ¢O Yy cos ¢o] exp[ik(x sin 8, COS ¢0 y sin g  sin ¢0 Z cos 60'

(2.2)
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Fig. 2-2: Rotating skewed rectangular plate, with
the incident field direction and the re-
ceiver location shown. The line AA' is
rotating in the x-z plane.



>

i_ 2 o . A
Hy = Ho[ X C0S 0  COS ¢0 y cos 6 sing +zsin eo]
. - . .
exp[ik(x sin o €OS ¢0 tysine  sin ¢0 + z cos eo)],
where
Eo’ Ho = EO/Z are the amplitudes of the electric and magnetic field

vectors, respectively,
Z is the intrinsic impedance of the medium,

k = 2r/A» is the propagation constant in the medium,

A A A

(2.3)

X,Y.,z are the unit vectors in the x, y, and z directions, respectively,

and a time dependence exp(iwt) is suppressed.

According to the physical optics approximation, the surface current
density at an arbitrary point on the illuminated side of the plate is

N ->

-
Jg = 2nxH (2.4)

iy

1's
i

where H1]s is the incident magnetic field at the point on the plate, with

>

Js =0 on the shadow side. In terms of the polar coordinates 0 and ¢s’

the unit normal n can be written as [2],
= - . + ~ + ~ - ‘ . .
n x cos 6. sin ¢S y €O0S ¢S z sin g sin ¢s ) (2.5)

Using (2.2) - (2.5), the current density 35 is

- - ~ N ~
- _ C oy vi 4 ood .

JS 2 HOJ 2 H0 (XJX vl ZJZ), (2.6)

where

- k3 + . . e . \

iy = sin eo cos ¢s cos eo sin ¢0 sin 6, sin ¢S

J, = sin g, cos 8. sin B, - cos 6, cos 4 sin 6. sin g, ? (2.7)

. . . +

3, cos eo sin ¢o cos es sin ¢s cos eo cos ¢O cos ¢S




With the above current distribution, the components of the far zone.

scattered electric fields are obtained as [2,4]:

- s exp(-ikr) r. . . i s
Ee 1E0 o [Jx coS 6 cos g + iy cos 6 sin ¢ j, sin 8] C(at),

(2.8)
- _ir exp(-ikr) . s .
E¢ 1E0 0 L J, sin g + J, cos g1 c(at), (2.9)
where
L]L2 L1B L2A
C(at) = 2 5 sinc = sinc - (2.10)
A -
with
-— . ° ‘\
A= (p cos 8 - g sin es) cos ¢S + u sin ¢S
B =p sin es + g cos 6,
p = sinc 8, COS ¢0 + sin 6 cos ¢ (2.11)
q = cos 6 + cos 6 F
u = sin 8, sin ¢0 + sin 6 sin @
. _ sin mx
sinc[x] = —_ _

In particular, for the special case 8 = eo = 1/2, the field components are

Eez 0

E¢ = -iEO Eéﬂéiiktl [- cos ¢S sin ¢ + sin ¢S cos # cos qt]C(at)

with (2.12)

10



2wl L L
Ciat) = ———%—2 sinc E;} (cos ¢o + cos @) sin qt]

A

L
* sinc E;%’{(cos ¢o + cos ¢) cos at cos ¢s

+ (sin ¢0 + sin ¢) sin ¢S} 1, (2.13)

where we have explicitly included the time dependence produced by the
rotation of the plate.

Note that, in accordance with the notation used in [2,4], the product
of the last two factors in (2.8) and (2.9) may be identified as the modula-
tion function associated with the respective component of the field. For
example, the modulation function fm¢(t) associated with the horizontal

component E¢ is, from (2.9),

= - . i - + - . N
f (t) = [-sin g{sin 8, €OS ¢S cos 8 sin ¢0 sin 6. sin ¢s}

mg
+ cos § {sin % sin ¢S cos Qt - cos 8, COS ¢0 sin ¢S sin at}]c(at)
(2.14)
2 L]L2 .L]
c(at) = > sinc Eif (p sin ot + q cos at)]
' A
L,
* sinc [—f {(p cos at - q sin at) cos g + u sin ¢S}] (2.15)

where p, q, u are given by (2.11).
Discussion of the modulation function under various conditions may

be found in [2,4] and will not be repeated here.

2.2 Scattering of Vertically Polarized Waves

In this case the magnetic field vector of the incident wave lies

in the horizontal plane. We therefore assume the incident field vectors to be

11



m
n

- - . + ~ .
> = E, [-x cos 8, COS ¢0 y cos 8, sin ¢0 z sin eo]

e exp ik(x sin 8, COS ¢0 +y sin e sin ¢0 + z cos eo)], (2.16)

= HO [-x sin ¢0 + Yy coS ¢0] exp [ik(x sin 6, €OS ¢o ty sin e, sin ¢O

pm
N
|

+ z cos eo)] . (2.17)

—)‘_
The surface current density JS can be written in the form (2.6) with the

components
- - N
J, = - cos ¢0 sin es sin ¢s
. . . . (2.18)
Jy - sin ¢o sin es sin ¢s >
Coo L . ' e
3, cos ¢o cos es sin ¢S sin ¢0 cos ¢s )

The far zone scattered electric fields are again given by (2.8) and (2.9)

with jx’ i, jz given by (2.18). In particular, the scattered electric

y
field components for ¢ = eo = /2 are

E6 1E0 o [cos ¢0 sin ¢s cos Qt - sin ¢0 cos ¢S]C(Qt) (2.19)

£, = -if, ZREIKN) 1eos 4 sin g sin g sin ot - sin g_ cos ¢ sin g sin atlC(at

)

(2.20)

with C(qt) as shown in (2.13). Note that in the present case the cross-

polarized component E¢ is non-zero even for g = 8, = /2.

2.3 Scattering of Circularly Polarized Waves

Let the incident electric and magnetic fields be

12



VZE = E! - iE)
1 2

5 (2.21)
-> . . _i
/TH = H] - 1 H,

S

>

>, > P
where (E}, H}) and (E;, H;) are given by (2.2), (2.3), and (2.16) - (2.17),

respectively. In (2.21) the normalizing factor /2 is used so that the power
>. >,

carried by the incident wave (E', H1) equals that carried by the individual
>, >, >, >,
wave (E;, H}) or (E;, H;). The complete expression for the incident electric

field can be written as

->. E R n
E! = }-% (-g + i0)exp(iut + kr), (2.22)

where 5, 8 are the unit vectors in the 6- and g- directions, and the wave
is propagating along the negative r direction. It is easy to see from (2.22)
that the incident electric field is circularly polarized, and that the sense
of polarization is "counter-clockwise, wave approaching," i.e., right circular
according to the IRE definition [5]. This kind of wave may be transmitted
and received by a right-handed helical beam antenna [6].

For the incident field (2.21) it is possible tb obtain the scattered
fields by combining the results in Sections 2.2 and 2.3. In particular,

for the case 6 = eo = 1/2, the scattered electric fields are

E .
_ _o exp(-ikr)
E, = = F, C(at), (2.23)
E .
£y —0%‘%“—"'1 F.c(at), (2.24)
Jzookr ¢

where

13



Fe = -i(sin ¢0 cos ¢S - cos ¢0 sin ¢S cos Qt) (2.25)

F¢ = (sin ¢ cos g, - cos g sin g_ cos Qt)

+ i(cos ¢0 sin ¢ - sin ¢0 cos ¢) sin ¢s sin qt, (2.26)

with C(ot) given by (2.13) and the time dependence exp(iwt) suppressed
Equations (2.23) - (2.26) indicate that, in general, the scattered field

is elliptically polarized.

2.3.1 Discussion

The general expressions for the scattered fields obtained with cir-
cularly polarized incident waves are too complicated to yield useful informa-
tion except by numerical evaluation. In the present section we discuss some
special cases which may be of interest.

(i) Stationary Plate

In this case, 8, = Qt = 0, and we obtain from (2.25) - (2.26)
and (2.13):
F = -1 sin (¢o -94)

o S (2.27)
F¢ = sin (¢ - ¢s)
27rL.|L2 L2’
c(at) = c(0) = > sinc [ = {cos(¢o - ¢S) + cos(¢-¢s)}].

A
(2.28)

In conjunction with (2.23) and (2.24), (2.27) indicates that the
field is generally elliptically polarized. In the specular direction g =

T - ¢0 + 2 ¢S, we obtain from (2.27)

14



5 (2.29)

which indicates that the field is circularly polarized and the sense of
polarization is counter-clockwise, wave receding, i.e., left-circular,
which is opposite to the sense of the incident polarization. In the forward

direction ¢ = 7 + ¢0, and we obtain from (2.27)

- . 1
Fe = - i sin (¢0 - ¢s)

) (2.30)

-4.)

F¢ - T sin (¢o s y

which indicates that the field is circularly polarized and the sense of
polarization is clockwise, wave receding, i.e., right circular, which is
similar to the incident polarization. In both the specular and forward

directions the scattered field is a maximum since C{pt) = C(0) = ZnL]LZ/AZ.

(ii) Rotating Plate: Non Skewed

In this case, #. = 0, 6, = ot # 0. Again, for the case

s
6 =06, = /2 we obtain from (2.23) - (2.26) and (2.13):
Fe = -1 sin ¢0
(2.31)
F¢ = sin ¢
27rL] L2 L]
Ciat) = — sinc [37 (cos ¢O + cos 4) sin at]
X
(2.32)
Ly
* sinc [ff (cos ¢o + cos p) cos at]
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The nature of the modulation waveform (i.e., C(ot) obtained from (2.32))

is similar to that for the linearly polarized case discussed in [2,4].

The behavior of the sense of polarization of the scattered field is similar
to that obtained with the stationary plate discussed earlier.

(ii1) Rotating Plate: Skewed

In this case ¢S # 0, 6, = ot # 0, the corresponding Fe’F¢
and C(at) are given by (2.25) (2.26) and (2.13). It can be seen that the
scattered field in the forward direction is circularly polarized with the
same sense of polarization as the incident wave. In other directions the
scattered field is elliptically polarized and fhe sense of polarization may

be obtained by studying the general expressions given earlier.

2.4 Reception of Direct and Scattered Waves

It is of practical interest to determine the open-circuit terminal
voltage of a receiving antenna produced by circularly or elliptically
polarized waves discussed in the previous section. Analysis of the recep-
tion of elliptically polarized waves by an arbitrarily polarized receiving
antenna is a complicated problem and is discussed in [7-10]. For simplicity,
here we shall assume that the receiving antenna is isotropic and circularly
polarized, and that its polarization plane is matched [10] to that of the
wave under consideration. Based on these ideal assumptions, we give a sim-
plified but useful discussion of the reception of circularly polarized waves
in the presence of a stationary metal plate.

Fig. 2-1 shows the location of an arbitrary receiving point P(r,6,4)
with respect to the plate and the direction of propagation of the incident
wave. The analysis is simplified by assuming that ¢ = 8, = n/2, i.e., trans- -

mission and reception of waves take place in the horizontal xy plane. For
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the purpose of the present discussion it is found convenient to represent

the geometry as in Fig. 2-3 which shows the direct (or incident) ray and a
scattered ray reaching the receiving point P located at (r, n/2, ¢) with
respect to the origin 0. It is now assumed that P is located near the specular
direction of the plate scattering, for the given angle of incidence ¢0

(Fig. 2-3), such that
g = W-¢o + 2 ¢s +a, (2.33)

where o is a small quantity near zero. With a right circularly polarized
incident plane wave of the form (2.21), the scattered electric field at P

can be obtained from the results given in Section 2.3 and may be written

as
ES(p) = [E; g+ 0 £ exp(-in/2)] exp(-ikr) , (2.34)
where
E N
s_ o C .
E¢-7-§ o Sin (8, - 8, - @)
> (2.35)
S Eo C .
Eg = = & sin (8, - 8;) )
orlil, L,
C = > sinc [v7r fcos (8, - 8,) - cos (8 - & - a)}]

(2.36)
Note that for o = 0 in (2.35), E; = EZ, and it follows from (2.34) that the

scattered field at P is left circularly polarized. The direct (or incident)

field at P can be written as

>

E ~
ed(

) = (8 s i6) exp [-ikr cos{2(d) - B) - a}]s  (2.37)
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Fig. 2-3: Geometry showing the direct ray and a scattered
ray reaching the receiving point P.

18



where the phase of the field has been expressed with reference to the origin
0, B and 8 being the unit vectors at P defined earlier.

It has been found convenient to use the concept of vector effective
>

height h [8,9] for an arbitrarily polarized antenna receiving elliptically
>

polarized waves. Generally, h is a complex vector function [7], and may have
both # and & components, both of which may be complex. However, without
losing generality one of these components (say the g-component) can be made a
positive real quantity by a suitable choice of the origin for time, and we
shall do so. Thus, for any antenna radiating elliptically polarized waves

>
h can be written as

h = [4 hy * 6he exp(is)], (2.38)

where § is the phase angle by which the 6-component of the radiated field

leads the g-component, and he’h¢ are real quantities. For a circularly
polarized antenna h, = h¢ =h, and § = %-and --%, for right and left hand

> >

>

polarization, respectively. With a field E [ES(P) or Ed(P) given by (2.34)
>
or (2.37)] incident on a receiving antenna of vector effective height h,

the complex open-circuit voltage is given by [7]:
- -
V=hoeE , (2.39)
Fy ->
where E denotes the complex conjugate of E.

Assuming the receiving antenna polarization matched to the incident
>

field E, the complex open-circuit vcltage of the antenna is obtained by

using (2.38) and (2.39) and is

V= [h¢E¢ +hy Eg exp{i(s + 7/2)}] (2.40)
_>.
where Ee and E¢ are the & and @ components of E.

With a circularly polarized receiving antenna matched to receive the
scattered field given by (2.34), it can be shown from (2.40) that the open

circuit voltage is
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hE

Vg = "/‘::EC? [sin (g, - 8 - d) ¥ sin (¢ - 8)] exp(ikr),

L (2.41)
where the upper and Tower signs on the right-hand side are associated
with the right circular (R) and left circular (L) receiving antennas,
respectively. If the antenna is located exactly at the specular point,

Bo PNl gin (g - ) [T 1] exp (k)
V, = sin (8 - ¢ 1+ 1] exp (ikr), 2.41)
E /7 Azkr 0 S
which indicates that with a right circular incident plane wave a right
circular receiving antenna will reject the specularly scattered field.
However, with the same incident field, if a linearly polarized receiving
antenna is used (h¢ = h, he = 0) to receive the specularly scattered
field, then it can be shown from (2.40) and (2.34) that

hE_  2xL,L

V= /‘7::_2 sin (4, - 4¢), (2.42)
,

indicating that the antenna now Toses its capability of rejecting the
scattered signal.

