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FOREWORD

This order provides guidance and reference material to be used in

certain practical applications of the very high frequency omnidirectional
radio range (VOR), VOR distance measuring equipment (VOR/DME), and VOR
tactical air navigation (VORTAC) in the Federal Aviation Administration's
(FAA's) National Airspace System. It deals with the procedures and
techniques that apply to the initial evaluation, selection, and
acquisition of sites for these navigational aids. It also deals with
site improvement and the minimization of performance degradation due to
multipath. Finally, it provides guidance for the consolidation of
bulldings and antenna structures when such consolidation involves VOR,
VOR/DME, or VORTAC installations.

Where the facilities consolidation program requires the relocation,
consolidation, or establishment of a new VOR, VOR/DME, or VORTAC
installation, this order provides technical guidance for the selection
and acquisition of a site for the installation. It also provides
technical guidance for improving the performance of VOR, VOR/DME, or
VORTAC installations where performance degradation can be attributed to
site conditions.

The guidance provided in this order applies to new establishments,
relocated facilities, and consolidated facilities as specified by the
facilities consolidation program. The guidance may also be applied to
existing installations where performance is degraded to unacceptable
levels by siting factors.

Poran,

Acting Director, Progranm Engineering
and Maintenance Service

Page i
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CHAPTER 1. GENERAL

1. PURPOSE. This order provides guidance and reference material to

be used in certain practical applications of the very high frequency
omnidirectional radio range (VOR), VOR with distance measuring equipment
(VOR/DME), and VOR with tactical air navigation (VORTAC) in the Federal
Aviation Administration's (FAA's) National Airspace System (NAS). The order
deals with the procedures and techniques that apply to the initial
evaluation, selection, and acquisition of sites for these navigational aids.
It deals with site improvement and the minimization of performance
degradation due to multipath. Finally, the order provides guidance for the
colocation of equipments and antenna structures when such colocation involves
VOR, VOR/DME, or VORTAC installations.

2. DISTRIBUTION. This order is distributed to division level in the
Program Engineering and Maintenance and Systems Engineering Services, in the
Offices of Airport Standards and Flight Operations, and the Aviation
Standards National Field divisions in Washington headquarters; to branch
level in the regional Airway Facilities divisions and to the Airway
Facilities sectors, sector field offices, sector field office units, and
sector field units.

3. CANCELLATION. Order 6700.11, VOR/VORTAC Siting Criteria dated August 7,
1968, 1is canceled.

4. BACKGROUND. The first two chapters in this order provide an

introduction and an overview of the subject matter. Chapters 3, Y, and 5
deal with site evaluation, acquisition, and improvement, respectively. These
are lntended to be the "how-to-do-it" chapters. Chapters 6, 7, and 8
represent in-depth presentations of technieal information useful in the
siting process. Chapters 6 and 7 Present results from analysis of wave
propagation and interference. These results have been used in summsry
fashion or by reference in the earlier chapters. Chapter 8 presents
information on computer simulation models that have proven to be useful in
the applications of interest here.

5. DEFINITIONS.

a. VOR, as its name indicates, is a navigational aid that operates in
the very high frequency (vhf) band of the radio spectrum and that radiates
uniformly in azimuth. Specifically, this facility operates between 108 MHz
and 118 MHz and provides azimuth guidance to the pilot in the form of a
visual display. There are two general types of VOR systems being used by
the FAA, namely, the conventional VOR and the Doppler VOR.

b. DME is used for measuring the slant range between the aireraft and
the facility. It operates in the 960- to 1215-MHz portion of the radio
gpectrum.

Chap 1
Par 1 Page 1
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¢. VOR/DME refers to associated VOR and DME systems. VOR and DME are
the International Civil Aviation Organization (ICAQ) standard for navigation.

d. Tactical air navigation (TACAN) was developed by the military, which
accounts for the term "tactical." It operates in the same frequency range as
DME and provides omnidirectional azimuth information primarily for military
users of the NAS and distance information to all users of NAS. The distance
measuring portion of the TACAN is compatible with the DME deacribed above.

e. VORTAC refers to associated VOR and TACAN navigational facllities
providing both azimuth and distance information to all users of the NAS.

f+. The systems to be considered are presented in table 1-1. The VORTAC
combination of systems is also referred to as the VOR/DME/TACAN system and is
the short distance navigation system providing navigational signals to
properly equipped civil and military aircraft (see also figure 1-1). For
further details refer to FAA Order 9840.1, U.S. National Aviation Standard
for the VOR/DME/TACAN Systems, September 9, 1982.

TABLE 1-1. SUMMARY DEFINITIONS OF SHORT DISTANCE
NAVIGATION SYSTEMS

Designation Type of Facility’
VOR vhf navigational facllity,
omnidirectional azimuth only
DME uhf navigational facility,
distance only
TACAN uhf navigational facility,
omnidirectional azimuth and
distance
VOR/DME assoclated VOR and DME navi=-

gational facilities

VORTAC associated VOR and TACAN
navigational facilities

6. APPLICATION. The criteria set forth in this order apply only to new
establishments or relocated facilities. Changes to existing facilities for
the sole purpose of obtaining compliance with this criteria are not required.

Chap 1
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7. SYSTEM CONCEPTS,

a. VOR,

(1) Both conventional VOR and Doppler VOR operate in the 108- to
118-MHz frequency band. Both VORs provide separate 30-Hz am and fm signals
to the airborne avionics for phase comparison to determine the azimuth of the
aircraft from the VOR site at a given time. The phase difference between the
two 30-Hz modulation components is equal to the azimuth (in degrees clockwise
from magnetic North)} from the VOR site.

(2) Conventional VOR provides a 9960-Hz subcarrier modulated with a
fixed-phase 30-Hz fm and a 30-Hz am whose phase is lagging the 30-Hz fm component
propertional to the azimuth of the avioniecs from the VOR. Doppler VOR provides
a 9960-Hz subcarrier modulated with a fixed 30~Hz am and a 30-Hz fm advancing
counterclockwise, which also produces a phase difference proportional to the
azimuth of the avionies from the VOR.

(3) The aircraft avioniecs is indifferent to whether its input signal
is conventional or Doppler VOR. The avionics simply recovers the 30-Hz am and
the 30-Hz fm, determines how much the am lags the fm, and displays that phase
difference as azimuth from the VOR.

b. Conventional VOR,

(1) The VOR operates on the principle that measurement of the phase
difference between two signals can be employed to determine azimuth if one of
the signals maintains a fixed phase through 360 degrees and serves as a refer-
ence, and the phase of the second signal is made to vary as a direct function
of azimuth. In practice, two 30-Hz signals are used and are termed the "refer-
ence phase" signal and the "variable phase" signal.

(2) The analogy used to describe VOR is that of a light bulb in the
center of a large circle with 360 light bulbs each one degree apart on the
circumference. The center bulb and the one due north are pulsed to light at
the same time; then each bulb clockwise is pulsed to light in turn so that in
1/30th of a second the complete circle of bulbs is traversed and, once more,
the center bulb and the north bulb light simultanecusly. An observer, located
on the north radial, would establish his direction by observing that the two
bulbs in his line of vision were illuminated simultaneously. An observer onh
another radial would establish his azimuth by measuring the time delay between
the illumination of the two bulbs in his line of vision,

{3) A pair of dipole antennas placed close together along the north-
south line in a common equatorial plane and fed with electromagnetic (em)
energy of equal amplitude but opposite phase will radiafe a cosine pattern in
that plane.

Chap 1
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Consider such a pair of dipoles oriented along a northwest-southeast line. 1If

the radio frequency (rf) carrier is modulated with a sinusoid of angular fre-
quency, then the radiated pattern can be expressed as:

e -
NW-SE ° E1 cos8 0 cos Hmt
A second pair of dipoles mounted concentric and coplanar with the first pair

but aligned along the northeast-southwest line can, with proper ad justment be
made to provide the pattern:

e -
NE-SW = E1 8in © sgin Wmt

The resultant field is a double sideband suppressed-carrier signal, with the
sidebands in phase quadrature:

e =eNH-SE + eNE-SH = E1 [cos @ cos Wmt - 8in 0 sin wmij

= E1 c083 [Hmt + OJ

Thus the envelope of the carrier has a phase delay that varies one degree elec-
trically for each degree of physical azimuth., To eliminate the symmetry, which
causes a 180-degree ambiguity, an omnidirectional signal of constant amplitude
is added to yield the final field amplitude of:

e -
Tor = Eo * E, cos (Wmt + G)

which yields a limacon rotating at the angular frequency wm. See figure 1.2,

b) Pattern of second set of dipoles

a) Pattern of one set
. Weas+
of dipolas \ Wt e e\‘
(0]
o
";!‘III\

c) Rotation f[ield fron the two dipole 4} Effect of addivion of
ete onmnidirectional field

HQTE: Shape of pastterns {s approxioste.