It is clear now that a right circular antenna should be used to receive
the direct (or incident) field (2.57) which is right circular. Let us assume
that a circularly polarized antenna is polarization matched to the direct
wave Ed(P) and is used to receive both the direct and scattered waves. Using

(2.40), (2.34) and (2.37) it can be shown that the open-circuit voltage on

reception is
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E h
Vp = -;E exp [kr co${2(8 - ¢ ) - a}] [1 + 1]
L

E h .
+ o Lo cosag, - 6) -
[sin (8, - 8 - a) + sin (4, - 8.1, (2.43)

where C is given by (2.36). If a horizontally polarized antenna is used to
receive the same signals under similar conditions (i.e., h¢ = h, he = 0),

the open-circuit voltage is

Eh
V = 7%%, exp [ikr cos{ 2(¢0 - ¢S) - al}]
Eh ¢ exp(ikr) .
+ 7 i cos { 2(¢o - ¢s) - a} s1n(¢o - ¢s - a).

(2.44)

It is now evident from (2.43) that a right circular antenna receiving right
cfrcu]ar]y polarized signals in the vicinity of a metal plate will discriminate
against the scattered signals in the specular region and thereby will reduce
any potential interference effects. Eq. (2.44) indicates that a linearly

polarized receiving antenna will not have this capability.

2.5 Some Experimental Results

Limited experiments were carried out in an anechoic chamber to observe
the signals scattered by a non-skewed rectangular metal plate (Fig. 2-1 with
¢s = 0) rotating about an axis through its center when illuminated by cir-
cularly polarized plane electromagnetic waves. The frequency of the incident

wave was 16.04 GHz corresponding to the wave length A = 1.87 cm. The dimensions
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of the plate were L] = 24.5) and L2 = 1.4)x. The experimental arrangement

was similar to that used in our previous studies with Tinearly polarized
waves [2,4], and will be described in a later chapter. The plate and the
circularly polarized transmitting and receiving antennas were in the far

zone of each other according to the 2 DZ/A criterion, and throughout the
measurements the phase centers of all three lay in the same horizontal plane,
ie., 0= 6, = n/2 (Fig. 2-1). The scattered fields were observed at a given
bistatic angle (g - ¢O), as in Fig. 2-3.

The observed scattered field amplitudes as functions of time are shown
in Figs. 2-4(a) and 2-4(b) with the receiver polarization opposite and similar
to the incident polarization, respectively. The geometry used during
this measurement was such that the observation angle was near specular —
as a result, no sinc- like modulation [2,4] was observed. The sine wave -
1ike modulation waveforms in Fig. 2-4 are similar to those observed with
linearly polarized waves under similar conditions. It is important to note
that the average amplitude level of the scattered field in Fig. 2.4(a) is
about 15 dB higher than that in Fig. 2.4(b), which confirms the theoretical
prediction (made in Sections 2.3 and 2.4) that the polarization of the spec-
ularly scattered field is opposite to that of the incident field. Similar
measurements were taken with a stationary plate, and it was found that
an oppositely polarized antenna received a signal about 14 dB higher
than a simi]ar1y polarized antenna. Due to lack of time, a more detailed

investigation was not carried out.
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~70 dBm —

(a) transmit: clockwise
receive: anticlockwise

-70 dBm  ~}

(b) transmit: clockwise
receive: c¢lockwise

Fig. 2-4: The scattered field amplitude as a function of time
for a rotating rectangular metal plate illuminated
by circularly polarized plane electromagnetic waves
(Note: (a) 10 dBm/vertical division and 0.5 sec/
horizontal division, and (b) 10 dBm/vertical divi-
sion and 0.2 sec/horizontal division).
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2.6 General Discussion

The scattering of circularly polarized plane electromagnetic waves by
a slowly rotating rectangular metal plate has been investigated. It has
been found that the rotating plate amplitude modulates the incident wave.
The nature of the modulation waveform depends on the orientation and electrical
dimensions of the plate, its rotation speed, and most importantly, the direc-
tions of incidence and scattering. For a non-skewed plate rotating in its own
plane, thé modulation is independent of time in the directions of specular
and forward scattering, i.e., in the directions where the scattering is a
maximum. In directions near specular or forward, the modulation waveform
is a sinusoid whose frequency is twice the rotation frequency; and away
from these directions, the waveform consists mainly of sinc-1ike pulses
repeating at twice the rotation frequency. The width of these pulses is
inversely proportional to the maximum linear dimension of the plate. For
a skewed rotating plate, the modulation waveform in the forward direction is
sinusoidal with a frequency equal to .the rotation frequency of the plate.
In the specular direction with respect to the plane of rotation, the modula-
tion waveform consists of a combination of sinusoids having frequency equal
to the rotation frequency. In other directions, the waveform is primarily a
sinc-1ike pulse, the width of the main pulse being inversely proportional
to the maximum plate dimension. These findings are generally similar to those
reported for the case of linearly polarized incident signals [2,4].

With a circularly polarized incident field, the scattered signal, in
general, is elliptically polarized. In the forward and specular directions
the scéttered wave becomes circularly polarized with a sense of polarization

similar and opposite, respectively, to the incident wave polarization. The
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implications of these on reception would be that an antenna, polarization
matched to receive the direct (or incident) circularly polarized signal,
would discriminate against the specularly scattered interfering signal.

As a consequence, any possible interfering effect caused by the scatterer

would be significantly reduced.
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CHAPTER 3
SOME PRACTICAL ASPECTS OF THE TV INTERFERENCE PROBLEM

In our previous studies [1,2] of the interference to TV reception
produced by large horizontal axis windmills it was shown that the rotating
blades can produce pulse-like amp]itude modulation of the total received
signal, and if the modulation is sufficiently strong, it can affect the TV
picture. As a result of a detailed series of laboratory simulation experi-
ments, it was found that the largest value of the amplitude modulation
index for which the video distortion is still judged to be acceptable is
m=m = 0.15, and this threshold was confirmed by on-site measurements
using the NASA-DOE 100 KW WTG at Plum Brook, OH.

In [3] the threshold was used to specify the region about a windmill
where the interference to a given TV transmission could be unacceptable.
It was assumed that the electromagnetic waves propagate in the free space
medium above a homogeneous smooth spherical earth having a radius 6.34 x

103

km, with relative permittivity e = 15 and conductivity ¢ = 0.01
siemens/m; and that the heights of the transmitting antenna, receiving an-
tenna and blade scattering center are 1000, 10 and 30 m, respectively.

The latter are reasonable for an antenna mounted on the roof of a home

in the presence of a MOD-0 WTG, but two further assumptions were also

made that are equivalent to a 'worst case' situation as regards the inter-
ference problem. Because the blade scattering is specular in nature, inter-
ference can only be observed when the windmill pointing direction and the
blade pitch angle are such that at some point in a blade's rotation the
scattering is directed to the receiving antenna. It was therefore assumed

that for each receiver location the windmill is such as to direct the maxi-

mum reflected signal to the antenna, which was in turn treated as omni-

directional.
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Under these assumptions three different computational techniques were
proposed [3] to find the zone of (unacceptable) interference about a WTG.
The third and most complicated technique gives the mathematically most
precise specification of the zone, but for practical purposes it is gen-
erally sufficient to use the second or intermediate technique which leads
to a zone in the form of a cardioid with a forward scattering spike.

The zone is then defined as a function of the angular separation g of

the windmill-receiver and windmill-transmitter directions by

ry cos % 0 <@ <wa=A/L

ry sinc (-';\— sin @) m=A/L <@ <

where " and ro, are the zone radii in the backward and forward directions
and L is the length (in m) of a WTG blade. The radii increase with the
electrical size of blade and thus the interference is worst at the highest
UHF frequency.

To illustrate the results, consider the case of the newly-erected WTG
on Block Island for Channel 53 (f = 705 MHz) whose transmitter is located
in Norwich, Connecticut, 56 km away. The equivalent scattering area of the
MOD-0 blade is 12 m2 and using then Figs. 4 and 5(f) of [3] with ¥y =
- 2.0 dB we obtain

ry s 1.2 km, ro = 1.7 km . (3.2)

Since L = 18 m, the zone is as shown in Fig. 3-1, and we remark that the
forward spike (directed away from the transmitter) is extremely narrow,

being only 2.7° in total width. For comparison we show also the zone
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computed by the third technique, and it is evident that for practical pur-
poses the simplified formula is adequate.

Each TV Channel has its own interference zone and since, for a large
windmill, the zones are quite extensive particularly at the higher UHF
frequencies, it might appear that a windmill will produce video distortion
over a significant geographical area around the WTG. This would obviously
have a major impact on the siting of such maghines and could lead to the
elimination of sites whfch are otherwise most desirable. However, an inter-
ference zone is merely the region where video distortion could possibly occur,
and gives no information about the probability of occurence. Even at a
place well within a zone several conditions must be simultaneously met if
a person viewing a TV picture is to see any interference whatsoever and
in practice that person may be affected for only a very small fraction of
his total viewing time. In order to assess the practical severity of the
TV interference problem it is therefore important to examine the factors
which govern the occurence of interference.

A major factor is the receiving antenna used. As we have remarked,
the blade scattering increases with increasing frequency. The potential
interference is worst at the highest UHF frequencies and, in practice,
we can ignore the problem in the VHF band where the zone radii are typically
only a small fraction of a kilometer. Thus, for Block Island with Channel
6 originating in Bedford, Massachusetts, P]::rz = 0.13 km. Apart from
urban areas where a windmill is hardly likely, the adequate reception
of a UHF Channel requires a high gain antenna positioned with its beam
directed at the TV transmitter. Such an antenna will then discriminate
against signals coming in from other directions, including the interfer-

ing signal contributed by a windmill, and this could significantly reduce
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the backward portion of the interference zone.

Another factor is the wind. Only if the wind is blowing can the
blades rdtate, and their pitch angle is then adjusted to maintain uniform
power generation for varying wind speeds. In our on-site measurements at
Plum Brook [2] the pitch angle was found to affect the direction of the
specularly scattered signal from the blade, but this was largely compensated
for by the blades' rotation -- @ small change in pitch angle meant only
that the specular lobe was picked up when the blade was at a different
position in its rotation. The wind direction, however, is another matter.
In computing the interference in a given direction ¢ it was assumed that
the peak specular scattered signal was observed. As the wind shifts, so
does the windmill. This in turn affects the direction of the specular
beam, and a wind shift of only 10° will swing the specular beam
20°, thereby eliminating interference in the original direction g.

The number of TV Channels available at a given site and the viewing
habits of the local population are also factors that affect the practical
significance of the interference. It is obvious that interference can be
perceived only if that Channel is being viewed and the more Channels
there are available the lower the probability that a resident is tuned to
any given one. Each Channel has its own interference zone and when one is
being interfered with, the pointing direction of the windmill at that
instant of time ensures that another Channel originating from a different
point of the compass will not be interfered with. If several Channels are
tied to the same network and transmitting the same program, the resident
could now obviate the interference by simply switching to another Channel.

At a given WTG site most of the above factors could be estimated,
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with some being deterministic and others statistical in nature. From an
inspection of the homes in a neighborhood of the WTG, the availability
of directional receiving antennas and their associated rotors could be
ascertained. The use of such an antenna could drastically reduce the
severity of the interference but only if the antenna is operating effi-
ciently and the home owner is willing to fake the trouble to point it
appropriately. Local terrain will also affect the interference. If a
hill or building were to shield the receiving antenna from the windmill-
scattered signal the interference would obviously be less, but if the
direct signal were similarly shielded, the reverse could be the case.
This effect also is deterministic, and the necessary calculations could
be performed.

At all existing and candidate WTG sites meteorological data are
being gathered [11] giving wind speed and direction and can be processed
[12] to provide monthly totals for the percent time the wind was in 22% °
sectors around the compass, and the percent time it exceeded a given speed
in increments of 0.5 m/s. Although the 22—;'0 spread in direction is some-
what large for our purposes, such data can serve to indicate the probability
that interference to a given TV Channel will occur at any location.

The other factors affecting the practical significance of the inter-
ference are much more difficult to quantify. Even at places where there are
many TV Channels available, most people confine their viewing to a small
number of these. Allegiances are built up which the TV stations take
great pains to cultivate, but the allegiances are rather fragile, and a
station which drops a single popular program or loses a newscaster may

find its audience drastically reduced. The same fate would likely befall
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the TV Channel whose signal was occasionally interfered with. In the case
of Block Island, 14 TV Channels are listed as 'available', but it appears
[13] that most residents watch only four of them: Channel 6 whose trans-
mitter is in Bedford MA, NE of Block Island; Channels 10 and 12 with
transmitters in Providence RI (NNE), and Channel 53 with transmitter in
Norwich CT (NW). A1l of these transmitters are within 65 km of the island.
To question the home owners living within (say) 1.5 km of the WTG could
yield figures for the average time per day each Channel was being viewed,
but it is doubtful how meaningful the figures would be. To watch a TV
program as opposed to merely having the set 'on' are two very different
things, and if one Channel were to suffer occasional interference more
often than did the others, it is inevitable that the allegiance' to that
Channel would diminish. For these reasons, it does not seem profitable to
pursue these matters further.

To examine the effect of using a directional receiving antenna and/or
the influence of the wind characteristics on the interference, it is
convenient to concentrate* on the backward portions of the interference
zones using Block Island as an example. The first step is to recast the
expression for the distance r to bring out the dependence on the equivalent
blade scattering area Ae and the wavelength A In the far field of the
blade but at distances less than a few kilometers (the precise upper limit

is a function of frequency), the blade-scattered field decreases at 0.3 V/km.

* The practical significance of the forward spike is difficult to assess,
not least because of its very narrow width.
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From (5) and (7) of [3] with K = 0.3 we then have

A

2r e
A

"1 = 150
where I' is the ratio of the primary signal at the blade to that at the
receiver, and since Fig. 5(f) of [3] gives r =2 3.0 at distances of about a

kilometer or less, it follows that

ry = 0.04 Ae/x

regardless of frequency. With Channel 53 (A = 0.426 m) and Ae = 12 m2,

ry = 1.13 km, in close agreement with the more precise value in (3.2).
The backward portion of an interference zone is then the region whose

boundary is

0.04 ]
r(g) = = Ae cos 3 (3.3)
and we remark that Ae cos g-is simply the projected area of a blade.

The use of a directional receiving antenna oriented towards the trans-
mitter will reduce the blade-scattered or perturbing signal relative to the
desired or direct one, and thereby reduce r. If P(@) is the voltage
polar diagram or pattern factor of the antenna with P(0) = 1, the resulting

expression for r(g) is

r(4) = 9—;)-4- A, cos -‘Zi P(r-g). (3.4)

Throughout most of the interference zone, the blade-scattered signal will
be received via the backward lobes of the antenna, and the desirability

of an antenna with a high front-to-back ratio is now evident.
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The antenna used in our on-site measurements at Plum Brook is typical
of the.better UHF/VHF antennas, and its power polar diagram is shown in
Fig. 5-2 of [2]. For |g] = 55°, P is down. by at least 18 dB from its
peak, and by averaging the left and right hand sides of the pattern, we
arrive at the idealized but representative plot of P(#) given in Fig. 3-2.
With Channel 53, the effect of rép1acing fhe omnidirectional antenna with
a directional one is shown in Fig. 3-3. The maximum value of r(g) is re-
duced to 0.14 km (for ¢ = 0), and r(g) <0.12 km for |g| > 55°. In the
belief that values of r less than (say) 120 m are of no practical signi-
ficance, we observe that the only locations where interference to Channel
53 could occur are those lying west to north of the WTG at distances of
less than 140 m from the machine. For Channel 12, the next highest one in
frequency, r(g) <330 m even with an omnidirectional antenna, and the use
of an antenna with only a 9 dB front-to=back ratio could make r(g) <120 m
for all @.