FIGURE 1-2. COMPONENTS OF THE VOR RADIATION PATTERN
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(4} 1In conventional VOR, the variable-phase 30-Hz signal is radiated as
a double sideband suppressed carrier (DSB-~SC) modulation. The composite modulated
signal, made up of a carrier and two sidebands in quadrature, is structured as
three separate signals radiated independently which are combined in the receiver
detector. This technique of space modulation is susceptible to multipath inter-
ference, since each radiated signal component may take a slightly different path
to the receiver. Space modulation contrasts with the more conventional modula-
tion techniques wherein the complete composite signal is created within the
transmitting equipment, and the components travel together to the receiver.

(5) 1In the 4-loop antenna array, the modulated rf carrier containing
the 30-Hz reference signal is fed, through a bridge network, tc each of the four
loops in phase. This provides the desired composite carrier c¢circular (omnidirec-
tional) radiation pattern. For the variable-phase signal, two separate sets of
30-Hz sidebands are generated by a rotating capacitor gonlometer. The phase of
one sideband varies as the sine of the goniometer angle. The phase of the second
varies as the cosine of the goniometer angle. In the most recent equipment, the
goniometer has been replaced with solid-state circuitry which performs the same
function. The combination of the relationship of sideband signals and antenna
geometry results in a radiated signal whose phase angle is a direct measure of
azimuth as illustrated in figure 1-2 and the associated discussion. In the air-
craft, presuming no distortions from multipath, the phases of the reference and
the variable signals are compared to determine a line of position along which
the phase difference is constant.

(f) Phase coherence in the 30-Hz reference and variable signals 1s
obtained in the older equipment through electromechanical coupling and, in more
recent equipment, through solid-state circuitry.

¢. Doppler VOR,

(1) The Doppler VOR, DVOR uses a completely different method from that
of conventional VOR for generating the azimuth information but, nevertheless,
may be used with the conventional VOR aircraft receiver. 1If a distant radiating
source is rotating sufficiently rapidly to create a noticeable Doppler shift, an
aircraft properly instrumented can determine when the radiating source 1is in line
with the aircraft and the center of rotation by the disappearance of the Doppler
shift.

(2) The generation of the radiated variable-frequency DVOR signal is
usually explained in terms of an analogy. Imagine a single radiating antenna
located at the end of a 22-foot beam and rotating about a central point at the
rate of 30 revolutions per second (rps). At the midfrequency of the 108- to
118-MHz VOR band, 113 MHz, this rotational motion causes a frequency deviation
of +/-480 Hz due to the Doppler effect. An antenna located at the center of
rotation radiates a signal which differs in frequency by 9960 Hz from the center
frequency of the rotating radiator. The beating of these two frequencies in
the receiver produces a 9960-Hz subcarrier which is frequency modulated at a
30-Hz rate by the +/-480-Hz deviation in the radiation from the rotating antenna.
The deviation ratio of 16 of the 30~-Hz fm is the variable signal in DVOR which .
fm capture effect protects from the interfering effects of multipath or noise.
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In the DVOR, the antenna field which simulates the single rotat-

ing antenna is made up of 5C separate antennas equally spaced in a circle of

22=-foot radius.
rotation.

electromechanical distributor rotating at 30 rps.
the same effect with solid-state circuitry and electronic switching.

(4)

The signal is less susceptible to multi
modulated signal in conventional VOR.
should be carefully filtered in the airborne receiver

The DVOR

is to be achleved from DVOR.

(5)

sideband Doppler VOR (SSBDVOR) versions.
energy simultaneously to oppositel
sideband Doppler signal is produced.

less susceptible to errors due to a co

DVOR exists in the double sideband D

The 50 antennas are fed em energy sequentially to simulate the

In older models of DVOR, the energy distribution is by means of an
More recent models achieve

The 30-Hz am reference phase signal for DVOR is carried as DSB-3C
modulation on the carrier frequency and radiated from a centrally located antenna.
path than 1s the equivalent DSB-5C space
30-Hz reference signal, however,

if the best performance

oppler VOR (DSBDVOR) and single
If the rotating distributor feeds rf
¥ located circumferential antennas, a double
Tests have revealed that DSBDVOR is much
axially located VOR and TACAN antennas

than is SSBDVOR and, hence, may be superior for some applications.

(6)

VOR and DVOR is contained in table 1-2.
are generally similar but readil
See figures 1-3 and 1-4,

sideband antennas,

A summary comparison of the basic characteristics of conventional
The coaventional VOR and DVOR sites
y distinguished because of the multiple DVOR

TABLE 1-2. SUMMARY COMPARISON OF BASIC CHARACTERISTICS OF
CONVENTIONAL VOR AND DVOR
Parameter Conventional VOR Doppler VOR

Reference Signal

Variable Signal

Rotation of
Intelligence

Counterpoise

30-Hz fm, 8 of 16, modula-
tion of 9960-Hz subearrier

30-Hz, DSB-SC amplitude
modulation of rf carrier

Peak amplitude rotates
clockwise at rate of 30
rps
52!

or 21' diameter

30-Hz, DSB-SC amplitude
modulation of rf carrier

30-Hz fm, B of 16 modu-
lation of 9960-Hz sub-
carrier

Peak frequency deviation
rotates counter-clockwise
at rate of 30 rps

SSBDVOR = 150' diameter
DSBDVCOR - 100' diameter
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d. DME.

(1) The DME operates in the 960- to 1215-MHz band to enable a properly
equipped aircraft to determine its slant range to the DME site by measurement
of the travel time of pulse-modulated radio waves. The aircraft transmits a
radio signal to a ground station. The ground station transmits a response sig-
nal to the aircraft on a second frequency, and the DME equipment In the aireraft
measures the time interval between the transmission of the interrogation signal
and the reception of the reply signal. Knowing that the time delay for the
round trip is proportional to distance and allowing for the delay in the ground-
based equipment, the airborne instrument displays the slant distance on the dis-
tance indicator.

{2} The x-mode interrogation signal from the alrcraft itself consists
of two pulses spaced 12 microseconds apart, each pulse being 3-1/2 microseconds
in width. The reply is very similar: an identical pair of pulses having the -
same pulse width and spacing but on a different frequency 63 MHz from the inter-
rogation signal (see figure 1-5). There are a hundred DME channels allocated
in the frequency range of 1041 to 1150 MHz. These are in 1-MHz steps and, of
course, there are likewise 100 reply frequencies which are in the two bands,

978 to 1020 MHz and 1157 to 1215 MHz, the frequency difference being in all
cases 63 MHz between the alrcraft transmitted fregquency and the reply frequency.
These frequency channels, incidentally, are paired on a channel-for-channel
basis with the ILS (108-112) or VOR (112-118) navigation channels between 108
and 118 MHz.

(3} The pulse replies from the ground station are mixed with many
others which are replies to other aircraft. The appropriate replies must be
distinguished and identified at the aircraft by their phase coherence with the
original interrogation pulses.

{(4) The DME antenna generally is mounted above and coaxially with the
VOR antenna in the center antenna housing on the VOR counterpoise (figure 1-6).

INTERROGATION ",112 “Sln'
(X-MODE) _4 I"

{Reply separated ,
63 MHz from 4 12 us
REPLY (X- o
Interrogation (XHODR) N
frequency) TIME DELAY —'I l._
PROPORTIONAL
——
TO DISTANCE

FIGURE 1-5, DME X-MODE PULSE CHARACTERISTICS
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Spin Motor Compartment
TACAN Antenna Base
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One Version

of

DME Antenna

! TACAN Antenna

Cable Entrance Box

Double Construction Lights

DME Antenna

Top Mounting Fixture w/cover
Louver on Two Sides

4

NOTE: An actual installation
would have either a TACAN
antenna or a DME antenna, but

16-Foot VOR Plastic Cone

not both,

VOR Antenna

VOR Peclarization Pedestal

Counterpoise Deck

I N=—— =) $ 4
; —_

Esgépment Ceilingr T
Transitlon Line
Monitor Line

Power Cable

FIGURE 1-6. HOUSING FOR COAXIALLY MOUNTED NAVAID ANTENNAS
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e. The TACAN Azimuth Determining Subsystem,

(1) The azimuthedetermining TACAN subsystem, operating in the same fre-
gquency range as DME, utilizes a single radiated pattern rotating at 15 rps to
provide a signal variable with azimuth in a scheme similar to that of conven-
tional VOR. Superimposed upon this pattern is one rotating at 135 rps which
provides a fine structure for a more accurate determination of azimuth than
could be obtained from the 15-rps signal alone. The 15-Hz and 135-Hz signals
appear as amplitude modulation of the train of DME pulse pairs. See figure 1-5.
When such pulse pairs are not sufficiently frequent to support the am signals,
additional randomly spaced pulse palrs called squitter pulses must be generated.
A reference signal, called the North reference burst, is transmitted for each
revolution of the director elements. Eight additional signals, called auxiliary
reference bursts, are transmitted between North reference bursts, dividing each
North reference burst cycle into nine equal parts. Since the coded characteris-
tics of the different signals are not relevant to siting problems, they are not
presented herein. For details on the signal coding, see MIL~STD-2194, Standard
Tactical Alr Navigation (TACAN) Signals.