We now turn to the role played by the wind and seek to use the wind
data available for each WTG site to determine the probability of inter-
ference to a given TV Channel at any position relative to the WTG and the
direction of the TV transmission. For simplicity we revert to the assump-
tion of an omnidirectional receiving antenna.

In the previous Chapter an expression was derived for the field scattered
by a rotating skewed rectangular plate when illuminated by a horizontal
polarized field. For incidence and reception in the horizontal plane
the expression is given by (2.12) in which L]L2 is clearly identifiable
as the equivalent scattering area Ae of the blade. Let L] be the larger
blade dimension. The scattering is a maximum when the arguments of both

sinc functions are zero and for the backward portion of the interference
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zone the case that is appropriate is

where the tildas has been added to avoid confusion with the angle ¢ used
in the zone specification. To compute the zone radius r(g) it was assumed
that the windmill is oriented to direct the maximum blade-scattered signal

to the receiver as shown in Fig. 3-4a, implying

6 - b =m- (B, -8,)=1/2r + 9)
Thus
) -ikr y
E = 1EO T Ae cos 5 (3.5)

from which (3.3) follows, but if the windmill were to turn through an

angle o, thereby rotating the specular beam 2o (see Fig. 3-4b),

~

g -8 =1/2(r+8) -a, B - b =1/2n-8) -

and (2.12) then gives

Ly 4

e .
— C0s 5 sin a).

] -ikr ¢ .
E = 1E0 0 Ae cos (5" a) sinc (

With the windmill driven off azimuth in this manner, the resulting ex-

pression for the zone radius in a direction ¢ is

2L
r(d,0) = —— A_ cos (g—- a) sinc (—Xg-cos g-sin a). (3.6)

The sinc function provides the main dependence on the angle o and for
‘most practical purposes we can ignore the asymmetric dependence of the

cosine factor. We then have

2L
:(gzg = sinc (—Kg-cos g-sin o) (3.7)
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Fig. 3-4a: Windmill orientation for the standard computation of the
interference zone radius in a direction g relative to the

incident field.

Fig. 3-4b: Windmill rotated in azimuth through an angle «.
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and this is plotted in Fig. 3-5 for L2 = 0.9 m (corresponding to a MOD-0
blade), A = 0.426 on Channel 53 and ¢ = 0, 45 and 90 degrees. In these
three directions, deflections a of 11.3, 12.2 and 16.0 degrees respectively
are sufficient to reduce the zone radius by a factor 5.

At all existing and potential WTG sites the wind speed and direction
are being monitored, and monthly totals are available for the percent time
the wind lies in 22 1/2 degree sectors around the compass. Since the back
of the blades scatter energy as well as the front, winds in diametrically
opposite directions are equally effective in aligning the WTG, and for a
recent month [12] on Block Island the results obtained by adding the
percent times for winds in directions g8 and g + 180° are shown in Fig. 3-6.
Although a spread of 22 1/2 degrees in wind direction is too large for
interference calculations, by linear interpolation and subsequent renormali-
zation of the tabulated data we can deduce the probability p'(g) of a wind
in directions (g - 2.50, B + 2.50). However, not always is the wind speed
sufficient for the blade rotation to produce modulation, and if we set the
minimum required speed at (say) 6.5 m/s (~14.5 m.p.h.), the cumulative
wind data [11] for the period December 1976 to September 1978 yields a
probability Py = 0.63 for Block Island. The probability of an adequate

wind in directions (g8 - 2.5%, 8 + 2.5°) is therefore
P P'(8),

0

and if we widen the spread to i.7.5° the corresponding probability is

P, (P (8- 5%) + p'(8) +p'(s +5°) ).

To illustrate the use of these data, consider the case of Channel 53
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on Block Island whose transmitter (in Norwich, CT) will be treated as
NW of the WTG. For a receiver SW of the windmill (g = 900) an east or
west wind would orientate the windmill appropriately to direct the specularly
scattered signal to the receiving antenna, and if the wind speed was
sufficient, interference would be observed ouf to a distance r = 0.80 km
(see Fig. 3-1) from the machine. The probability of a wind within 1_2.50
of these directions is, from Fig. 3-6 with g = 900,
0.63 x 0.041 = 0.026
and for 0 <o < 2.5% with g = 900, the sinc function in (3.7) varies from
0.97 to 1.0, averaging 0.985. There is consequently a 2.6% probability
of interference out to 0.80 x 0.985 =2 0.80 km from the machine or, con-
versely expressed, 97.4% probability of no significant interference beyond
0.80 km. Within :7.5o of east or west, the probability of an adequate
wind is
0.63 (0.041 + 0.041 + 0.040) = 0.077,

so that the probability of the wind being outside this range and/or of
insufficient speed is 92.3%. The maximum value of the sinc function for
a = 5° is 0.97 (the average for a = 5 i_2.5° is 0.71), and the probability
of no significant interference beyond 0.97 x 0.80 = 0.78 km is therefore
92.3%. Continuing in this manner we ultimately arrive at o = 20° for which
the sinc function is always less than 0.11 . The corresponding r is then
0.088 km, and in Tine with our previous assumption, we treat this as a
case of no interference.

These results ére plotted in Fig. 3-7 along with the analogous ones
forlreception NW of the WTG (4 = 0), and we observe that at a distance

of 0.5 km the probability of experiencing significant interference on Channel

53 is 15 percent SW of the machine and 9 percent NW. This is for an omni-
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Fig. 3-7: Probability of observing no significant inter-
ference to Channel 53 on Block Island at a dis-
tance greater than r south-west of the WTG (—)

and north-west (---).
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directional antenna, and were a directional one employed, r should be mul-
tiplied by P(r-g) where P is the voltage polar diagram of the receiving
antenna.

From the above analyses it is clear that the availability and correct
orientation of a directional antenna will decrease the poséibi1ity of
interference throughout the backward portion of the interference zone,
and that the probability of interference occurring can be deduced from data
on wind speed and direction. In practice, therefore, the interference problem
could be much less severe than is suggested by the basic interference zones,
but it is still true that these zones define the region where interference
could occur. Indeed, were a directional antenna operated incorrectly,

i.e., pointed at the windmill, interference could exist even beyond the zone.
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CHAPTER 4
SCATTERING FROM VERTICAL AXIS MACHINES

The Darrieus and Giromill are very different structures from the
large horizontal axis machines that have been the focus of our previous
studies, and since it is not obvious what their electromagnetic scattering
is, a variety of scattering measurements were carried out in an anechoic
chamber using small scale models of varying degrees of fidelity. A1l had
maximum dimension 15 in. purporting to be 1/40 scale models of the full
size machines. The measurements were performed with a standard cw set-up
at a frequency of 16.04 GHz (A = 0.736 in.) corresponding to 401 MHz full
scale.

Each model was placed vertically on a support pedestal and was ro-
tated through a full 360° about a vertical axis either by rotating the
pedestal or by driving the model using a small eTectric motor buried in
the top of the pedestal, thereby allowing the pedestal to remain station-
ary. The measurements were made for the bistatic angle (separation of the
transmit and receive directions) 2a = 44° and 90°, but since the dominant
features of the scattering patterns were the same for the two angles, we
shall present data only for 2a = 44°. The polarizations transmitted were
vertical, horizontal and right circular. In each instance the same polari-
zation was received and, in the third case, the left circularly-polarized
signal as well. We remark that because of the phase change on reflection
at a metal surface, a right circularly-polarized receiVer will discriminate
against the specular reflection of a right circularly-polarized field in-
cident on the surface. However, other types of scattering can produce a

cross polarized return.

45



Wherever appropriate, the calibration of the measured patterns was

with respect to the scattering from a sphere 14 in. in diameter, whose

cross section at 16.04 GHz is 154 in.z, i.e., =10.0 dB m2. This level is

shown as a small vertical line on each pattern. For convenience we shall
express all cross sections relative to that of the sphere, writing (for

2

example) -4.1 dB m~ as 5.9 dB (sph).

4.1 Scattering Formulas

To better understand the patterns that follow, it is desirable to
list the bistatic scattering formulas for some of the elementary shapes
that make up the Darrieus and Giromill models. For the most part the for-
mulas are based on the physical optics approximation which is applicable
for angles not too far from the specular direction if all relevant dimen-

sions of the scatterer are larger than the wavelength.
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Fig. 4-1: Geometry for single planar strip
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A thin metallic strip of length 2 and width w 1ies in the plane
= 0 as shown in Fig. 4-1. A plane wave is incident in a direction making
an angle o + 6 with the negative y axis, and the far zone scattered field
is observed in the direction o - 6. The case 6 = 1/2 therefore corresponds
to specular scattering off the face of the strip for a bistatic angle 2a. For
vertical and horizontal polarizations (electric vector parallel and perpendi-
cular to the z axis) the bistatic scattering cross sections as functions of

6 are, respectively,

.02
_ 2we sin X
28, sin X\ 2
OH(G) =Tl sin(a-6) X (4.2)
where
X = gITX—“—'-cos a Cos 6 . (4.3)

The formulas are valid for incidence and observation well away from edge-on,
thereby excluding 6 = + . If 6 = + a the strip is invisible for horizontal
polarization, i.e., oy = 0, and with vertical polarization the cross section
is comparable to that of the leading edge of the strip, i.e.,

2 2

L (sec o + sec o)

~o
P4

o (4.4)

4=

™

If a second identical strip is placed a distance d >> A behind the

first one in the plane x = -d, the cross section of the combination is

a(e) = c(])(e) 2 {} + cos(&“d cos o sin éi} (4.5)

where c(])(e) is the cross section of a single strip. The multiplicative

factor varies from 0 to 4 corresponding to destructive and constructive
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interference, and can produce a very rapid variation as a function of @.
If a single strip is bent to form a blade of the Darrieus machine (see

Fig. 4-2), the scattering cross section can be obtained by

Az

"N y

Fig. 4-2: Geometry for single curved strip

replacing the factor 22 in (4.1) and (4.2) by pA/2, where p is the radius of
curvature at the center of the strip. Thus,

a(e) = olV)(e) 22 (4.6)

22

valid for incidence not too far from normal to the face. Since this holds
for 5 negative as well as positive, it follows that'if two strips are com-
bined to form a Darrieus 'loop', the resulting cross section can be found
by inserting (4.6) into (4.5) where d is now the separation of the mid points
of the strips. Though the formula breaks doWn for incidence close to the nor-

mal to the loop, the cross section is then
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V.H (8) = vA cos? (e +8) (4.7)

where A is the area spanned by the loop and y =2 0.6, depending some-
what on the strip width.

Finally, for a cylindrical metal shaft of length & and radius b with
incidence and observation in a plane perpendicular to its axis, the cross
section is independent of s and, for a < 90°,

2
- 2mba
GV’H = —l— . (408)

4.2 Measured Data

We shall now examine the measured scattering patterns for the Darrieus
and Giromill in the light of these formulas.

The first model considered was a crude replica of the Giromill consist-
ing of a square of Styrofoam 15 in. along a side and 1 in. thick with con-
ducting tape 1 in. wide applied around the edges (Fig. 4-3). The purpose

of the Styrofoam was only to support the tape. The structure was placed

Fig. 4-3: Geometry of the first Giromill model
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vertically on top of a pedestal, and data were recorded for a = 22° and
various polarizations as the pedestal was rotated.

The pattern for vertical polarization is shown in Fig. 4-4. Accord-
ing to the preceding formulas, the top and bottom strips should be invis-
ible, and the scattering due entirely to the vertical strips, and perhaps
the Styrofoam slab. The data support this and the envelope is almost iden-
tical to the pattern of a single strip raised 6 dB corresponding to in-phase
addition of the scattering from two strips. Thus, for ¢ in the vicinity

of 0° we have, from (4.4) with 2 = 15 in., o = 22° and 8 = 0°, o = 3.0 dB (sph

compared with the measured envelope value of about 2.5 dB (sph).

The rapid oscillation is due to the interference between the strip returns,
and this is also the source of the well-separated peaks in the vicinity

j_90° when the strips are being viewed near broadside, At s = 90°

of o
with £ = 15 in., w =1 in. and o = 22°, (4.1) gives o, = 14.7 dB (sph).

From (4.5) with d = 15 in. we then have ¢ (900) = 18.7 dB (sph) compared
with the measured value 12.6 dB (sph), but we remark that if d were actually
14.94 in. rather than 15 in. the agreement would be precise. Certainly
neither the model nor its dimensions were accurate enough to distinguish
between these two values; and using d = 14.94 in. the peaks adjacent to the

one at 6 = 900 would occur at

_ .. =1 74 _ an0 0
8 =sin  gHe = 90" *+ 10.5 s

in full agreement with the measured locations.
The corresponding pattern for horizontal polarization is shown in
Fig. 4-5. The main effect of the polarization change is the creation of the
deep nulls near g = + 22° and this is, of course, due to the illumination
of the vertical strips edge-on where they are invisible. For © closer to

0% the vertical strips continue to be the main source of the scattering,
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and though the two horizontal strips could dominate at & = 0 and produce a
cross section of about 2 dB (sph), the lobe is only a degree or two in
width and very sensitive to the precise alignment of the Toop.

To confirm the dominant role of the vertical strips, measurements were
also made with the horizontal strips removed; the patterns were virtually
indistinguishable from those with all four strips present. We then re-
placed the horizontal strips and removed the vertical. With both polariza-
tions, the scattering dropped to 13 dB or more below the sphere apart from
a narrow peak of width ~ 39 and height -2.9 dB (sph) for horizontal polari-
zation and 1.6 dB (sph) for vertical at & = 0. The fact that the return
was larger with vertical polarization (for which the strips are invisible
edge-on) can be attributed to the presence of the Styrofoam. Because the
relative permittivity of the Styrofoam 1is only 1.035, the power reflec-
tion coefficient is -41.3 dB, and the specular return from the front face
of the slab is therefore -3.1 dB (sph), When the rear face is taken into
account as well, the cross section could be almost zero or as high as 2.9
dB (sph), and since the scattering is confined to the same narrow angular
range as that from the strips, it is evident that the two could interfere
to produce the cross sections that were measured.