(2) The 15-Hz and 135-Hz modulation signals are developed by mechani-
cally rotating passive elements within the TACAN antenna assembly. 3ee figure
1-7. The resulting radiation pattern developed in terms of the various contrib-
uting elements in the radiating antenna structure is shown graphiecally in figure
1-8. For a more detaliled discussion, refer to the text by Greco and Reed entitled,
TACAN - Principles and Siting Criteria published in 1968 by the Naval Electronic
Systems Test and Evaluation Facility {renamed Naval Electronic Systems Engineer-
ing Activity, Code 0242, St. Inigoes, MD 20684).

(3) Figure 1-9 illustrates the bearing location of a recelver with
respect to the TACAN beacon. The TACAN antenna assembly is aligned so that the
omnidirectional reference burst is emitted when the maximum of the cardiod pat-
tern is pointed to the geographic east. Figure 1-9 is a simplification to the
extent that the 135-Hz fine structure is suppressed. As shown in the figure,
the observer located due north of the TACAN antenna receives the coded reference
burst on the 15-Hz sinusoid on 1ts negative slope halfway between the maximum
and minimum points.

(4) 1In practice, most TACAN airborne equipments utilize the North
reference burst and the 15-Hz am to determine the azimuth of the TACAN trans-
mitter within a 40-degree section ("coarse" bearing), and then utilize the
auxiliary reference bursts and the 135-Hz am to determine the actual station
azimuth within the 20-degree sector ("fine" bearing). The "fine" bearing pro-
vides a 9~to-1 improvement over the "coarse" 40-degree sectors in determining
the azimuth.
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CHAPTER 2. OVERVIEW OF LOCATION AND COVERAGE CONSIDERATIONS

8. GENERAL. This chapter provides general background on the subject of the
siting of VOR, VOR/DME, and VORTAC as an introduction to chapters 3, 4, and

5 which deal with site evaluation, acquisition, and improvement,
respectively.

a. MWhen a TVOR or VORTAC is installed on an airport, the facility
should be located, if possible, in an area adjacent to the intersection of
the principle runways in order to provide approach guidance to the ends of
these runways. To prevent the facility from being an obstruction to
aireraft, it should not be located closer than 500 feet to the centerline of
any runway or 250 feet to the centerline of a taxiway. Additionally, no part
of the facility shall penetrate any surface defined in paragraphs 77.25,
77.28, or 77.29 of the Federal Aviation Regulations.

b. When located off an airport, consideration shall be given %o
selecting a site so that one or more of the course radials will provide an
approach procedure to the primary bad weather runway in accordance with
chapter U4 or chapter 5 of FAA Order 8260.3B, United States Standard for
Terminal Instrument Procedures.

¢. TVOR/VORTAC facilities on airports come under paragraph 77.15(c)
of the Federal Aviation Regulations and do not require submission of a
Notice of Construction or Alteration.

d. All of the navaids under consideration use either the phase
difference between sinusoids of the same modulating frequercy, or the time
difference between pulses, or in the VORTAC azimuth determination a hybrid
of the two. DVOR may be considered a special case of phase difference
determination. In brief, the information is contained in the modulation
rather than in the carrier. The modulation is at a much lower frequency
than is the carrier. It follows that phase, amplitude, or fregquency
distortion of the modulation will usually cause performance errors, and
similarly, momentary phase, amplitude, or frequency distortions of the rf
carrier are not ordinarily of concern. An exception to this statement is
noted below.

e. The one situation where interactions at rf are of eritical
importance is that where the combination of the direct ray and the
interfering ray due to longitudinal multipath results in destructive
interference causing a null in the radiation pattern at a specific elevation
angle. The complete destruction of the carrier destroys the modulation
information as well.

f. Lateral multipath can, in certain of the navailds, cause rays emitted
from the navaid ground station at different azimuth angles to meet
and combine at the airborne equipment. The combination of two different
modulating signals yields a resultant generally containing false bearing
information.
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g. Note that longitudinal multipath cannot ordinarily cause errors in
the modulating intelligence except, as mentioned, when it causes the serious
weakening of the total signal. Similarly, lateral multipaths cannot cause
nulls in the vertical radiation pattern. Figure 2-1 illustrates the two
different categories of multipath. The objective of successful siting is
that of avoiding the harmful effects of either type of multipath within the
required coverage volume of the navaid.

h. The DME and TACAN radiations are vertically polarized. By contrast,
VOR and DVOR radiations are horizontally polarized. For vertical
polarization there is an angle of incidence on a smooth earth at which the
reflected component, the longitudinal multipath, vanishes. This is the angle
of incidence at which the radiation refracted into the ground and the
reflected radiation, if it existed, would be at right angles (see
figure 2-2). Related to the Brewster's angle effect is the much smaller
coefficient of reflection from the ground for vertically polarized rays
compared to horizontally polarized rays.

i. As shown in figure 2-3, the longitudinal multipath can result from
reflection from the counterpoise and from the earth. Additionally, the
diameter of the counterpoise can be selected so as to set a lower limit to
the grazing angle of the radiation illuminating the earth.

j. In the material which follows and in the remainder of the
order, certain parameters assoclated with the radiated energy will be
useful. These parameters are summarized in table 2-1. Note that the
quantities provided are often only approximates. For site evaluation and
improvement activities, the quantities of table 2-1 will usually be found to
be both convenient and sufficient. In applications requiring greater
accuracy, the actual wavelength should be used and antenna heights should be
determined by measurement.

k. As illustrated in figure 2-Y4, reflection can be specular or diffuse.
Specular reflection provides a stronger signal in a specific direction than
does diffuse reflection. Hence, if specular reflection causes undesirable
interference, the interference can be expected to be relatively strong.
Diffuse reflection from a rough surface is unpredictable in its effects. If
the reflecting area is sufficiently large it can cause multipath problems.
See figure 2-5 for an example of directional reflection due to periodicity in
the roughness.

1. Judgement is required to determine whether or not a particular
ground will be seen as rough or smooth by the electromagnetic energy. The
criterion that is usually used is the Rayleigh criterion. See figure 2-6 and
note that for small grazing angles a very irregular ground can act as a
smoocth reflective surface.

m. The brief review of the discussion of multipath is summarized in
table 2-2.
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FIGURE 2-1. TYPES OF MULTIPATH
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FIGURE 2-2. THE VANISHING OF REFLECTIONS AT BREWSTER'S ANGLE
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direct ray reflected
==1 < reflected
FIGURE 2-3, TWO LEVEL LONGITUDINAL MULTIPATH
TABLE 2-1, USEFUL PARAMETERS IN SITE EVALUATION
Ht Above Max. Freq.
rf Nominal rf Counter- of
System| Carrier | Wavelength | Polarization poise® Modulation}! Modulation
VOR/ | 108-118 8 rt Horizontal b0 ft Sinusoid 10,540 Hz
DVOR MHz (DSB-SC)
DME |962-1213 1t Vertical 11.5 ft Pulse 1 MHz#®
MHz
TACAN| 962-1213 1 ft Vertical 20.5 ft Pulse & 1 MHz*#®
MHz Sinusoid
* Height of effective radiating center above counterpoise. The figures
given here are only approximate and should be checked for a specific
installation. Counterpoise height is usually 12' but it also may vary;
typical diameters are 52 feet and 21 feet (VOR), 150 feet (SSBDVOR), and
100 feet (DSBDVOR}.
%% Estimated on the basis of pulse rise time of 2.5 + 0.5 - 1.0 microseconds.
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SPECULAR REFLECTION DIFFUSE REFLECTIOCHN