A central vertical drive shaft was now added to the original Giromill
model. The shaft was, in effect, a metal rod 0.25 in. in radius and approxi-
mately 15 in. Tong, and the entire structure was mounted on a small electric
motor recessed into the support pedestal. From (4.7) with b = 0.25 in, and
5 = 15 in. the cross section of the shaft is 4.9 dB (sph), and the expec-
tation was that the presence of the shaft would serye to fill in the nulls
at 9=+ 22° in the pattern of the stucture for vertical polarization, and

raise the other lower portions of the patterns by about 2 dB for both
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polarizations. This is what was found. We also repeated the measurements
with the shaft replaced by single or double center strips 1 in. in width.
The main effect was to increase the cross section for ¢ near zero, corres-
ponding to the larger scattering from a strip at broadside compared with
that of the shaft.

It would therefore appear that the dominant scattering from a Giromill
machine occurs at angles close to the direction of specular scattering from

the vertical strips, and can be adequately approximated by

_ 2
o(8) = w{?ﬁ%& sin a sinc (;% COS a COS %):} cos? <g§g cos a sin %)

(4.9)
where

sinc X = i!.;'r_x_zr_". (4.10)

and the dimensions and angles are as before. The last factor on the right
hand side of (4.9) is the one responsible for the lobing structure and can
be replaced by unity in any computation of the envelope alone.

The‘model of the Darrieus is shown in Fig. 4-6 and here again a piece
of Styrofoam 1 in. thick was used to hold the various parts in position.
The slab was 15 in. by 15 in. in its maximum dimensions. A central shaft
0.25 in. in radius was embedded in the slab, protruding slightly at the
top and bottom, and this was attached to a small electric motor recessed
into the top of the support pedestal. The visible length of shaft was
about 16 in. To simulate the cross braces, metallic strips 1 in. wide
inclined at 22 1/20 to the horizontal were inserted through the Styrofoam.

Including the necessary breaks where they met the central shaft, the overall

54



a-8 T
y a+g

Fig. 4-6: Geometry of the Darrieus model.

length of these strips was 14.5 in. Finally, to complete the model, 0.5
in. wide strips of metallic tape were attached to the outer edges of the
Styrofoam.

The scattering patterns for vertical and horizontal polarizations are
shown in Figs. 4-7 and 4-8 respectively, and are much more complicated than
for the Giromi]T machine. They are also less regular and symmetric'and
some of the asymmetry is undoubtedly due to the difficulty of maintaining
the axis of rotation vertical throughout the measurements. However, for
both polarizations the key feature is that the maximum scattering occurs
near broadside to the loop, i.e., 8 = 0, where the cross section has a sinc2 X
behavior riding on a uniform background. At & = 0 the cross sections are,
respectively, 7.7 and 9.0 dB (sph) for vertical and horizontal polarizations.

As |8 | increases the lobe widths increase and the cross sections decrease,
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with the decrease being particularly noticeable for horizontal polariza-
tion. With the exception of the peaks hear o = 0, the cross sections average
about 3 dB (sph) and 1 dB (sph) for vertical and horizontal polarizations
respectively.

In seeking to provide an explanation for the behavior we first remark
that the Styrofoam 'slab' is almost certainly not a significant contributor.
Its scattering is concentrated in the vicinity of 6 = 0 and since the area
of the slab is less than 60 percent of that used in the Giromill model, its
contribution is about 5 dB less. The contribution from the curved outer
strips is also negligible, being less than =10 dB (sph), but the central
shaft now has a dominant role. Indeed, from (4.8) with b = 0.25 in. and &
= 16 in., we obtain oy K = 5.5 dB (sph), and it would seem logical that this
should be the avekage cross section as a function of angle. Nevertheless,
the cross braces do have én'effect. As |g| approaches 90° the braces pro-
vide progressively more shadowing of the vertical shaft whilst contributing
1ittle themselves, and this is almost certainly the major source of the re-
duced scattering at these angles.. Moreover, at 8 = 0 the strips are being
viewed edge-on. From (4.4) the in-phase contributions of two such strips
inclined at angles + g to the horizontal are

1 2

oV(O) =-;'{2] sin 8 (sec o + 1)}
(4.11)
2
a,(0) = ;L{}1 cos 8 (sec a + 1{} ,
ks

and with 2, = 14.5 in., g = 22 1/2° and o = 22° = -5.6 dB (sph) and

’ 'O'V

oy = 2.0 dB (sph). Constructive interference with the shaft return now

gives 8.0 and 10.2 dB (sph) for vertical and horizontal polarizations
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respectively, in good agreement with the measured values, and the rapid de-
crease with increasing ]e] is then due to the common sinc2 behavior of the
scattering from each strip.

It would thus appear that the dominant scattering from a Darrieus
machine occurs at angles close to the direction of specular scattering
from the plane of the loop, i.e., 8 near zero, and can be attributed to
an interference between the scattering from the vertical shaft and the two

cross braces. The appropriate formulas are

2 g 2
oy (e) =‘21b2 [:1 + -f%’{;;% sin 8 (sec o + sec g) sinc Y j}]

, {4.12)
2rbe? v R
oyle) = WA 1+ ?B'\\Ff sin 8 (sec o + sec ) sinc Y

where

Y = g%& cos o cos 8 sin o , (4.13)

2 and %, are the lengths of the shaft and braces respectively, and the

other symbols are as defined previously.

4.3 Remarks

| In addition to the measurements using vertical and horizontal polariza-
tions, data were also obtained for both models using a right circularly
polarized transmitting antenna and left and right circularly polarized re-
ceiving antennas. With the left circularly polarized receiver (direct
polarization) the gross features of the scattering patterns were the same as
for the linear polarizations, but when the receiver was cross polarized the
previously-dominant features of the patterns were suppressed and the scatter-

ing at other angles reduced by 5 or more dB. It is therefore evident that the
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use of circular polarization with the receiver matched to the primary
signal would provide substantial discrimination against the scattering
and, hence, interference, produced by a Giromill or Darrieus as well as a
horizontal axis machine.

To appreciate the significance of the cross sections that were
measured with a linear polarization, it may be helpful to compare the
scattering from the Giromill and Darrieus models with that from a 1/40
scale model of a horizontal axis machine, From prior measurements [2 ]
of the scattering from a MOD-0 windmill each of whose blades has an
effective scattering area of 12 mz, the cross section of a 1/40 scale blade

at 16.04 GHz would have a peak value

_ a2 N2 o2
°° 2\ 70x20

implying ¢ = 13.1 dB (sph). This is about 5 dB greater than for the Darrieus,
and 5 dB less than for the Giromill, Nevertheless, it is the modulation wave-
form which determines the interference, and this is affected by the (static)
lobe width and the rotation frequency of the scatterer in addition to the
cross section. With the MOD-0 blade the specular lobe width measured at (say)
the -10 dB level is as narrow as 3° but could be an order of magnitude larger
than this if the blade were far from the horizontal when the specular lobe

was picked up by the receiver. By comparison the lobe width for the Giromill
is larger by at least a factor 2 and that for the Darrieus is smaller, but
since the rotation frequency of these machines is greater than for a horizontal
axis one, it is not evident how the modulation waveform will be affected.

It is therefore desirable to measure the waveform and the resulting inter-
ference directly, and a set-up that has been developed for this purpose is des-

cribed in Chapter 5.
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CHAPTER &
TV INTERFERENCE STUDIES

Our previous experimental studies of windmill interference to TV recep-
tion [1,2,14] were carried out in two stages: on-site measurement with the
operational MOD-0 windmill at Plum Brook and laboratory simulation measure-
ments. In both cases commercially available local TV signals were used as
the source of the desired signals. To eliminate the dependence on outside
signal sources, and the need for laboratory measurements to quantify the ob-
served interference effects, we have developed a microwave test system of
TV signal transmission and reception 1n‘the presence of small scale models
of windmills. The system enables us to observe and quantify the interfer-
ence effects produced by a variety of windmills under controlled conditions.

The present chapter describes the Taboratory microwave TV system
developed, and gives some representative TV interference results obtained
using it. Since the system is still undergoing improvement, the results
should not be regarded as conclusive. Most of the results are for the Giro-
mill and the Darrieus, typica] of vertical axis machines [15,16], but some
data are presented for a small scale model of the MOD-0 windmill. The pur-
pose of the latter is to demonstrate that the laboratory microwave TV system
does yield results confirming those obtained during on-site measurement with

the full scale horizontal axis machine using commercial TV signals.

5.1 Scale Model Windmills

The Giromill and Darrieus are vertical axis machines [15], the former
having been developed by the University of Virginia, and the latter by Sandia
Laboratories. One-tenth scale models of both machines were built in our

laboratory.
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The Giromill was constructed from the engineering sketch in Fig. 5-1.
The model was essentially a vertically oriented square loop 5 ft. along a
side with a central metallic rod simulating the machine axis. The vertical
and horizontal sides of the Toop consisted of aluminum strips 6 and 2 in.
wide respectively, and the whole structure was supported using wires and
metallic rods as shown in Fig. 5-2. Fig. 5-3 is a portion of the engineering
sketch from which the 1/10 scale model of the Darrieus machine was fabricated.
The key elements are the curved blades, the machine axis, and the cross
supports (see inset to Fig. 5-3), and the model was 5 ft. tall and 5 ft.
wide at its broadest dimension. The blades and cross supports were made
of 2 in. wide aluminum strips and the axis was a 2.35 in. diameter aluminum
rod 6 ft. high. Fig. 5-4 shows a photograph of the model.

A common motor drive mechanism was constructed to accomodate each model
and this was capable of providing a turbine rotation speed up to 130 rpm.
During operation rope guys were used to anchor the models to the ground.

For comparison purposes we also built and tested a crude model of a
MOD-0 horizontal axis machine. The blades were the ones used in our pre-
vious study [2]. Each was a 1/37.5 scale version of a MOD-0 blade 18.7 in.
long, and was cut from a block of wood. To facilitate construction, the
blades were made with linear variations of thickness and twist from root to
tip, and were finally coated with conducting silver paint. They were then
attached to the shaft of a small DC motor mounted on a Tucite column 7 ft.
in height to allow the two blades to be rotated together in a vertiéa] plane

at speeds up to 40 rpm. The entire model is shown in Fig. 5-5.

5.2 Laboratory Microwave TV System

The small scale models of the windmills described in the previous sec-

tion can be used for a meaningful study of TV interference phenomenon,
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Fig. 5-1: Engineering sketch of a 1/10 scale model of the Giromill.
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Fig. 5-2: Photograph of the 1/10 scale
model of the Giromill.
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Fig. 5-3: Portion of the engineering sketch of a 1/10 scale model
of the Darrieus.
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Fig. 5-4: Photograph of the 1/10 scale model Darrieus.
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Fig. 5-5: Photograph of the 1/37.5 scale
model of the MOD-0 windmill blades.




provided the signal frequencies of interest are sufficiently high. For
example, with a 1/10 scale model windmill the signal frequency should be

10 times greater than the frequency of the commercial TV channel for which
the interference effects are desired. TV channel frequencies 1ie within
the range 50 - 900 MHz, and TV receivers are designed to accept these fre-
quencies only. The uée of the above scale model windmills in the present
study therefore necessitated proper processing of the normal TV signal, up-
converting its frequency to the microwave range before transmission, and
down-converting the frequency of the received signal to a frequency accept-
able to the TV test receiver. The present section describes the laboratory
system assembled to accomplish these tasks.‘

A block diagram of the microwave TV transmitting and receiving system is
shown in Fig. 5-6. The signal generator section (within the dotted box in
Fig. 5-6) consisting of three main components provides a 83.25 MHz signal out-
put which is compatible with the conventional on-the-air TV signal at Channel .
6. The color-bar generator was assembled at the laboratory usiné»a commerciall
available chip. The circuit diagram of the color-bar generator is shown in
Fig. 5-7, and provides the basic video base-band signals (0 - 5 MHz) with the
desired test pattern encoded. The test pattern can be any one of the sixteen
different patterns shown in Fig. 5-8, which are selected with the help of four
two-position switches (the positions of the switches are indicated by numbers
under each sketch of Fig. 5-8) on the color-bar generator. During our test
we used the switch position 1000 (Fig. 5-8) which provided a gated rainbow
test pattern consisting of ten vertical colored bars.

The video signal from the color-bar generator via the inverting amplifier

modulates a 83.25 MHz carrier generated by a crystal oscillator located within
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Fig. 5-8: (continued).
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the modulator whose circuit diagram is shown in Fig. 5-9. The unity gain
inverting amplifier between the color-bar generator and the modulator (Fig.
5-6) is an operational amplifier which is required to provide the modulating
signal with a polarity acceptable to,the modulator. The signal generator
is capable of supplying a signal carrying both video and audio information,
although we have not used the latter capability during the present study.
If a video signal different from that provided by the color-bar generator
is desired, it can be achieved by replacing the color-bar generator with
the desired video signal source. In fact, the signal generator described
here provides a degree of flexibility not usually fouhd in off-the-shelf
color-bar generators.

The frequency of the signal output from the signal generator is now up-
converted with the help of a mixer. As shown in Fig. 5-6, the local oscillator
frequency being 4.15 GHz, the frequency of the mixer output signal is 4.07 GHz.
With the variable frequency local oscillator used, the present miker is capable
of providing an output signal having a frequency anywhere in the range 2.5 -

5.0 GHz. |

Following the mixer on the transmit side (Fig. 5-6) is a solid state
amplifier providing a gain of 30 dB at 4.4 GHz. The amplifier can operate over
a range of frequencies from 4 to 8 GHz. Cascaded with this amplifier is a TWT
amplifier providing a nominal gain of 30 dB at 4 GHz. The operating frequency
of the TWT amplifier 1ies in the range 4 - 8 GHz. With the help of a 165 ft.
long coaxial cable, the output signal from the TWT amplifier is carried outside
to a horizontally polarized rectangular horn which radiates the signal in the
presence of a suitably located scale model windmill. The radiating horn has

a gain of 18 dB with respect to an isotropic antenna.

73



T

» JLIS0dWOD 03QIA

02ysd —| > 1NdiNo 4y
ASL+ & om_om>q
oL
B L et € 1
AS + ¢ . 2l / uﬂu
—||+vlllll>)>tl o | | PP
+—F _ vl 688IH1 ¢
“ A" o m_. . M “ “
i £ ¢ (934) 1nd1no
I 8l L AG L+
2'A'A 20 Amﬁ
_ 1 )
A | |
NW . 2 3 Alddns - ray
L ¥ 2viL
\nv
1 KRV B $ v
1ndNI 1ndNI 1ndNI AG L+ A8+
orany 03QIA

034IA

f the modulator section.

ircuit diagram o

c

Fig. 5-9

74



An identical rectangular horn is used to receive the radiated signal
which is carried inside through a 200 ft. long coaxial cable (identical to
th&t used on the transmit side), and fed to the mixer on the receive side as
shown in Fig. 5-6. The receiving side mixer is identical to that on the trans-
mit side, and down-converts the frequency of the received signal to 67 MHz,
i.e., the TV Channel 4 frequency). It is important to observe that the two
mixers, although identical, use two separate local oscillators. This is done
to eliminate any direct coupling of signals between the transmitter and the
receiver which would otherwise reduce the overall system sensitivity to inter-
ference produced by the windmill. The mixer output is now fed to a video
tuner-amplifier and filter having 10 dB gain over a 6 MHz band (nominally, 1.25
and 5 MHz below and above the video carrier respectively). This amplifying and
filtering action is available for each TV channel of interest. The output from
the video tuner-amplifier is fed to the TV test receiver (Zenith model 17 GC
45) where it is now examined for interference effects produced by the scale
model windmill. As shown in Fig. 5-6, a portion of the signal going to the TV
test receiver is sampled with the help of a directional coupler and fed to a
spectrum analyzer. The vertical output of the spectrum analyzer, containing
the desired video signal along with any modulation introduced by the rotating
windmill is fed to an oscilloscope which reproduces on its screen the combined
direct and scattered video signals, which can be photographed if desired.
In addition to the above signal, the oscilloscope also reproduces a timing
signal derived from the synchro-motor (not shown in Fig. 5-6) driving the
windmill so that the total received siQna] can be correlated with the windmill
rotation. With a 1/10 scale model windmill,. the system reproduces the inter-
ference appropriate to the corresponding full scale windmill at a TV frequency

close to that of Channel 14.
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The main components used in the entire system and their nominal perform-
ance characteristics are given in Table 5-1. The extra set of mixers (mixer
set #2), shown in Table 5-1 and having RF operating frequencies in the range
1 - 750 MHz would, in conjunction with appropriate local oscillators, enable
the system to provide interference results appropriate for VHF TV reception
(i.e., at channels Tower than 14) in the présence of the same 1/10 scale
model windmill. The possibility of obtaining results for higher UHF TV channels

will be discussed later.

5.3 Initial Testing of the System: Inside the Laboratory

The microwave TV system described above was initially tested inside the Fie
Laboratory for optimum performance. During this test, the two rectangular
horns and their associated feeding cables were eliminated, and the output signal
from the TWT amplifier on the transmit side in Fig. 5-6 was attenuated 75 dB
and fed to the appropriate terminals of the mixer on the receiving side. This
attenfuation in the signal level was used to simulate the transmission loss
when transmission and reception take place outdoors.

The signal Tevels measured at various stages of the system are shown in
Fig. 5-6. It is recommended that these signal levels be maintained for best
performance of the system outdoors. The system performance was optimized by
adjusting the signal generator section to give the best possible color-bar
test pattern on the TV test receiver screen. As mentioned earlier, during
all interference measurements we used the same color-bar test pattern, i.e.,
switch at position 1000.

The insertion loss of the modulator section on the transmit side was
found to be 7 dB. For satisfactory performance, the signal level at thé out-

put of the local oscillator associated with the mixer on the transmit side was
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EQUIPMENT TYPE FREQUENCY RANGE
Color-Bar
Generator Video Signal
Video 83.25 MHz
Modulator (Channel 6)
Inverting
Operational 0-10 MHz
Amplifier
Video
Amplifier VHF Frequencies
and Filter
Mixer
(2 Avail- #2 1-750 MHz
able)
Mixer
(2 avail- #1 0.5 - 5 GHz
able)
Solid State
Amplifier 4-8 GHz
TWT
Amplifiers 4-8 GHz
Horn
Antennas 4 GHz
(2)
Television
Receivers (2) Zenith

Variable Freq.
Oscillators (2) 2-4 GHz

Table 5-1: Available test equipment.
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Unity

10 dB
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-6.5 dB

20 dB

30 dB
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respect to
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maintained at -3 dBm, although the manufacturer's recommended value is 9

dBm. The discrepancy may be due to some malfunction in the mixer itself.

5.4 Initial Testing of the System: Outside the Laboratory

During this test as well as the actual TV interference studies to be
discussed later, the méin components of the system except the transmitting
and receiving horns were located inside a Field Laboratory. A typical
arrangement of the two antennas and the scale model windmill with respect
to the Field Laboratory is shown in Fig. 5-10. The 165 and 200 ft. coaxial
cables feeding the transmitting and receiving horns attenuated the signal
10 and 12 dB, respectively. The carrier frequency of 4.07 GHz was the maxi-
mum frequency of operation for the cables. The 450-feet distance between
the two horn antennas in Fig. 5-10 introduced about 88 dB attenuation in the
received signal in the absence of the windmill.

The two horizontally polarized horn antennas were identical, each having
a gain of 18 dB above an isotropic antenna and mounted 7 ft. above ground.
The receiving patterns of the horn in the presence of the stationary and ro-
tating scale models of the Darrieus, measured at 4.07 GHz, are shown in Fig.
5-11(a) and 5-11(b), respectively. It can be seen from the results that the
rotation of the windmill has no significant effect on the paftern for angles
outside the range 200° <o < 310°.

Two brief experiments were carried out with the Darrieus and the two
antennas arranged in the configurations shown in Figs. 5-12(a) and 5-12(b).
With each configuration, the transmitting and receiving antennas were located
in the far and near zones respectively of the windmill regarded as a scatterer.
A black and white TV camera and video equipment were used to photograph the
windmill, and thereby permit correlation of the interference on the test

receiver screen with the rotational position of the windmill. In:each case,
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Fig. 5-11 (a): Horizontal plane receiving pattern
of the horn antenna in the presence
of the stationary Darrieus. Recejv-
ing horn located 40 ft. from the wind-
mi1l and in a direction normal to the
transmitter-to-windmill direction
(f = 4.04 GHz).
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Fig. 5-11 (b): Horizontal plane receiving pattern
of the horn antenna in the presence
of the rotating Darrieus. The re-
ceiving horn is located 40 ft. from
the windmill and in a direction normal
to the transmitter-to-windmill direc-
tion. Rotation speed of the windmill =
100 rpm; f = 4.04 GHz.
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(b) receiving horn in an off backscattering direction

Fig. 5-12: The two arrangements of the antennas and the
Darrieus used during the preliminary test.
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the transmitted signal Tevel and the rotational speed of the windmill were
varied and the received signal was observed. The interference was more
apparent at low signal levels, and appeared as a sudden increase in the
snow content in the received picture. This increase seemed to coincide
with each passage of the curved vertical blades of the Darrieus through

the receiving antenna beam.

5.5 TV Interference Tests and Results

A number of TV interference tests was carried out by receiving the
laboratory generated microwave TV signals, in the presence of a rotating scale
model windmill. The windmill and the transmitting and receiving antennas
were all Tocated outdoors where no other significant scattering object
existed. The frequency of the source signal being 4.07 GHz (A =2 2.9 in.),
the two 1/10 scale model vertical axis windmills gave results equivalent
to those produced by the corresponding full scale windmills at 407 MHz (i.e.,
TV Channel 14, approximately), and the 1/37.5 scale model horizontal axis wind-
mi1l simulated the full scale MOD-0 windmilil at 102 MHz (i.e., Channel 6,
approximately).

The data gathering process consisted of recording the total electrical
signal received (including any modulation caused by the windmill) while ob-
serving the received picture on the test TV receiver for any video interference.
No audio interference test was conducted, since our previous studies [1,2] in-
dicated that no such interference would occur under normal conditions.

5.5.17 Recording of the Received Signal

The recording of the received signal was done as follows. A portion of the
signal going to the test receiver was sampled with the help of a directional

coupler and fed to a spectrum analyzer (see Fig. 5-6). The vertical output
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of the spectrum analyzer contained the desired video information along with

any modulation introduced by the rotating windmill. This signal was then used
to drive an oscilloscope which reproduced on its screen the combined direct

and scattered video signals which were then photographed. In addition to the
above signal, the oscilloscope reproduced a timing signal derived from the
synchro-motor driving the windmill: this signal appeared on the screen as a
series of timing pulses whose separation was equal to the rotation period of
the windmill. On each photograph of the received signal, to be discussed later,
the upper trace is the actual signal received and the lower trace shows the

timing signal for correlating the former signal with the windmill rotation.

5.5.2 Geometry

Fig. 5-13 gives a cross-sectional view of a typical arrangment of
the two antennas and the windmill, where T, W, and R represent the phase centers
of the transmitting horn, the windmill and the receiving horn, respectively.
The two 18 dB gain horns were horizontally polarized with phase centers 7 ft.
above the ground. Normally, the distance dTw between the transmitting horn and
the windmill was kept constant at dTw = 300 ft., and the distance d between the
windmill and the receiving horn was varied.

The transmitting antenna beam pointing direction is represented by o>
where O is measured clockwise from the line TW (Fig. 5-13). Thus, ap = 0
indicates that the transmitting antenna beam is pointed towards the windmill,
and as a rule Oy = 0. Sometimes, it was necessary to rotate the transmitting
antenna beam, and in these cases the o values will be stated explicitly.
Similarly, the receiving antenna beam pointing direction is denoted by the
angle ops where op is measured clockwise from a line RT' parallel to WT (Fig.

5-13); a, = 0 corresponds to a receiving antenna beam pointing direction

R
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parallel to the vector WT.

The location of a receiving point R is represented by a system of
polar coordinates (d/a) with origin located at W as shown in Fig. 5-12, where
d is the distance of R from W and o is the polar angle of R measured anti-
clockwise from the T1ine WT. With ar = 0, the location of R and the orien-
tation of the receiving antenna beam with respect to W and T are represented
by (d/a,uR) where‘»d/aw denotes the location of R, and ap the pointing direc-
tion of the receiving antenna beam. For example, the location of R and the
receiving antenna beam pointing direction in Fig. 5-12 are denoted by (d/90°,
90°).

The plane of the vertical axis windmill blade in Fig. 5-13 is oriented

broadside to the line WT and it rotates clockwise around its vertical axis.

5.5.3 Giromill Test Results

A typical outside arrangement of the scale model Giromill and the trans-
mitting and receiving antennas is shown in Fig. 5-13. During the test the dis-
tance between the transmitting antenna and the windmill was kept constant at
dTw = 300 ft.; unless otherwise stated the transmitting antenna beam was dir-
ected towards the windmill, i.e., or = 0.

The upper trace in Fig. 5-14(a) shows the received signal as a function of
time with R located at (50 ft./90°, 0°), i.e., the receiving antenna located
at a distance of 50 ft. from the windmill along the 90° radial and the receiv-
ing antenna beam oriented a!ong the direction ap = 0. With this orientation,
the total received signal consisted mainly of the direct signal from the trans-
mitter having a level of about -39 dBm, as can be seen from Fig. 5-14(a). The

received picture (color-bar) was good, and since little or no scattered (or
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secondary) signal was received, no significant video interference was observed.
The lower trace in Fig. 5-14(a) shows that the time between two adjacent pulses
is 0.52 sec. indicating that the windmill was rotating at about 115 rpm.

Fig. 5-14(b) shows the signal received at the same location as in Fig.
5-13(a), but with the receiving antenna beam pointing to the windmill, i.e.,
the coordinates of R were (50 ft./90°, 90°). At this orientation, little of
no direct signal was received; the received signal consisted mainly of the
secondary signal having a level about -62 dBm. Note that the period of the
received signal in Fig. 5-14(b) is half the period of the timing pulses, in-
dicating that the antenna received the.scattered signals twice in every rota-
tion. With little or no direct signa] received, the picture (color-bar)
flashed on and off with the passage of the scattered signal through the receiv-
ing antenna beam.

Fig. 5-14(c) shows the received signal with R located as before but the
receiving antenna beam pointing in the direction ap = 30°, i.e., the coordi-
nates of R were (50 ft./90°, 30°). As can be seen from the figure the received
signal level was -50 dBm. Although the recorded signal in Fig. 5-13(c) does
show the existence of a scattered signal, it is not Sﬁfficient]y strong to
produce any noticeable video distortioh in the received picture, which was good.

The receiving antenna was now located on the 45° radial at a distance of
45 ft. from the windmill. The receiving antennq was then rotated to control
the ratio of the direct to scattered signals received. Typical of the results
obtained are the two shown in Figs. 5-15. The received signal at a level of
-50 dBm in Fig. 5-15(a) does not contain an appreciable scattered signal and
consequently no video distortion was observed in the picture (compare with

Fig. 5-14(a)). The results shown in Fig. 5-15(b) were obtained with the
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-53 dBm >

(a) R at (50 ft./90°, 0°)

-64 dBm -

(b) R at (50 ft./90°, 90°)

Fig. 5-14: Video signal as a function of time received in
the presence of the Giromill rotating at 115 rpm
(Note: 5 dBm/vertical division and 0.1 sec/hori-
zontal division).
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(c) R at (50 ft./90°, 30°)

Fig. 5-14 (continued).
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(a) R at (50 ft./45°, 60°)

~70 dBm

(b) R at (50 ft./45°, 80°)

Fig. 5-15: Video signal as a function of time received in the
presence of the Giromill rotating at 115 rpm
(Note: 5 dBm/vertical division and 0.1 sec/hori-
zontal division).
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receiving antenna beam oriented more towards the windmill. As a result, stronger
scattered signal pulses were received in addition to the direct signal whose
average level was -58 dBm. The received picture in this case was snowy with
video distortion in synchronism with the received scattered pulses.

Next, a series of tests were conducted with’the receiving antenna located
on the o = 90° radial but at variable distances from the windmill. At each loca-
tfon of the receiver, ap and o were varied, as needed, to obtain barely visible
video distortion of the received picture. The purpose of these tests was to
determine the level of the interfering (scattered) signal relative to the direct
signal to produce barely visible distortion of the received picture. In effect,
this would yield the threshold modulation for interference [1,2]. Figs. 5-16a,b,
and ¢ show some typical results obtained with the receiving antenna located at
150, 75, and 25 ft., respectively. The pulse-like modulations of the received
signal introduced by the rotation of the windmill are evident in the figures.

In all three cases the’peak—to-peak variation in the signal introduced by the
windmill scattering effects is about 5 dB, corresponding to an amplitude modula-
tion index of about 0.27 [2]. The results show that the modulation waveform
varies with the distance of the windmill from the receiving antenna. This is
due to the fact that the receiving antenna was.1ocated within the near zone of
the windmill: since the maximum linear dimension of the windmill D is about 5
ft. and A = 2.9", 2 D2/x =2 200 ft.

Fig. 5-17 shows the results obtained with R at (50 ft./135°, 45°). The
ambient signal Tevel was -55 dBm. The received picture was good and although
the existence of modulation pulses is evident in Fig. 5-17, their amplitude
was not strong enough to cause any noticeable video distortion. With this orien-

tation, it was not possible to further adjust ap and/or O to obtain significant
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(b) R at (75 ft./90°, 72°),
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Fig. 5-16: Video signal as a function of time received in the
presence of the Giromill rotating at 115 rpm
(Note: 5 dBm/vertical division and 0.1 sec/hori-
zontal division).
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(¢) R at (25 ft./90°, 60°),
MOO
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Fig. 5-16 (continued).
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=50 dBm .y

Fig., 5-17: Video signal as a function of time received in the pres-
ence of the Giromill rotating at 115 rpm: R at (50 ft./
135°, 45°) (Note: 5 dBm/vertical division and 0.1 sec/hori-
zontal division).
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amounts of video distortion.