FIGURE 2-4. EFFECTS OF TERRAIN IN PRODUCING SPECULAR & DIFFUSE REFLECTION

E§£§I§;%>>r’j}:7b>
NON-UNIFORM ROUGHNESS ROUGHNESS WITH A PERIODIC
STRUCTURE (INTERFEROMETER EFFECT)

FIGURE 2-5. EFFECT OF PERIODICITY IN SURFACE ROUGHNESS

Chap 2
Par 8 Page 19



4/17/86

6820.10
307 .
Yy h h
1 2B.7
3 9.6 14<§
204 4 7.2 /6_\ ‘\/
g 2 2:; T Rayleigh Roughness Criterion =
7 4.1 A
> ———
A Y 8 3.6 h > T5En Y
re 9 3.2
/ 10 2.9 NOTE: Curve based on a VOR ) 8'.
- For TACAN Radiation (3=1")
10+ _ / the height of boundary
/ / // . between rough and smooth
J \?\\\. is smaller by a factor cof 8.
// smooth ground/ ) ‘\\\\. tvugh grounq R /
E K / \‘-—._{-___‘.. / / I‘ /
! ] /l { -
/ [ VA AP I
[ : /
— t } + } t / + + / 4 / +—
1 2 3 4 5 6 7 8 9 10
Y in degrees
FIGURE 2-6. THE RAYLEIGH ROUGHNESS CRITERION
TABLE 2-2. TYPES OF MULTIPATH AND REFLECTION
Type onr
Parameter Consideration
Longitudinal Ccauses nulls in the vertical radiated pattern
Lateral Causes interference in modulated information
Horizontal Angular location of destructive longitudinal multi-
Polarization path is a matter of geometry
Vertical Brewster angle effect eliminates some longitudinal
Polarization multipath
Specular Strong interference at specific angles
Diffuse Interference weaker generally but occurs over a wide
range of angles than does specular reflection
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3. CONSIDERATIONS OF VERTICAL MULTIPATH,

a. General, Vertical multipath causes nulls in the vertical pattern of
radiation and this in turn causes loss of signal in the airborne receiver. Hence,
it is important in site analysis to identify those features that may lead to
excessive multipath problems., Because of the different wavelengths, geometries,
and problem details, vertical multipath for VOR, DME, and TACAN are considered
separately.

b. Vertical Multipath in VOR,

(1) Refer to figure 2-3. Vertieal multipath in VOR can result from
reflection from the counterpoise and from the ground. Counterpoise reflections
cause a null in the vertical pattern at an elevation angle of approximately
60 degrees. Since primary interest is in elevation angles of less than 10
degrees, this is of little importance. The elevation angles at which destruc-
tive multipath takes place due to ground reflection can be determined (see
figure 2-7) from:

E(Y) = cos [Y + kh siny] - sin [Y - kh siny)
= 1/2 eos Y sin [kh sin V]

where the first term represents the antenna radiation pattern and the second
term, the effect of the multipath.

Diract

Reflected &

A A = Source of radiation.
1- .;' B = Apparent source of
NRA reflected radiation.
l C = Source of combined radi-
a ation as seen by dfstant
Ground c 5 receiver.
{Aasuzad perfect I /
condustor) ;7 D = Point of reflection.
o0/
< {/

FIGURE 2-7. VERTICAL MULTIPATH
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The pattern has nulls where

sin [kh siny )= 0
a1 na
Y = sin =5

when n = 1, 2,

{(2) The usual 52-foot diameter counterpoise prevents DME antenna rays
at angles greater than about 24 degrees from illuminating the ground. Similarly,
the counterpoise prevents TACAN antenna rays greater than about 38 degrees from
illuminating the ground. Because of the short wavelength of the TACAN and the
height of the TACAN and DME antennas above the counterpoise, longitudinal multi-
path cannot be entirely prevented. As an example, DME destruction multipath will
occur at about 1/2 degree if the ground is only 30 feet below ground level at the
antenna site. See figure 2-8.

TACAN 38°

DNE 247 \
vOR 8° \

FICURE 2-8. SHOWING EFFECT OF THE COUNTERPOISE
IN LIMITING GROUND ILLUMINATION

¢. Conslderation of Longitudinal Multipath for DME and TACAN,

(1) It is readily seen from paragraph 5.b.(1) that for the shorter
wavelengths of DME and TACAN there will be many more possibilities for destruc-
tive longitudinal multipath than there were for VOR. The vertical pattern has
nulls when

«1 [nx
Y 2in ?ﬁ]
n =1, 2,3, «....

For a given h and for the smaller wavelength there is a greater range of the
integer n before [nx/2h] > 1, and for each such integer there is an angle Y,
at whiech a null can oceur.
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(2) From figure 2-8, the counterpoise provides less angular blocking
of DME and VORTAC rays from the ground. Hence, destructive longitudinal multi-
path can occur for a greater range of vertical angles for these two navaids.

(3) The first Fresnel zone for DME and TACAN is much smaller than for
VOR. The width and length are reduced to approximately 1/3 the values for VOR
and the total area is reduced by a factor of approximately 8. (See Chapter 3,
figure 3-3.)

(4) The single favorable factor, of those discussed, which would make
it more difficult to have destructive longitudinal multipath with DME and TACAN,
is that greater ground smoothness is required for these shorter wavelength
navaids. Note, for example that at nine degrees, a ground height variation of
only 0.4 foot or about 5 inches makes the ground too rough for specular DME or
TACAN reflection.

10, CONSIDERATIONS OF LATERAL MULTIPATH,

a. Lateral multipath involves the mutual interference between signals
radiated at two different azimuth bearings. One is the direct ray. The
second, the interfering ray, contains different navigational information
than does the direct ray. The mix of the two modulations in the airborne
receiver results in incorrect information being presented to the pilot.

b. In an idealized environment in which the ground based antenna site
was surrounded by a smooth earth, it would be possible to have destructive
longitudinal multipath. It would not, however, under these circumstances,
be possible to have destructive lateral multipath. The requirement for
lateral multipath to exist is that there be obstacles in the radiation field
that accept radiation at one azimuth angle and reflect it off in a different
direction either in a specular or a diffuse fashion.

¢. Obstacles will exist in the radiation field and may consist of build-
ings that cannot be removed, telephone wires, power lines, and antennas for
other FAA equipments. This order provides information on how to determine
the effects caused by obstacles and how to minimize or eliminate such effects,
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CHAPTER 3. SITE EVALUATION
11. GENERAL.

& This chapter provides information to aid in the process of
evaluating a site as a candidate lpcation for any combination of the VOR,
TACAN, and DME. It also provides formation which may be used to evaluate
the effect that physical changes proposed in the area of a site may be
expected to have on the performance of existing navigational aids. Such
changes can occur as areas evolve from rural to urban characteristics.
Additionally, antenna systems of various kinds may be brought into the
vieinity of the VORTAC/DME site as part of site consolidation efforts. The
presence of these additional facilities can impact on navaids performance.
This chapter also deals with the practical application of the technical
material available in chapters 6, 7, and 8 to the problem of site evaluation.
These chapters should be consulted for additional details.

b. In this order, the antenna systems are considered only as metallic
objects in the radiation field of the navigational aids. Considerations of
the mutual electromagnetic interference problems that may develop as a
variety of radiators are brought into close geographic proximity are beyond
the scope of this order.

12. CONSIDERATIONS OF LONGITUDINAL MULTIPATH.

a. General.

(1) Ground slope and ground smoothness in the vicinty of the VOR
site determines the extent to which the ground will sustain reflections that,
by interfering with the direct rays, cause nulls in the vertical radiated
pattern. Since there are always some vertical angles for which such
destructive interference can exist, the beam is shaped tc avoid illuminating
the ground. VOR and DVOR radiation is inhibited from illuminating the ground
by the presence of the counterpoise. This is true only for a small area less
than 10 to 20 feet from the VOR. The DME radiation pattern is shaped to
attenuate ground illumination through use of multiple radiating elements.

The site itself is not to be expected to completely inhibit deatructive
reflection. Considerable judgement is required in selecting sites with
satisfactory properties, and no simple rules exist for concluding that one
site is superior to another insofar as longitudinal multipath is concerned.