Fig. 5-18 shows the results obtained with the receiving antenna located
in the forward direction with respect to the scattering by the windmill and at
a distance of 50 ft., i.e., with R at (50 ft./180°, 0°). With this orientation
the antenna was receiving both the direct and scattered signals via its main
beam. The results indicate that the desired video signal is riding on a low
frequency sinusoidal waveform, which is characteristic of the modulation wave-
form introduced by a windmill in the forward direction [ 2 ]. In Fig. 5-18, the
modulation being sinusoidal-type and the average signal level being -42 dBm,
the received picture was good and no video distortion was observed. In the for-
ward direction it was not possib]é to cohtro] the scattered signal relative

to the direct signal receivéd, and hence no further test was carried out.

5.5.4 The Darrieus Test Results

Due to limitations on time, results were obtained with the receiving
antenna located at a constant distance of 50 feet from the Darrieus. The trans-
mitter-to-windmi1l distance was kept 300 feet, as before, and the windmill was
rotated at about 115 rpm.

Figs. 5-19a, b, and ¢ show the results obtained with R located at a distance
of 50 feet from the windmill and on the 90° rqdia1, for ap = 60°, 80°, and 90°, res-
pectively. At the location of R corresponding to Fig. 5-19(a), the received
signal consisted mainly of the direct signal and the received color-bar was good
with no video distortion. The results of Fig. 5-19(b) were obtained by rotating
the receiving antenna beam towards the windmill; consequently the received
signals contain the scattered signals. The results indicate that the scattering

effect of the Darrieus introduces two types of modulation waveforms: a broad
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~50 dBm

Fig. 5-18: Video signal as a function of time received in the pres-
ence of the Giromill rotating at 115 rpm: (50 ft./180°,
0°) (Note: 5 dBm/vertical division and 0.1 sec/horizontal

division).
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~70 dBm ¢w9:' ,'

(a) R at (50 ft./90°, 60°)

~70 dBm v

(b) R at (50 ft./90°, 80°)

Fig. 5-19: Video signal as a function of time received in the

Presence of the Darrieus rotating at 115 rpm.
(Note: 5 dBm/vertical division and 0.1
sec/horizontal division).
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~70 dBm

(¢) R at (50 ft./90°, 90°)

Fig. 5-19 (continued).
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pulse-Tike waveform and a sharp spike-like waveform. The peak-to-peak varia-
tion in the received signal causéd by the broad pulse is about 5 dB. The re-
ceived picture was poor, aﬁd threshold type of video distortion was observed
coinciding with the occurrenée of the broad pulses in Fig. 5-19(b). The narrow
spikes did not produce any distortion. Fig. 5-19(c) shows the results obtained
when the receiving antenna beam was directed towards the windmill to receive
only the scattered signals. The stronger narrow spikes are again visible in
the received signal. No color-bar was seen on the test TV screen, although the
background co]o# blinked on and off with the occurrence of the broad pulses
in the received signal.

Fig. 5-20 gives the results obtained with R at (50 ft./90°, 55°). At this
position, the received signal contains a modulation waveform which builds up
gradually to a peak value and thereafter gradually diminishes to zero. The
received picture was found to be noisy, and_video interference occurred in
synchronism with the modulation pulses in Fig. 5-20.

Fig. 5-21 shows the results obtained with R at (50 ft./180°, 0°), i.e., in the
forward direction. There appears to be a weak sinusoidal pulse-1like modulation
waveform introduced by the scattering effects of the Darrieus. The received

picture was good and no video distortion was observed.

5.5.5 MOD-0 Windmill Test Results

The size of the scale model MOD-0 windmill being small (~1/40), the
transmitter was moved to a distance of 100 ft. from the windmill so as to in-
crease the scattered field within the test area. Even then, the scattered field
was very small and it was difficult to obtain any clearly noticeable video

distortion on reception. The windmill was rotated at 40 rpm and no
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-60 dBm

Fig. 5-20: Video signal as a function of time received in the presence
of the Darrieus rotating at 115 rpm: R at (50 ft./135°, 55°)
(Not§: 5 dBm/vertical division and 0.1 sec/horizontal divi-
sion).
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-50 dBm >

Fig. 5-21: Video signal as a function of time received in the pres-
ence of the Darrieus rotating at 115 vpm: R at (50 ft./

180°, 0°) (Note: 5 dBm/vertical division and 0.1 sec/
horizontal division).
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timing signal was used during these tests.

Figs. 5-22a, b,.and ¢ give results obtained with R located at 25 ft./90°,
for the receiving antenna beam pointing directions an = 75°, 80°, and 90°,
respectively. The results indicate that the modulation introduced by the
windmill is increased as the receiving antenna beam is rotated towards the wind-
mill; the modulation waveform, particularly the one in Fig. 5-22(b), resembles
that observed at on-site measurement at Plum Brook during our previous study
[2]. In all three cases the received picture was fair; video interference was
observed for the cases with ap = 80° and 90°, the amount of distortion being
larger at the latter angle. As can be seen from Fig. 5-22(b) the modulation
level introduced is about 3 dB (~ 0.17) for which the interference observed
was threshold type. This is consistent with results obtained with our previous
studies of MOD-0 windmill [1,2].

Fig. 5-23 shows the results obtained with R at (50 ft./180°, 26°), i.e., in
the forward direction. At this location, the received‘picture was poor but
no video distortion caused by interference was observed. This was because the

signal did not suffer appreciable modulation, as can be seen from Fig. 5-23.

5.5.6 Discussion

The results presented above, although not complete, indicate that the
electromagnetic interference to TV reception caused by various windmills can
be studied and quantified with the help of a laboratory microwave TV system
in conjunction with rotating scale models of the windmills. The exact TV
channel frequency at which these effects are applicable for a given full-
scale windmill is determined by the scale factor of the model and the fre-

quency of the microwave signal used.
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-60 dBm -

(a) R at (25 ft./90°%, 75°)

(b) R at (25 ft./90°, 80°)

Fig. 5-22: Video signal as a function of time received in the
presence of the MOD-0 blades rotating at 40 rpm
(Note: 5 dBm/vertical division and 0.2 sec/hori-

zontal division).
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70 dBm >

(¢) R at (25 ft./90°, 90°)

Fig. 5-22 (continued).
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~70 dBm |

Fig. 5-23: Video signal as a function of time received in the pres~
ence of the MOD-0 blades rotating at 40 rpm: R at (50 ft./
180°, 26°) (Note: 5 dBm/vertical division and 0.2 sec/
horizontal division).
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The modu]étion and modulation waveform of the received signal and the
nature and degree of video distortion due to interference by the rotating
scale models of MOD-0 windmill blades have been found similar to those ob-
tained during our on-site measurements with the full-scale MOD-0 windmill
using commercial TV signals at approximately the TV Channel 6 frequency.

The Giromill and the Darrieus results show the interference at a fre-
quency corresponding approximately to TV Channel 14. The most detailed
results have been obtained with the Giromill which is found to cause observable
interference out to a distance of about 600 wavelengths at the Channel 14 fre-
quency. The threshold modulation with the Giromill was found to be about 27
percent. The interference effects caused by the Darrieus are generally less
severe, and the interference distance is correspondingly smaller. Further
study is needed to obtain more detailed results so that the effects may be

quantitatively correlated with the various parameters involved.

5.6 Conclusions

A laboratory microwave TV system has been developed. It transmits and
receives signals at 4.067 GHz (x =2 2.9 in.), and the signal is compatible
with the usual TV signal so that after suitable frequency conversion, it can
be received by a conventional TV receiver. The use of a microwave frequency
for signal transmission and reception makes it possible to investigate the
electromagnetic interference effects of windmills on TV reception receiving
the microwave signals in the presence of rotating scale models of the windmills.
At the present time, with 1/10 and 1/39.5 scale model windmills, the system
provides results corresponding to those produced by the full scale windmills
on TV Channels 14 and 6 respectively. The system is capable of providing

sufficient data for quantitative evaluation of the interference effects without
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requiring further on-site measurements with full-scale windmills and laboratory
simulation studies.

The system developed is still undergoing improvement. Currently, the
signal is somewhat noisy due to one of the mixer stages which should be re-
placed. We hope also to expand the system capability to obtain results for
upper UHF channel frequencies at which the interference effects may be more
severe. One way to do this is to use larger scale models, but a more conven-
ient approach is to increase the frequency range of the test equipment so that

it can operate at frequencies up to 8 GHz.

107



CHAPTER 6
WINDMILL INTERFERENCE TO A LORAN-C SYSTEM

Loran-C (Long Range Navigation System: version C) is a hyperbolic
navigation system [17-19] that enables the user to determine very precisely
his position, anywhere within the designated coverage area, by measuring the
times of arrival of the signals received from at least three known stations.
Currently the coverage area encompasses more than 16 million square miles of
the earth's surface; today there are eight Loran-C transmitting chains, with
a total of twé]ve expected to be in operation by 1980 [20]. It is a pulse
system with common carrier frequency (usually 100 KHz implying wavelength
A = 3 Km) in the band 90 - 110 KHz for all stations. A chain of transmitting
stations consists of one master and two to four slaves, the master and a
slave station being separated by 600 to 800 miles. The operating range of
the system is in excess of 1000 miles with position errors of 50 - 200 feet
at 250 to 600 miles, increasing to approximately 500 feet at a range in excess
of 1000 mites [20].

Since the objective of a Loran-C system is to provide over-the-ocean
coverage, its transmitting stations are often Tocated on islands or in
coastal regions where, with favorable wind conditions, future wind turbine
generators (WTG) or windmills may also be sited. A WTG in the vicinity of a
Loran-C transmitting station could affect the performance of the system in
two ways. First, by mutual interaction between the Loran-C transmitting
antenna and the windmill. Since this is an effect which could be corrected
at the station by using proper impedance matching of the antenna input

terminals, it is unlikely to have a major impact on the system performance.
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Nevertheless, we shall discuss this problem briefly in a later section.

The second is potentially more severe. A windmill near to a station could
act as a parasitic transmitter radiating similar Loran-C signals delayed in
time whose affect on the system performance is not obvious. In the following
sections we investigate theoretically the possible electromagnetic inter-
ference to Loran-C system performance caused by a windmill located in the
vicinity of a signal transmitting station. We begin with a brief description

of the Loran-C system and its mode of operation.

6.1 The Loran-C System

Various aspects of the Loran-C system and the principles of its opera-
tion may be found in [17-25]. Here we shall describe the basic system, and
discuss only those aspects of its operation which are relevant to the inves-
tigation of the windmill interference problem.

Loran-C differs from other hyperbolic navigation systems in that it
uses pulses instead of near-continuous signals. The theory of hyperbolic
navigation is well documented [17-19] and is based on the fact that the Tocus
of a point, in a horizontal plane, whose distances from two fixed points
in that plane differ by a constant amount is a hyperbola with the fixed points
as its focii. Assuming two signal transmitters located at these points, each
such hyperbola, henceforth called the Line of Position (LOP), identifies the
Difference in the Times of Arrival (DTA) of the two signals at the receiver.

A second-  pair of transmitters yields another LOP which, together with the
first, specifies the position of the receiving point with respect to the known

positions of the transmitting stations.

6.1.1 Parameters Associated with Transmitting Stations

Each Loran-C system uses a chain of ground-based transmitters
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consisting of one master and 2 to 4 slaves. Peak power of up to 4 MW is
generated by each transmitter, and is radiated by a single vertical monopole
antenna as high as 410 m. For later discussion the following notations will
be used to identify various quantities associated with the transmitting

stations:

M: master station

S : slave station number n, n=1, 2, 3, 4

n

R: receiver or observer

TB = time of travel‘of signal from master to a slave or base-line
electric length

TCD = coding delay or the time by which a slave delays transmission of

its signal after receiving the master's signal.

Since the slaves are located about 1000 Km from the master, the base-line
e]ectric‘length TB is of the ordef of 4 msec [20].. The coding delay Ten
is varied in the range of 10 - 80 msec depending on the location of the
transmitters, special operational requirements of the station sites, and
other factors. Using the above notation, one can write the following formal

relationships characterizing the differénce in times of arrival (DTA) of

the signals at R:

DTA = Tg * Top* twp = sk > (6.1)
Tep. SOTA <Top + 2 Tg : (6.2)
where
tMR = time taken by the signal to travel from the master to the
receiver,
and tSR = time taken by the signal to travel from the slave to the

receiver.
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Thus, (tMR - tSR) is the actual difference in the times of arrival of the
signals at the receiver from the master and a slave station, and it is

clear that each LOP has a unique DTA associated with it.

6.1.2 Transmitted Signals

The receiving system of a Loran-C is required to perform an accurate
measurement of the DTA of signals from different pairs of transmitters.
Accordingly, the transmitted signals are designed to facilitate the prac-
tical implementation of a receiver which performs the difficult task of un-
ambiguous and precise measurement of DTA.

The Loran-C composite signal at the receiver consists‘of groups of
pulses radiated psiodically at a specified group repetition interval (GRI)

and is shown in Fig. 6-1.

p—————— | ORAN--C CHAIN GRI
MASTER SECONDARY SECONDARY SECONDARY | MASTER
PULSES X PULSES Y PULSES Z PULSES PULSES
— ( =N / T N\ —r— —P—

st —
fe— pTA, —> -] = > b
X
pte—————— DTA  —»{ 1 msec
- DTA, —=qf

Fig. 6-1: Example of received Loran-C signal format. Each
pulse is as in Fig. 6-2.
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The group of the master contains 9 pulses per GRI and that of a slave 8.

The first 8 pulses of the master group are spaced 1 msec apart, and the ninth
pulse is separated from the eighth by 2 msec. A1l pulses of a slave group
are separated by 1 msec. The minimum GRI is chosen to be of sufficient
length so that there is enough time for the transmission of pulse groups

from the master and slaves, and that there is no overlap between the various
pulse groups. It is clear that this depends on the number of stations in a
chain and their separation. With a Loran-C chain consisting of 4 slaves,

the typical GRI is 100 msec [22]. The low duty cycle of pulses permits trans-
mission of a group of pulses and, therefore, increased signal energy at the
receiver, and this in turn provides higher signal-to-noise ratio (SNR) with-

out having to increase the peak radiated power of the transmitter.