(2) The site evaluator should determine how far from the radiating
antenna position his interest should extend. There is no simple answer.
Areas close to the antenna location are relatively more important than
distant areas because the close-in Fresnel zones are smaller. A distant
rough area will, however, look smooth to the radiation traveling at a small
grazing angle. This makes it easier for the large Fresnel zone to exist. A
possible rule of thumb is that primary attention should be focused on the
first 1,000 feet, with secondary attention given to the surrounding mile. In
addition, a cursory examination of the first five miles is required to ensure
the identification of geographic areas that might cause particular
difficulty.
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(3) Any site can be made to be satisfactory in its longitudinal
multipath performance provided that sufficient care is taken in the selection
and installation of the radiating system. Although such systems are nonconven-
tional, it is possible to use site modifications such as oversized counter-
poises or additional grounding elements. Accordingly, the investigator may
consider preparing qualified recommendations for sites. One site, for example,
may be attractive for a number of reasons but be characterized by unusually
poor ground conductivity which could result in an abrupt discontinuity in elec-
tric field boundary conditions at the perimeter of the counterpoise. A recom-
mendation regarding this site which identified the potential problem and its
implication for wavefront binding would allow the next level of management
to make tradeoffs between technical, financial, and acquisition problems in
choosing between alternative possibilities.

b. Longitudinal Multipath and the VOR Equipment.

(1) It was pointed out in chapter 2, in connection with figure 2-7
and the associated discussion, that nulls in the vertical radiation pattern
of the VOR will appear where:

sin [kh siny = 0

-1 thi
where Yn = sin Eh]

n =1, 2, Cees

Using this relationship one may develop an approximate range within which the
surrounding terrain can sustain destructive multipath. See figure 3-1.

(2) Note from figure 3-1 that, in order to minimize the possibility
of longitudinal multipath from the VOR antenna, the ground in the viecinity of
the VOR site must be level or must fall away gently from the ground level at
the base of the antenna structure. If the ground falls away too sharply, geo-
metry necessary for destructive multipath may exist. If the ground falls away
precipitously, however, it becomes impossible to have destructive multipath
because the counterpoise prevents ground illumination at angles of depression
greater than 8 degrees. Finally, if the ground falls away and slopes away from
the VOR, the ground slope can direct the multipath away from the direct ray.
Note that the results of figure 3-1 are based on the assumption that the ground
is level in the area of ground reflection. The action of a slope in reflecting
energy downward cannot be relied upon since the reflection can be expected to
be partly diffuse and partly specular in many cases. Regardless of how fast the
terrain falls away from the VOR, there will be some terrain visible to the VOR
within the service volume which will support vertical multipath.

(3) While there is no clear-cut boundary around the VOR site beyond
which one is not required to be interested in the terrain, as the distance from
the site increases, the terrain features become less important. As distance
from the VOR site increases, the size of the first Fresnel zone increases.
Since contributions from most of the first Fresnel zone are required to obtain
substantial multipath, it is evident that there is smaller probability of find-
ing a reflecting area as large as the first Fresnel zone at a large distance
from the VOR site than is the case closer in. The growth of the VOR Fresnel
zone with distance is shown in figure 3-2.
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FIGURE 3-1. GROUND SLOPE CONSIDERATIONS

(4) Figure 3-3 illustrates this point in more detail and shows that
the first Fresnel zone for small angles of reflection is several miles in length
at a distance of a mile from the VOR site. Considerable judgement is required
when using this figure, since the Rayleigh criterion shows that, at shallow
grazing angles, even very rough terrain can look smooth to the incident radia-
tion (see figure 2-6). The large Fresnel zones required may in fact exist.
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Distance Range Dimensions of Fresnel Zone
of Reflection of
Area from Angles Range of Widths Range ¢f Lengths
VOR Site of (Feet) {Feet)
in Feet Reflection (W) (x1 + x2)

1000 3.8° to 8° 175 - 183 1,377 - 3,197
2000 2.6° to 8° 251 - 258 1,904 - 6,743
3000 2.2° to 8° 302 - 316 2,314 - 9,579
4000 2.0° to 8° 345 - 365 2,661 - 11,871
5000 1.7° to 8° 389 - 409 2,978 - 15.936
6000 1.5% to 8° 428 - 448 3,257 - 20,086

A h -\ Cos Y +\/A2 Cos2 Y+ 4hASiny
2 X, 2
Sin Y 2 Sin° v

+)\ Cos Y +V[;2 0032 v+ 4h A Sin Y

2 2 sin vy,

o]
n

/FIRST FRESNEL ZONE

FIGURE 3-3. RANGE OF SIZES FOR FIRST FRESNEL ZONE

¢. Longitudinal Multipath and the DVOR Equipment.

(1) The effect of longitudinal multipath on DVOR equipment perfor=-
mance will be discussed in terms of a comparison between VOR, SSBDVOR, and
DSBDVOR. The diameter of the counterpoise 1s different for the three differ-
ent pieces of equipment. The height above the counterpoise of the radiating
center of the antennas is four feet in all three cases. The VOR antenna, for
purposes of the discussion of longitudinal multipath, can be considered to be
located at the center of the counterpoise. The DVOR antennas which generate
the azimuth information are located in a circle of 22-foot radius, concentric
with the counterpoise center. Additionally, the VOR signal cantaining the
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azimuth information is a form of amplitude modulation called space modulation.
Refer to figure 1-2 and the associated discussion. For both variations of DVOR,
the azimuth information is carried as fm modulation with a deviation ratio, B,
of 16.

(2) The DVOR azimuth information-bearing signal should be less sus-
ceptible to multipath interference because of the well-known fm threshold effect.
By contrast, the VOR azimuth signal, since it involves three separately radiated
amplitude-modulated signals, should be comparatively more vulnerable to multipath
interference. The DVOR requires a larger counterpoise than does VOR. From any
azimuth, the different antennas in the 22-foot DVOR circle experience different
amounts of counterpoise, which results in a cyclic modulation on the radiated
signal. In the nonlinear elements in the airborne receiver, this undesirable
modulation can be transferred to other signals. The larger DVOR counterpoises
diminish this asymmetrical effect, and DSBDVOR is less susceptible to the asym-
metrical effects of the counterpoise than is SSBDVOR.

(3) The counterpoise's primary purpose is the sharp attenuation of
the vertical radiation pattern for angles of radiation negative with respect to
the horizon. The counterpoise weakens the radiated field in the direction of
the horizon (see figure 3-4). There is some evidence that for every 15 feet
in VOR counterpoise diameter, there is a loss of range at 1,000-foct altitude
of approximately 15 miles. Since the same effect should exist in DVOR, it is
reasonable to expect the DVOR low altitude coverage to be less than that of VOR.

(4) It may be thought that the large DVOR counterpoise could itself
be a reflecting surface for multipath signals. At angles of 30 degrees or more,
the Fresnel zone dimensions are 20 feet or less in their longest dimension. The
DVOR geometry will not sustain destructive longitudinal multipath. Presuming a
good conducting counterpoise which is properly grounded, longitudinal multipath
should not be a problem with DVOR installations.

(5) The reduced range of the DVOR as compared with VOR suggests that
DVOR is more appropriate for terminal area applications. See table 6-1 and the
associated discussion. This does not preclude the use of DVOR for enroute appli-
cations when it is determined that the DVOR will satisfy and/or improve coverage
requirements. A second characteristic of DVOR supports this conclusion. The
simulated doppler signal decreases with the cosine of the angle of elevation so
that at 60 degrees above the horizon, the effective B of the fm modulation is
only 8 rather than 16. Some airborne receivers will release the malfunction
flag at this low a value of B. Additionally, because of this cosine behavior,
the cone of confusion whose center is directly above the navaid site is much
larger in angular extent for DVOR than for VOR.

d. Longitudinal Multipath and the TACAN Equipment,

(1) Three factors make the analysis of longitudinal multipath effects
for DME and TACAN differ from those of VOR:

{a} The wavelength for DME and TACAN is much shorter than for
VOR (see table 2-~1) making the Fresnel zone much smaller but requiring
greater surface smoothness for specular reflection.
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Direction of Radiation,

‘___._.._.—-
Centerline of Antenna

©)
. ® !
E !(I) ‘(I) 4 VOR Antenna Structure
C0unt:erpoise---..____________ib
C

C) Indicates vector pointing out of page.

NOTES;

(:) Indicates vector pointing into page.

FIGURE 3-4. RADIATED AND REFLECTED ELEGCTRIC FIELD AT COUNTERPOISE

(b} The DME and TACAN radiations are vertically polarized,
whereas that of VOR is horizontally polarized. Ground reflections are
generally much weaker for vertical polarization. See figure 6-1.

(¢) The effect of the counterpoise is weaker for DME and TACAN
because the antennas are mounted higher above the counterpoise, both in
number of wavelengths and in absolute distance, than is the VOR antenna.