6.1.3 Loran-C Pulse

The carrier frequency for the Loran-C pulse is normally 100 KHz and
is universal in the sense that all stations within different chains transmit
at the same frequency; however, they may have different GRI if they belong
to different chains. Atmospheric noise level, practical antenna structure
considerations, signal propagation characteristics and ground conductivity
are some of the factors which dictate the selection of the specific carrier
frequency of the transmitted signals. As shown in Fig. 6-2, each Loran-C
pulse is composed of cycles of 100 KHz carrier. Time synchronization at the
receiver depends on the identification of a particular cycle and the compari-
son of a cross-over within the cycle with the reference clock [20]. In order
to facilitate this cycle identification, the leading edge of the pulse envelope
is carefully controlled at the transmitter to conform to the following expressiot

[20,22]:
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2

f(t) = At? exp [- (2t)/65x107%7 sin(2r x 10° t), (6.3)

where A is a constant, so that the relative amplitudes of the first few cycles
are identical for every transmitter. The envelope of (6.3) reaches a maximum

at the positive peak of the seventh cycle at 65 usec (see Fig. 6-29, and this is

{/, PULSE ENVELOPE SHAPE t%e™2%/6%; IN MICROSECONDS

sl

/

CROSSING TO BE
IDENTIFIED AND
TRACKED

a2

Fig. 6-2: Loran-C pulse.

one of the outstanding features of the Loran-C signal which enables the
receiver to discriminate between signals received via ground and sky waves

[22]. The latter signals are subject to random variations in the ionosphere
and should be avoided by the receiver. At the Loran-C frequency of 100 KHz,

the skywave signal appears at the receiver about 35 us later than the ground
wave signal. With the nature of the transmitter signal discussed above, it

can be seen that the receiver avoids the skywave signal by processing the first
30 us of the received ground wave signal which is free of any skywave contamina-

tion.
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6.1.4 Receiving System

The Loran-C receiver is a fully automatic signal processing system
which performs the following search-and-track operations: (i) searching for
the master signal, identifying it by repetition rate and phase code; (ii) lock-
ing a local reference oscillator on to the master signal; and (iii) locking
on to the two slave signals and determining their time differences from the
master. The desired time differences are obtained from phase comparison of
the corresponding pulses of the appropriate groups. The optimum place for
phase measurement is chosen to be the 30 us zero cross-over point (ZC) of a
pulse in each group. The detailed procedure by which the receiver accom-
plishes this is described in [18, 23].

In the presence of atmospheric noise, modern receivers can provide very
good performance up to a signal-to-noise ratio of -30 dB. CW or near cw_
interfering signals in the Loran-C band can cause serious degradation in the
system performance [23]. With WTG ih the vicinity of a Loran-C transmitter,
the scattered signal will generally suffer a time delay relative to the ground
wave signal before reaching the receiver. 1If this delay is larger than 30
usec (or outside the range 30 + 100 v with v = 1, 2, ...,9) then the received
scattered signal will act almost similar to the skywave signal, and therefore
will have no effect on the receiver performance. However, if the delay is
less than 30 usec, then although the searching of the Loran-C signal by the
receiver will not be affected, the scattered signal if sufficiently strong.

may degrade the receiver performance.

6.2 Received Signal in Presence of a Windmill

The effects of a windmill on the performance of a Loran-C system will

be investigated by studying the changes in the amplitude and phase of the
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received signals due to the scattering of signals by the windmill. The
analysis is simplified by assuming that the Loran-C transmitting chain con-
sists of a master and one slave station located in free space, and that the

5 Km/sec. Since the DTA

phase velocity of signal propagation is ¢= 3 x 10
measurements by the Loran-C receiver depend on the relative phase and ampli-
tude of the received signals, the present analysis will bring out the dominant
effects of the scattered signal on the system performance in spite of the above

idealized assumptions.

6.2.1 Phase Comparison of Direct and Scattered Signals

The géometry of the windmill (represented as a scatterer S), the re-
ceiver (R), the master station (M), and a slave station (Sn) (all located in

free space) is as shown in Fig. 6-3. Let t denote the DTA between the direct

SCATTERER
s(r,s)
Sy (bs 0)
MASTER (M) ° >
R (o, a)

RECEIVER

Fig. 6-3: Geometry of the windmill scattering center (S)
and the Master (M), a slave (x) and the receiver
of a Loran-C system.
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and scattered master ground wave signals at R. For every fixed position of

the receiver, we have (Fig. 6-3)

— c—

M+SR-MR=Cr=op_, (6.4)

w

P

i.e., SM+ SR=p + Pys (6.5)

where Py ié the distance travelled by the signal in time t and it is

assumed that the scatterer does not introduce any time delay. The latter -
assumption is not necessary, and is made here for simplicity. From (6.5)

it can be seen that, for given Py (i.e.,.t), the Tocus of S is an ellipse having

foci at M and R and eccentricity

g = —2 . (6.6)

As the angle o (Fig. 6-3) changes, the receiving point R traces a circle of
radius p centered at M, and correspondingly, for constant time delay 1 the
point S traces a family of ellipses whose envelope is another circle of radius
o + p0/2 and centered at M. Therefore, for any receiving point R (p,a) there
exists a point P(r,¢) in the circular region of radius p, denoted by Sp,

such that 0 <r <p +p /2 with PM+ PR = + 0o~ Mathematically, we write
this as

Pes ={(re): 0. <r < ¢+o,/2}) (6.7)

P+_§=p+po

It follows from the discussion in Section 6.1 that if the scattered
signal suffers a time delay similar to that of the skywave signal, it would

not have any effect on the receiver performance, since the scattered signal
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would not then appear within the 30 us time interval during which the receiver
processes the received direct signal. As indicated previously, an improper
interference affecting the receiver's functions may take place whenever

the following relationship is satisfied
1000 v <t <1000 v + 30 ysec s (6.8)
with v ¢ I such that

r=1{,1,2,...7, 9} (6.9)
where it is recalled that the master pulse group consists of 9 pulses
with the last (ninth) one having a separation of 2 msec instead of 1 msec
from the adjacent pulse.

The task now is to transform the condition {6.8) on t into restrictions
on the distance parameter r, i.e., on the position of the windmill. This will
determine the regions where. the placement of a windmill would lead to a
value of t satisfying (6-8). We shall refer to these as "forbidden regions"

in the sense that a windmill located there could degrade the receiver perfor-

mance. Let us rewrite (6-8) as
300 v < Py = CT < 300 v + 9 Km (6.10)

with v given by (6.9). Eq. (6.10) indicates that the received direct pulse
corresponding to a given v ¢ T may be corrupted by the scattered pulse from
the windmill if the windmill is located inside the regions defined by

p

s;’ =-{(r,¢);o_<r_<_p+7°<p+150v+4.5 Km} . (6.11)

If v > 1, the regions corresponding to
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1000 (v-1) + 30 <t <1000 v upsec
(6.12)
or 300 (v-1) + 9 <p, <300 v Km

should be excluded from S:. Let the regions defined by (6.12) be denoted by

G: = {(r,6): 150 (v-1) + 4.5+ p <r <150 v + p Km} (6.13)

The forbidden zones around the master station, defined as Fz, are therefore

given by
Fg = sg = {(ry¢): 0 <r <p+4.5Kn}, v=0 (6.14)
V_ oV _ v .
Fp = Sp Gp , VET , v#O0 . (6.15)

The complete set of such forbidden zones is

F = U F =10y 58-1uU 6 (6.16)
: v#0
where U denotes the union operator. Observe that us: = Sg, so that
F=UF=5_ 7 ¢ (6.17)
 ver PP ur
v#0

The outer boundary of the overall forbidden zone is now a circle of radius

r =150 x 9 + 4.5 + p = 1354.5 + p Km
This outer radius is very large because it has been obtained purely on the
bésis of the DTA without any consideration of the amplitude of the scattered
signal relative to the direct signal. However, the results obtained here are
instructive in that they indicate the general shape and arrangement of the
forbidden regions. Forbidden regions obtained from (6.17) are shown in

Fig. 6-4, where the master station is located at the center of the diagram
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Fig. 6-4: Forbidden regions
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and p denotes the receiver distance from the master. Note that the central
forbidden region, i.e., for v = 0 is a complete circle of radius r = o + 4.5
Km; all the other forbidden regions (for v # 0) are annular in shape with width
equal to 4.5 Km. For a receiver located a distance p from the main trans-
mitter, various forbidden regions are the annulae
0 < rgSe ¥ 4.5 Km
p+150_<r]_59+104.5 Km (6.18)
p+150v <r <p+150v+4.5 Km.v=1,2, ...7,9
The forbidden regions around a slave station Sn may be obtained in a

similar manner by assuming Sn in Fig. 6-1 to be the origin and referring

p,r etc. with respect to Sn and re-definingr in (6-9) by
r=40,1,2, ..., 7} . (6.19)

With this modification, the forbidden regions around Sn are now given by

(6.17) with the new definitions of o, r, andT given by (6.19).

6.3 Amplitude Comparison of Direct and Scattered Signals

In obtaining the forbidden regions discussed in the previous section it
was assumed that the direct and scattered signals at the receiver are of the
same order of magnitude. However, in a real situation the scattered signal
is generally small compared with the direct one. In the present section we
modi fy the regions obtained purely on DTA basis, and study their potential
impact on the system performance by taking into account the amplitude of the

scattered signal at the receiver relative to that of the direct signal.
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th
P(r, ¢, z)

-h

Fig. 6-5: Distances from center-driven antenna to an
arbitrary point o (r, ¢, z). r, ¢, z are cyl-
indrical coordinates of p.

6.3.1 Direct Signal

Let a Tinear antenna of length 2h be oriented along the z-axis of a
rectangular coordinate system with origin 0 located at the center of the antenna,
as shown in Fig. 6-5. An arbitrary field point P is represented by its cylin-
drical coordinates (r,d,z). By invoking the image principle, the field produced
by the antenna at a point P such that z > 0 may be identified with that
produced by a Loran-C monopole antenna of height h located on a perfectly
conducting ground plane placed at z = 0.

For simplicity, it is assumed that the antenna in Fig. 6-5 carries a

sinusoidal current distribution
I(z) =1 sink(h - |zl), lz]l <h <Au , (6.20)

m

where Im is a real constant and k = 2x/X, A being the wavelength in free space.

121



The complete electric field produced at all points in space is found to be

[26]

il n
_ m'o z-h . z+h .
Er(P) = o [élh exp (-ik R]h) + ﬁ;;-exp (-ik R2h)

- 22 cos (kh) exp (-ik RO)}_ (6.21)

E(P)=0 (6.22)

) i Imno exp (-ik R]h) “exp(-ik R2h)
EP) = - —; R t R
1h 2h

- Ego_ cos (kh) exp (-ik Ry) |, (6.23)

where the assumed time dependence exp (iwt) is suppressed, and

Ny = uo/eo = 120 = ohms "
, 1/2
e Bl
1/2 (6.24)
_ 2 2
RTh = Bz-h) + r‘] >
) 511/2
Ry = [iz#m? v J

The quantities Ro’ R]h and R2h are also shown in Fig. 6-5. For a field point

located in the plane z = 0 or such that z << h, (6.24) reduces to

Ry 2Ry, 22 (h% + r2)1/2. (6.25)

Note that (6.21) - (6.23) give the cylindrical components of the complete
field at P produced by the antennas. It is convenient to use the field

expression in this form when P is located in the near zone of the antenna.
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Later we shall modify (6.21) - (6.23) to obtain appropriate expressions for
the spherical components of the field when P is located in the far zone.

Assuming h = A/4 and z << r, (6.21) - (6.23) give

E (P) i Im“o 2z exp[;ik(r2+h2)]/?] (6. 26)
r 4rr (r2+h2)1/2

E(P) =0 (6.27)
? i1 2,,.2

E_(P) = T imo 2 exp[-ik(rc+h©)1/2] (6.28)
z 4v (r2+h2)1/2

The amplitude of the complete electric field at P is therefore
2,.2\1/2
IE(P)| = 60 1tz /r) (6.29)

m (r2+h2)1/2
We use (6.29) to obtain the amplitude of the direct signal at a re-
ceiving point located in the near zone of the antenna. For a receiving point

R Tocated such that its polar coordinates are r = p, ¢ = o (see Fig. 6-1)
we identify R with P, and obtain the following for the amplitude of the direct

signal from the Loran-C transmitter to the receiver:

1

.
E'(R)| = 60 I —5—rr7s (6.30)
[E(R)] n (o Zmd) 172

Let us assume that a windmill having a tower height hS is located at a
distance r from the antenna. The scattering center of the WTG blades may now
be assumed to be ]ocafed at a point S having the coordinates r = r, ¢ and z =
hS (see also Fig. 6-1). Under these conditions we obtain from (6.29) the

following expression for the amplitude of the incident (or direct) signal at

S arriving from the transmitter:
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(1 + n&/r®)!/2

(6.31)
2+ 172

T -
[E'(S)] =60 T_

6.3.2 Scattered Signal

To obtain the amplitude of the scattered signal ]ES(R)I at S, it is
sufficient to regard the windmill blades as stationary, and to model
each blade as a rectangular metal plate having a scattering cross-section o.
This concept was found useful in our previous study [1,2]. It is also
assumed that the blades are so oriented as to direct the maximum scattered
signal to the receiver. Under these conditions it can be shown [2] that the

amplitude of the scattered field at R is

;
S - [ o _JE(S
I P (6.32)

where d(S,R) is the distance between the windmill blade scattering center S

and the receiving point P:

1/2
d(S,R) =[:92 ¥ re 2¢r €OS é] (6.33)

with 8 = o + ¢ (see Fig. 6-3).

In (6.32) the scattering cross-section o of the blade is still unknown.
To obtain o we observe that all the dimensions of the blade are much less
than the Loran-C wavelength (A = 3 Km) so that Rayleigh scattering is appli-
cable. An adequate model of a blade is a very thin prolate spheroid for
which the Rayleigh scattering cross-section is known. Given a prolate spheroid
of semi-major axis a aligned a]dng the z-axis, semi-minor axis b (<<a)

and interfocal distance 2 &, the Rayleigh scattering cross-section is [27]
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N ) L ) L (6.34)
where
3
P, = 21k L (6.35)
33773 2
n (—G_E)
k=2n/x, =2.71828 ...

"is a unit vector the direction of observation,

N> ~5»

is the unit vector along the z-axis (axis of revolution direétion) and

is the unit vector in the directions of the incident electric field.