(2) These factors and their effects upon longitudinal multipath are
summarized in table 3-1.

(3) The smaller dimensions of the Fresnel zone for TACAN are seen
by developing a figure (similar to figure 3-2) which shows the growth of the
Fresnel zone with distance, figure 3-5.

(4) Consider now the ground smoothness characteristic. At 5
degrees, the variation in ground elevation within the Fresnel zone should be
less than 6 feet for the ground to be considered smooth to the VOR radiation.
For the TACAN or DME, however, at the same angle the variation would have to
be less than 9 inches (see figure 2-6). Hence, although the smaller Fresnel
zone areas of TACAN and DME make it easier to produce longitudinal multipath,
the greater ground smoothness required partly compensates for the reduced
area.
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TABLE 3-1. LONGITUDINAL MULTIPATH: TACAN COMPARED WITH VOR

NOTE: For purposes of this comparison DME may be associated with TACAN

Parameter Differences

Effect

A X (VOR)=8 feet
X (TACAN)™! foot

Polarization VOR-Horizontally
of Radiation Polarized
TACAN-Vertically

Polarized
Height of VOR - U feet
Radiator TACAN - 20.5 feet
Above
Counterpoise

Total area of Fresnel zone reduced by
a factor of 8 for TACAN compared to
VOR thus facilitating TACAN longitudi-
nal multipath.

Ground nust be much smoother in the
Fresnel zone area to sustaln specular
reflection for TACAN as compared to VOR.

Vertically polarized radiation of TACAN
is much less strongly reflected from the
ground than is horlzontally polarized
radiation,

Below the horizon radiation from TACAN
is not as sharply attenuated by the
counterpoise as is that of VOR. Addi-
tionally, counterpcise is less effec-
tive in its blocking action. 3ee
figure 2-8.

| Distance o
{Feet) 5 20°
o 500 530 136
5 1000 738 192
2000 1036 270
3000 1266 330
500" 4000
4 1000"'
12000'
+3000"
1 4000’
1
1 5000 1630

NOTE: Compare with figure 3-2.

FIGURE 3-5, Growth of TACAN/DME Fresnel Zone Length with Distance

Page 32

Chap 3
Par 12



4/17/86 6820,10

(5) The use of vertical polarization for TACAN and DME aids in reduc-
ing the ground reflection, particularly in the angular region of the Brewster's
angle. Unfortunately the Brewster's angle varies over a range of 5 to 30 degrees
for various types of terrain and, in a particular geographic area, will vary with
the season. Nevertheless, the effect is generally favorable to reducing longi-
tudinal multipath. See detailed discussion in paragraph 23.f, chapter 6.

(6) The counterpoise is much less effective for TACAN and DME than it
is for VOR. On the other hand, the antennas of TACAN and DME are multiple-element
radiators designed to shape the pattern of radiation in the vertical plane so that
energy directed toward the ground is sharply attenuated.

(7) A smooth, flat ground surface within approximately 25 feet of the
navaids antenna complex will sustain longitudinal multipath from the DME at the
angle of 24 degrees if the surface is smooth to within about two inches over a
range of 27 feet., In most cases, the radiation at 24 degrees below the horizon
will be sharply attenuated; however, the smooth, flat surface characteristie in
the vieinity of the antenna complex is to be avoided.

13. CONSIDERATIONS OF LATERAL MULTIPATH.

a. {eneral,

(1) Lateral multipath involves the mutual interference between signals
radiated at two different azimuth angles from the same antenna. These signals
contain different azimuth information in their modulations.

The resultant signal, if the interference is sufficiently strong, will contain
erroneous azimuth information. The interference effects arise from the combin-
ing of two modulations which are not of the same phase angle.

(2) Existing sources of lateral multipath, such as permanent struc-
tures, often cannot be removed. The investigator should consider the option of
preparing qualified recommendations for such sites, identifying the potential
sources of multipath and his reasons for believing that such sources may be
problems. Using the techniques for minimizing lateral multipath discussed in
chapter 6, the cost and probability of success of such techniques can be fac-
tored into the overall evaluation.

b. Lateral Multipath and the VOR Equipment,

(1) Lateral multipath is caused generally by objects and structures
rather than by the ground itself. Hence, a discussion of lateral multipath
includes such objects as long wires, trees, ¢ylinders, planes, and combinations
of these. The general guidance provided here is supplemented by additional
technical material provided in chapter 7 and, for wires and aeylinders, by com-
puter simulation techniques described in chapter 8,

(2) The previous discussion of Fresnel zones reveals that it 1s
angular size, measured from the antenna site, rather than absolute o
dimensions. This is significant in determining the effect of a reradiating
surface. Thus from figure 3-2, a ground surface of 1800 feet in extent can
be as large in its effect as a surface extending over a mile at a longer
distance. Hence, an appropriate measure of objects in the VOR field is the
angle subtended by such objects at the VOR antenna.
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(3) A second important consideration in evaluating the potential
effect of objects in the VOR field is the azimuth at which the possible lateral
multipath will be experienced. At some installations, notably terminal areas,
some azimuths are relatively more important than others. It is characteristic
of lateral multipath that the effect is most pronounced at azimuths other than
the one at which the causing object is located.

(4) A useful reference for comparison purposes is the TACAN antenna
monitor and support mast. - This monitor structure will always be present in
those situations where the navalds antenna complex is already installed and
the site is being evaluated for possible modification. It subtends an
angle of approximately 1.4 degrees at the VOR antenna and, as a reflecting
re-radiator, causes a scalloping error in the VOR of about 0.2 degree at
azimuths +55 degrees from its location. See paragraph 25.b. for a more
detailed discussion of directional re-radiators. Directional re~radiators of
the same angular width as the TACAN antenna monitor, even though at a greater
distance, can be expected to cause similar scalloping effects.

(5) Figure 3-6 is a qualitative guide to estimating the possible
effect in causing lateral multipath of objects in the area of the VOR
antenna. Several conclusions may be drawn from an examination of the figure,
but judgement must be used in the application of these conclusions:

(a) Single trees and objects of similar angular dimensicns can
cause substantial lateral multipath if located within a few hundred feet of
the VOR antenna. Because the VOR radiation is horizontally polarized, it
is the angular extent of the tree in the horizontal plane that is signi-
ficant. The height of the tree, however, enables it to project above the
plane of the counterpoise.

(b) Cleared forest areas can cause scalloping.

(¢) VOR does discriminate against objects which may cause
severe lateral multipath.

{6) Specular reflectors and other directional reflectors have maxi-
mum scalloping amplitudes when the angle of incidence is in the region of 55
degrees. The half-power scalloping amplitudes occur for angles of 35 and T3
degrees. See figure T-7 and the associated discussion in chapter 7.

(7} The scalloping amplitude for diffuse radiators is maximum when
the azimuth of the re-~radiator and the azimuth of the aircraft are at 90
degrees one to another. See figure T7-10 and the associated discussion in
chapter 7.

¢. Lateral Multipath and the DVOR Equipment

{1) Lateral multipath is known to involve interference for the 30-Hz
modulating signal which carries the azimuth information. Lateral multipath of the
reference signal cannot cause problems since the direct and multipath signals are
essentially in the same phase and hence add constructively. 1In the
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doppier VOR, the variable azimuth information is protected from interference
because of the nature of fm modulation. It follows that DVOR is inherently
resistant to lateral multipath.

{(2) 8ite evaluation involves the identification of potential problems
associated with the site and the recognition of approaches to the resolution of
such problems. For sites with severe multipath problems, the DVOR may appear
to be a reasonable candidate solution. DVOR has specific characteristics that
should be taken into account in the development of such recommendations. The
doppler shift decreases directly with the cosine of the angle of elevation,
resulting in a large "cone of confusion® centered on the 90-degree angle of
direct overhead. The very large DVOR counterpcise serves to reduce low angle
coverage. The amount of the reduction is a function of the site elevation over
average terrain in the direction of propagation. Finally, the cost and complex-
ity of DVOR makes this equipment the practical candidate only for those sites
for which few other alternatives exist. DVOR was developed originally for ter-
minal areas, and its use has been largely restricted to such locations.

d. Special Considerations for Mountain Top Sites.

{1) It is usual to locate the VOR counterpoise directly at ground
level at mountain top sites. One reason for this practice is that the low
conductivity of the ground at such sites requires particular emphasis upon
the best obtainable electrical connectivity between the ground and the
counterpoise. A second reason is that the radiating wavefront tends to c¢ling
to the counterpoise at the counterpoise perimeter and aoc bend downward and
direct some energy into the ground. The effect ias less serious when the
antenna is not elevated.

(2) Siting a VOR on a mountain top several thousand feet above
surrounding terrain may result in VOR bearing errors which exceed flight
check tolerances. Even with the large counterpoise on mountain top VORs,
portions of the valleys may be illuminated by the VOR antenna. When this
occurs, vertical lobing (lengitudinal multipath) of the signal will cause
nulls in the VOR vertical radiation pattern. When aircraft fly through these
vertical nulls, the direct signal from the VOR is reduced compared to the
reflections (lateral multipath) received from surrounding objects. Thia may
result in bearings which are out of flight check tolerance and subsequent
restrictions or shutdown of the VOR. If this condition exists, little or no
improvement will be gained by installing a DVOR. A DVOR will provide
significant signal improvement when lateral multipath is from relatively
close objects; however, at mountain top sites where the source of the
multipath may be several miles away, little improvement is gained.

e, Lateral Multipath and TACAN.

(1) Lateral multipath is more readily generated for the TACAN than
for VOR because the shorter wavelength of TACAN requires a smaller Fresnel
ZOne.

(2) Vertical wires that cause only slight multipath problems
for the horizontally polarized VOR signal can cause substantial problems for
the vertically polarized TACAN signal. Conversely, horizontal wires that
cause serious muliipath problems for VOR may have a much smaller effect on
TACAN.
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f. .Wind Turbine Generators. The recent growth of alternative energy sources
has led to an increasing number of wind turbine generators and to increasing com-
plaints of electromagnetic interference from these generators. A study at the
University of Michigan (D. Sengupta and T. Senior, "Electromagnetic Interference
by Wind Turbine Generator," Report No. 014438-2-F, March 1978) indicates that VOR
and DVOR facilities will experience no significant degradation of performance due
to the presence of wind turbine generators if the generators are sited in accor-
dance with FAA standard guidelines for objects near VOR and DVOR facilities.

14.-15. RESERVED.

Chap 3 .
Par 13 Page 37 (and 38)






h/17/86 6820.10
CHAPTER 4. SITE SELECTION AND ACQUISITION

16. PROCEDURE FOR SITE SELECTION.

a. General. The selection of 2 suitable site for a navigation facility
(VOR, VOR/DME, TACAN, or VORTAC) is primarily a function of performance and
cost. He candidate site shall be selected that does not satisfy the minimum
performance requirement at a cost commensurate with the benefit to be
received. FPrimarily, this order provides the siting engineer with techniques
for eatimating site performance and the effect on performance of various
corrective msasures. This chapter presents a methodology for selecting a
VGR, VOR/DME, TACAN, or VORTAC site which meets the performance requirements
of the svstem and the cost limitations of the program. Although detailed
performance or cost estimates are beyond the scope of this order, a good
first approximation is required for site selection and acquisition. See
figure 41 for a flowchari of the zelection process.

h. Ipnitial Locality. The general location of a navigation facility
(VOR, VOR/DME, TACEN, or VORTAC) is initially determined by its type; whether
it is 2 terminal facility or an en route facility (see paragraph 21.b). The
tocation of a terminal facility is constrained by the zctual location of the
airport and by the orientation of the primary instrument landing runway. The
location of en route facilities is determined largely by the locabtion of the
airways which they serve and, to a lesser extent, by the distance to other
facilities serving the same airways.

¢. Office Suprvey.

{1) Onece the general location has been determined, candidate sites
may be identified from topographic maps readily obtained from the U.S3.
Genlogical Survey of the Department of the Interior. These map studies will
identify, as accurately as possible, the coordinates of the candidate sites
and the loecations of triangulation points or other control points. These
points will pernit establishment of an accurate baseline and verification of
goordinates in the fielad.

(2) The initial office survey should develop a candidate site and
several alternative sites, if possible. This will save the cost and time of
additional field trips if the primary candidate is determined to be
unsuitsble or unavailable. MWMaps of each area should be acquired, and if the
instaliztion is to he within an existing facility, all available engineering
g degeriving the site should zlso be assembled. Other information
hat does not regquire a site visit may also be compiled at this time. This
includes some or all of the following:

{a) Ownership characteristics of the land, particularly name
and sddress of owner(s); easements, rights-of-way, or other use limitations;
and zZening or uvse restrictions imposed by the local political jurisdictions.
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(b) The possibility of using Government-owned land should be
investigated at this time. See FAA Order 4660.1, Real Property
Adccountability Handbook.

(e) Location of the proposed facility with respect to any
nearby town or airport, roads, utility lines, and boundary lines in the
vicinity.

(d) Local utilities' plans for new or upgraded lines near the
proposed sites and local planning districts® long-range plans that might
impact on these sites.

17. SITE SURVEY, ANALYSIS, AND TESTING.

a. General.

(1) The primary purpose of the site survey is to obtain sufficient
information to prepare site drawings (see appendix 6). The site drawings
should include a vicinity sketch, site plan, plot layout plan, and horizon
profile. The survey will establish (and document in the various drawings) a
dimensional description of the site, including the locations and heights of
prominent adjacent natural and man-made terrain features and obstructions.
Distant terrain features that represent potential obstructions should also be
identified. See paragraph 13.c(2) below for information concerning
permission to enter the land.

(2) Features to be noted in the survey will include such details as
trees, fences, drainage, existing buildings, utility lines, and obstructions
within the vicinity of the antenna position out to a distance of 2000 feet.
During the survey, other features that may be noted are topographical charac-
teristies, particularly surface variations, that may have an impact on the
propagation of signals from the site.

(3} Accurate measurements are required for the coordinates of the
location and the horizen profile. The latitude and longitude of the location
must be determined to the nearest 15 seconds of arc. The coordinates will
later be refined tc an accuracy of +U0 feet by the U.S. Geological Survey.
The horizon profile is obtained by setting up a transit or theodolite at the
correct antenna height and location for the site, and recording the vertical
angle of all obstructions in a full circle around the site. These measure-
ments must be accurate to +0.1 degree in vertical angle and should be given
for each 10 degrees around the circle, unless elevation changes warrant more
frequent measurements. If the profile taken for an antenna height of U feet
does not show any object above 0.5 degree, then the profile at 16 feet does
not need to be made. A set of accurately registered panoramic photos are an
alternative to the horizon profile,

b. Site Evaluation.

(1) After preparation of the site drawings, the techniques
discussed throughout chapter 3 should be applied to analyze the
characteristics associated with each site under consideration. The
evaluation should include:
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(a) Estimates of performance that can be expected from each
unimproved site.

(b} Improvement of the above performance that can be expected
if corrective measures are taken. Such techniques are discussed at length in
chapter 5.

(¢) FEstimated cost of implementing a facility that will
arovide acceptable performance.

(2) Selection of a tentative VOR, VOR/DME, TACAN, or VORTAC site is
then made, based on the above analysis, with the objective of meeting the
required performance at the least posaible cost. This site should then be
field tested to verify the predicted performance. In unusual cases where the
site test is unsatisfactory and the performance deviates greatly from
expectations, the site should be reanalyzed in light of the new data. If, as
a result of a complete reevaluation, one of the alternative sites previously
ruled out is now found to be most promising, a new site test will be
required. Successful completion of a site test({s) will provide data for the
site selection. If more than one site is technically satisfactory, then
relative costs will be the determining factor.

¢. Preliminary Considerations Before Testing.

(1) At the time of the office survey, it is of prime importance to
establish the identity of the owners of the land for all candidate sites and
the addresses through which they may be contacted. The legal description of
land can usually be obtained locally from eity, township, or county clerk's
office. 1f possible, a copy of the deed(s) or other appropriate
documentation showing land ownership should be attached to the Site Survey
Report. In addition, there may be 1land adjacent to the proposed sites which
would be affected by the site zoning restrictiona. These restrictions,
discussed in detail in paragraph (3) below, may be determined during the
office survey, so that the ownership information of this type land, if
required, may also be included in the Site Survey Report.

(2) Once the site surveys are completed and it has been decided to
field test a specific candidate site, a temporary agreement must be entered
into with the property owner(s). This agreement (Permit to Test, Testing
License, etc.) will secure entry and access to the property for setting up a
portable VOR and testing the site. These agreements, and the initial permis-
sion to enter the land for the site surveys, are governed by FAA
Order 4660,1, Real Property Accountability Handbook.

(3) At the time that the temporary agreement is secured, the land-
owner{s) should be made aware that the following zoning restrictions will be
required if the site is actually selected. This will reduce the possibility
of complications in this regard at the time of lease negotiations.