[}

For a blade of (equivalent) area Ae and length L, it is clear that

L2a=1L/2
and the most logical identification of A is with the area wab of the ellipse.
Hence,
2A

b='1'rr

giving -1

3] 2

Pag = ﬂé—-[zn(g—t—ﬁ )J (6.36)
e

In the present problem we are interested in the maximum value that the

scattered signal can have, and from (6.34) this maximum 1is

o k52
max - 4% 33 (6.37)
From now on we shall identify the scattering cross-section o with Omax?
and hence -2
g = L [%n(zkg-\w (6.38)
9A4 2eAe}J
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In the case of a MOD-1 blade, A = 40 m2 and L = 28 m, giving o = 3.43 X
1072 n? at A = 3 K.
Introducing (6.38) into (6.32), the scattered signal amplitude at R is

found to be -1

2,3 2 T
S _mL mL- Y E'(S
Ewi -tk ,:zn (——ZeAﬂ TN (6.39)

6.3.3 Ratio of the Scattered and Direct Signals

We now define m as the ratio of the amplitudes of the scattered and
direct signals at R, and using (6.30), (6.31), and (6.39), we obtain the
following:

(R
m= }‘f" r
E'(R)
2,3 217 2, 202 1+ nE
m L L (e * h7) . S
2

Ln
o2 | 2eR| O d(5,R) T+ 2

2 1/2

(6.40)

For given Tocations of the transmitter and the windmill (i.e., r fixed),
the scattered field at R and hence 'm', decreases inversely as the distance
from the windmill (see (6.32)). Note that (6.32) and (6.40) are valid for
kd > 1, with d = A/2r being the approximate distance of the beginning of the
far zone of the point scatter located at S. However, from the 2 DZ/A criterion
of the blade, (6.32) and (6.40) can be used to estimate the scattered field
and the field ratio for smaller values of d. In fact, we shall use (6.40) to
estimate m for d as small as d :ﬁ;hs.

A study of (6.40) reveals that for a given windmill and a receiver located
at a constant distance from the transmitter such that p > r, m assumes its

largest value (mF) when R is located in the forward direction, i.e., when
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p=r+d, (see (6.33)) with respect to the scattering from the blade.

Similar considerations indicate that for p <r, the 1ar§est field ratio (mB)
occurs when R is located in the backscattering direction, i.e., when p = r - d.
In both cases the transmitter, the receiver and the blade scattering center

are colinear. Under these conditions, the maximum signal ratio at R is

-1 /2

2,.2
23 L2 o2+ )12 1+ 0
' 1+ h%/r

which yields m = Me when p =r +d, and m = Mg when p =r - d, for d <r.
Generally, me > Mp. |
If the Tocations of the windmill and the receiver are such that d >> r,h,

(6.41) gives the following approximate relationship:

23 A
7L L
mF ~ ‘——2 [Q,n (Z_EA-)

which can be used to determine‘the signal ratio at a distant receiver as a

/2
1+ ‘hg/rz
et i (6.42)
1+ h%/r

function of the windmill-to-transmitter distance. In the other extreme, when

r >> d, hS we obtain from (6.41)

m fv'"2L3 n (ELE) (6.43)
F__.6K2d 2eA

- which can be used to estimate the signal ratio at a receiver as a function

of its distance from the windmill when both the windmill and the recejver

are located far from the transmitter.
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6.3.4 Numerical Results: Forbidden Regions

By numerically computing the expressions derived in the previous
section, we discuss here the variation of the signal ratio at a receiver
when a windmill is located in the vicinity of a Loran-C master transmitting
station. The results are then used to judge the practical implications of
the forbidden regions, derived in Section 6.2 based on phase comparison of
the direct and scattered signals at the receiver.

Let us consider a MOD-1 windni1l (L = 28 m, A = 40 n°, and h_ = 45 m)
located at a distance 0.5 Km from the Loran-C transmitter. With a receiver-
to-windmill distance of 0.1 Km, the forward and backward direction signal
ratios at the receiver can now be determined from (6.41), and are: me =
- 95.1 dB and mg = - 96.4 dB, obtained with the receiver-to-transmitter
distance o = 0.6 and 0.4 Km, respectively. With the receiver located at
o = 0.6 Km, if the WTG is removed to a distance of r = o + 150 = 150-6 Km,
it is found that Mg ~2 - 203.1 dB which is 108 dB less than the maximum
signal ratio obtained with r = 0.5 Km. Note that with o = 0.6 Km, the wind-
mill is located in the first forbidden region, defined as 0 <r <p + 4.5 Km,
when r = 0.5 Km, and in the second forbidden region, defined as o + 150
< r <p + 154.5 Km, when r = 150.6 Km. If the receiver is located at the
same distance pv= 0.6 Km, the signal ratio obtained with the WTG located
within each of the successive forbodden regions is found to be about 40
10910 vdB, v=2,3, ..., 9, Tess than the previous case. From these con-
sideratfons it is concluded that a MOD-1 windmill Tocated within a higher
order forbidden region ( v > 0) will not cause any adverse receiver perfor-

mance because in each case the received signal ratio would be < - 108 dB

compared to that when the windmill is located in the first (v = 0) forbidden
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region. From now on, we shall ignore the effects of a windmill located in the
higher order forbidden regions.

Fig. 6-6 shows the signal ratio in the forward direction, obtained
from (6.41), as a function of the distance of the receiver from the trans-
mitter and for selected values of the windmill-to-transmitter distance.
Observe that the final and initial values of the curves in Fig. 6-6 are
given approximately by (6.42) and (6.43), respectively. The results of
Fig. 6-6 indicate that even for a windmill-to-transmitter distance of 100 m,
the scattered signal level at a receiver, located as close as 100 m to the
windmill, is of the order of 95 dB down from the direct signal. Assuming
that a Loran-C receiver is unaffected by an interfering (scattered) signal
whose Tevel is 95 dB down (or more) less than that of the desired (or direct)
signal, it may be concluded that a MOD-1 WTG located at a distance Z A/30
from the transmitter will not cause any significant change in the performance
of a Loran-C receiver. However, at a distance of é%a the WTG would be located
well within the near zone of the transmitting antenna (note: 2 Dz/k for the
transmitting antenna of height A/4 is = A/8). Therefore, it seems that the
minimum siting distance of a WTG from the transmitter would be determined

mainly from a consideration of the mutual interaction between the windmill

and the transmitting antenna. This is investigated in the next section.

6.4 Mutual Interaction Between a Windmill and Loran-C Transmitting Antenna

The effect of a windmill on the performance of a Loran-C transmitting
antenna can be investigated using the known [28] results for the mutual im-
pedance between vertical antenna of unequal heights, located above a perfectly

conducting ground. Let the Loran-C transmitting antenna of height h = A/4

129



Fig. 6-6:

Signal ratio in the forward direction as a
function of the transmitter to receiver dis-
tance for variable location of the windmill.
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and the windmill acting as a parasitic antenna of height hs’ located at a
distance r from the transmitter, be vertically oriented above a perfectly
conducting horizontal ground. It is assumed that both h and hS carry
sinusoidal distributions of current. Under these conditions, the resistive
and reactive components of the mutual impedance (defined as 22] = R21 +
sz]) between the two antennas are [28]:
e . + « 0 = . + o -
R21 = 15{C1(u ) + Ci(u) - Ci(v) - Ci(v)
., F .y o= .+ L=
+ cot (khs)[S1(u ) = Si(u ) + Si(v) - Si(v)
- 2. Si(w") + 2 Si(w)1) ohms, (6.44)
- + . .
XZ] =15 (:51 + Si(v’) - Si(u ) Si(u)
+ cot (kh,) [Ci(u") - Ci(u™) + Ci(v™) - ci(v7)

-2 Ci(w) + 2 Ci(w)] ) ohms, (6.45)
u os t
where Ci(u) = J C—t— dt, (6.46)
Ysin t
Si(u) = fi‘—g— dt, (6.47)
0
and '
* 2 172 \
=k L2+ 0?2 4n ]
ro 2 20/2 . -
v =k [(r" + h}) + hl > (6.48)
* 2 . . 2\1/2
w =k [(r® + h%) + h] J
with hy=h*h . (6.49)

For a quarter wave transmitting antenna having h = A/4 = 750 m, the
mutual impedance between the antenna and a parasitic element of height hS

=45 m, 75 m and 100 m, has been computed from (6.44) and (6.45) for selected
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values of the separation distance r.

The results are shown in Table 6.1 .

Table 6.1: Mutual impedance between the transmitting
antenna and windmill.

r hs =45 m hs =75 m hS = 100 m
R21(dhms)' XziZohms) RZ](ohms) le(ohms) RZ](ohms) X2](ohms
%2- =250m| -10.74 -4.78 -8.16 -3.43 -10.74 -4.78
% =500 m| -8.42 _4.51 -5.97 -2.18 -8.42 -4.51
2}- =750 m| -6.34 -6.25 -4.92 -6.85 -6.34 -6.25

The self-impedance of the transmitting antenna is [26] Z;y = (1/2) (73.1 +

j 42.5) = 36.55 + j 21.25 ohms.

The change in the input impedance of the trans-

mitting antenna due to the presence of the windmill is Azin = - 221/222, where
Z2 |
L: =1y - 2l and Z,, is the self-impedance of the parasitic element of
in 11 222 22

height hS simulating the windmill. For the values of hS used in Table

6.1, the self-impedance 222 is predominantly capacitive. Under the thin wire

éio_'zm), [29] Z,, &2 - j 550 ohms for h, = 45 m =

0.015 1; and for the other values of h. in Table 6.1, |Z,,| > 550 ohms.

approximation (i.e.,
Thus, using the values of Z,, shown in Table 6.1, it is found that lAzinl <<

Z]], showing that the input impedance of the transmitting antenna is not sig-

nificantly affected by the windmill for the cases in Table 6.1 .
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6.5 Conclusions

The performance of a Loran-C system in the presence of a windmill has
been theoretically investigated. Since the physical dimensions of the largest
existing windmill (MOD-1) are very small compared to the extremely large
wavelength (x = 3 x 103 m) of Loran-C signals, the scattered signals from
the windmill are found to be about 100 dB lower than the direct signals at
the receiver even when the windmill is located as close as 100 m to the trans-
mitter or the receiver. It is unlikely that the Loran-C receiver performance
would be degraded by such low level interfering signals. The mutual inter-
action effects of the WTG on the performance of the transmitting antenna are
found to be insignificant for a windmill located as close as A/12 (= 250 m)
to the transmitter. From the results discussed it appears that a windmill
Tocated at a distance > A/12 (= 250 m) from any transmitter (a receiver)

will not have any significant effect on the Loran-C system performance.
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APPENDIX
List of Symbols and Acronyms
A Area spanned by a loop

Equivalent scattering area
An arbitrary receiving point

A constant

Ae Equivalent scattering area of a blade

AGC Automatic gain control

a Radius of a linear antenna
Semi-major axis of a prolate spheroid

B An arbitrary receiving point

b Radius of a cylindrical shaft
Semi-minor axis of a prolate spheroid
Distance between the master and a slave
station

C A constant
An arbitrary receiving point

D Maximum linear dimension of a body
An arbitrary receiving point

DTA Difference in the times of arrival

DVOR Doppler very high frequency omnirange

d Separation distance between two strips
Distance between windmill and a receiving horn

d(S,R) Distance between the scattering center of
windmill blade and receiver

dBm DB above one milliwatt

dTw Distance between transmitting horn and
windmill

E Electric field vector

* .

E Complex conjugate of the electric field
vector

Ee’E 9- and ¢-components of the electric field

¢ vector in spherical coordinates
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f1 Incident electric field vector

Eo Amplitude of the incident electric field vector

ET(R),fT(S) Electric field vectors at R and S produced by
a transmitter

Ed,fs Difect and scattered electric field vectors
at a receiving point

Er(P),E¢(P),Ez(P) Cylindrical components (r-, ¢- and z-) of
complete electric field vector at P

e 2.71828

FDM Frequency division multiplex

GHz GigaHertz

ﬁi Incident magnetic field vector

H0 Amplitude of incident magnetic field

h Vector effective height of an antenna

he’h¢ Components of vector effective height

h Magnitude of vector effective height
Half length of a Tinear antenna

hs Windmill tower height

KHz KiloHertz

Kw Kilowatt

km Kilometer

k Propagation constant

E Unit vector in the direction of propagation

L Equivalent length of a blade

L;,ko Large and small dimensions of a rectangular
plate '
Large and small dimensions of a blade

% Large dimension of a rectangular metal strip

Length of a shaft
Half of the inter-focal distance of a
prolate spheroid
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LOP
Loran-C
M

m

Length of a brace

Line of position

Long range navigation: System C

Master station

Amp1itude modulation index

Ratio of the amplitudes of scattered and
direct field at a point

Maximum amplitude modulation index in the
backward direction

Maximum amplitude modulation index in the
forward direction

Threshold amplitude modulation index
Meters per second

MegaHertz

Unit normal

Receiving point
Field point

Horizontal plane voltage pattern of an
antenna with P(0) = 1

Probability of having minimum (6.5 m/s)
required wind speed

Probability of having adequate wind in
directions B - 2.5° to g + 2.5°

Receiver
Receiving point

Mutual resistance between antennas 2 and 1
Radio frequency

Radial distance in spherical coordinates
Interference zone radius

Interference distance in the direction ¢

Interference distances in the backward and
forward directions, respectively
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TV
TWT
UHF

VHF
VOR

Scatterer
Scattering center

Slave station of number x

sinwx/mx
Transmitter

Time of travel of signals from the master to
a slave station or base-line electric length

Coding delay

Time taken by the signal to travel from the
master to the receiver

Time taken by the signal to travel from the
slave to the receiver

Television
Traveling wave tube
Ultra high frequency

Complex open circuit voltage at the antenna
terminals

Complex open circuit voltage at the terminals
of a left circularly polarized antenna

Complex open circuit voltage at the terminals
of a right circularly polarized antenna

Very high frequency
Very high frequency omnidirectional range
Windmill

Wind turbine
Wind turbine generator
Width of a strip

Mutual reactance between antennas 2 and 1

Unit vectors in the x-, y- and z-directions

Intrinsic impedance of the medium
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Self-impedances of antennas 1 and 2
Mutual impedance between antennas 2 and 1
Input impedance

Small deviation angle from the specular
direction

Azimuth angle measured from the x-axis
Half of the separation angle between the
transmitting and receiving directions
Rotation angle of windmill

Coordinate angle of a receiver

Receiving antenna beam point direction
Transmitting antenna beam point direction
0.6

Amplitude of the ratio of the primary signal
at the balde to that of the receiver

Set of numbers

Phase angle by which the 6-component of the
radiated electric field leads to the ¢-component

Eccentricity
Relative permittivity of earth
Intrinsic impedance of medium

Elevation coordinate of a spherical coordinate

"system

Azimuth angle measured from the x-axis
Elevation angle of the incident field direction

Unit vector in the 6-direction of a spherical
coordinate system

Elevation angle of a rectangular plate
Wavelength
Running index

Radius of curvature at the center of a strip
Receiver coordinate

Distance travelled by the signal in time =
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o> o2

Radar scattering cross section

Bistatic scattering cross section

Bistatic scattering cross section of a single strip

Bistatic scattering cross section for
horizontal polarization

Bistatic scattering cross section for
vertical polarization

Difference in the times of arrival of the direct
and scattered signals at a receiver

Azimuth angle in spherical coordinate systems
Angle between the windmill-receiver and
windmill-transmitter directions

Angle of the maximum direction of the antenna
pattern

Azimuth angle in spherical coordinate system

Unit vector in the ¢-direction of a spherical
coordinate system

Azimuth angle of the direction of incident field
Skew angle
Angular frequency of blade rotation

Angular frequency of signals
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