The restrictions are:
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(a) General., All obstructions within 1000 feet of the antenna
are to be removed except as noted below. Normal crop raising and grazing
operations may be permitted in this area, except at mountain top facilities
where antennas are U-feet high. In these instances, crop raising and grazing
must be restricted to areas below and off the counterpoise. No grazing
should be permitted in the vieinity of the monitor detectors.

(b) Trees and Forests. Trees close to the VYOR antenna can
cause severe scalloping. Single trees of moderate height (up to 30 feet) may
be tolerated beyond 500 feet, but no closer. No groups of trees should be
within a 1000-foot radius or subtend a vertical angle of more than 2 degrees.
At mountain top sites, no trees within 1000 feet should be visible from the
antenna array.

{¢) Wire Fences. Ordinary farm-type wire fences about Y-feet
high are not permitted within 200 feet of the antenna; fences of the chain
type (6 feet or more in height) are not permitted within 500 feet of the
antenna; beyond these distances no wire fence should extend more than
0.5 degree above the horizontal, measured from the antenna. These
requirements may be relaxed for fences essentially radial to the antenna.
Since there is a large number of possible combinaticns of fence height and
orientation with terrain configuration of various types, each of which may
produce a different effect, the foregoing must serve as a general guide only.
At many sites, a special study by experienced engineering personnel will be
required to permit a judgement as to what fences can be tolerated., At
mountain top sites, wire fences may be permitted within 200 feet of
the antenna, provided they do not extend above the line of sight from %the top
of the antenna to the edge of the level area (that is, they are within the
shadow area of the ground counterpoise).

(d) Power and Control Lines. Power and control line
extensions should be installed underground for a minimum distance of 600 feet
from the antenna. Overhead power and control lines may be installed beyond
600 feet but should be essentially radial to the antenna for a
pinimum distance of 1200 feet. No overhead conductors (ineluding possible
future construction), except for extensions serving the aite, should be
permitted within 1200 feet of the antenna. If a nonradial conductor is so
oriented that it does not come within 1200 feet of the antenna, but the
perpendicular distance to the antenna from its imaginary extension 1s less
than 1200 feet, then the vertical angle subtended by the uppermost conductor
and/or the top of the pole (measured from ground elevation at the antenna
site) should not exceed 1 degree; also no conductor should extend above the
horizontal plane of the antenna.

Other than the foregoing, there should be no 1lines or supporting structures
30 located that they subtend a vertical angle (measured from ground elevation
at the site) of greater than 1.5 degrees. In addition, no conductor should
extend more than 0.5 degree above the horizontal Plane containing the
antennas, unless they are essentially radial (within +10 degrees) to the
antenna array. At mountain top sites, the conductors will be permitted
within 1200 feet of the antenna, provided they do not extend above the
conical surface formed by the top of the antenna~and the edge of the

leveled area.
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(e) Structures. No structures should be permitted within 1000
feet of the antenna, except for buildings such as the transamitter building at
a mountain top site located on a slope below the ground level of the antenna
so that they are not visible from the antenna. All structures ti:at are
partly or entirely metallic shall subtend vertical angles of 1.2 degrees or
less, measured from ground elevation at the antenna site. Wooden structures
with negligible metallic content and little prospect of future metallic
additions (such as roofs and wiring) may be tolerated if subtending vertical
angles of less than 2.5 degrees. However, at airports, where a single hangar
or line of hangars, administrative buildings, etc., may have considerable
length, it is necessary to look upon such structures as producing
interference in the same manner (only more severe) as power and telephone
lines, and the criteria for power, control, and telephone lines will apply.

(4) Temporary permits to utilize access roads of adjacent property
owners shall also be obtained prior to site testing. Easements are
very often all that are required to install a permanent access road to a
facility after it is established, and the actual purchase of land for this
purpose is not necessary. Leases or other agreements, as required, should be
entered into with appropriate governing agencies or property owner(s) for the
use of existing roads. Appropriate procedures for entering into such
agreements are given in FAA Order 4660.1, Real Property Accountability
Handbook.

14, LAND ACQUISITION

a. When a site has finally been selected as appropriate for permanent
installation of a VOR/DME/TACAN facility, a legal description and plat of the
site, access road, utility easements, and zoning restrictions must be
obtained prior to requesting the acquisition of the property rights. All
transactions for acquiring an interest in property, whether purchase, lease,
or use restriction, are governed by FAA Order U4660.1, Real Property
Accountability Handbook, and are handled by Real Estate Office personnel. As
an aid to planning, several excerpts as well as references to certain
sections, are given below:

(1) Funding. When land is to be purchased for a new facility site,
funds for the purchase shall be included in the region or center Facilities
and Equipment (F&E) budget in the same fiscal year as the funds for the
facility equipment, installation, and building, as applicable. This amount
will only be an estimate of the value of the land rights to be acquired, plus
acquisition costs, plus a 15- to 20-percent contingency. Instructions for
including land acquisition funds in the annual F&E budget submission
are found in Order 2500.2Y4, Call For Estimates - Facilities and Equipment
(RIS: BU-2500-4).

(2) Required Determinations All possible sites which are
technically acceptable for the efficient operation of the facility must be
considered. Before any action is begun to acquire new land, a determination
must be made that the requirements cannot be satisfied by use of property
already held by the FAA, property which is excess to other government
agencies, publlic land, exchange of government-owned property for privately
owned property, or the use of existing rights-of-way and easements
when available at nominal cost or less.
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(3) Site Investigation and Testing. Prior to conducting
investigations and tests, the legal right to enter and use the land must be
obtained in writing from the landowner and, if appropriate, the right to
clear or otherwise change the character of the land. 1If only verbal
authority 1s granted, confirm this in a letter with a return recelipt. When a
landowner will not grant a right of entry, then a right of entry must be
obtained through the U.S. courts. Local U.S. attorneys should be consulted
in these instances through Regional Counsel. Contacts with landowners should
generally be made by Real Estate personnel, and when contacts are made by
others they must be under the direction of the Real Estate Office.

(4) Environmental Impact Statements. Environmental Impact
Statements (EIS), or Finding of No Significant Impact (FONSI) shall be
approved before negotlations for the acqulsition of any land interest. Real
Estate files should contain a copy of the EIS or FONSI as appllcable, or a
reference to the office of record.

(5) General. The above are ineluded to assist site planning
personnel in developing the information base and time line needed to
lmplement their activity. Order 4660.1, Real Property Accountability
Handbook also contains comprehensive information regarding the actual
purchase of land or leasing it. Close coordination with the Real Estate
Office will ensure the most efficient handling of this process.

19. RESERVED.

Page 47 (and 48)
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CHAPTER 5. SITE IMPROVEMENT

20, GENERAL.

a. The navalds of interest here are intended to provide reliable
service within acceptable performance margins on a continuous basis in spite
of extremes of weather and changing terrain caused by seasonal variations in
vegetation or the encroachment of new construction. These variations of the
environment in which the navaids must perform require that measures for
performance improvement be undertaken each time such a change adversely
affects performance. When it is determined that additional FAA equipments be
located near the VORTAC antenna site, such a colocation may require
additional site improvement features relative to the VORTAC. Thus, site
improvements may be required throughout the useful lifetime of the site.

b. Site improvements involve two separate and distinct activities. One
is the analysis of the performance or the predicted performance of the VORTAC
within the site environment. For a proposed new site, such analysis may be a
paper-and-pencil exercise primarily of ray tracing to analyze potential
interference sources. After substantial commitment to the site, either
through actual site acquisition or as alternates are eliminated, the
investment in analysis may be more substantial and include computer
simulations. Once the VORTAC is installed, the analysis may involve
instrumented flights and analysis of flight data. In the latter activity,
the measuring instrument is often a commercial receiver. In such situations,
the analyst is presented not with raw data, but with data as processed by a
specifiec receiver, and the idiosyncracies of the receiver must be taken into
account in the evaluation process.

c¢. The second aspect of site improvement is the selection and
implementation of the improvement features. Specific site improvement
actions should not be undertaken until the sources and the nature of
potential or actual performance problems have been identified through the
process of analysis. Because of the cost and the time delays associated with
such improvements, however, the investigator may elect to initiate
preventative measures during the site installation phase when construction
labor and materials may be conveniently available. Initial attention to
potential site problems can prevent expensive delays in service availability
to the flying public.

d. There are two general approaches to site improvement. One is
through site modification such as removal of an offending structure or by
minimizing the multipath by destructive reflection. The second approach is
through changes in the VORTAC antenna equipment. Strictly speaking, these
latter activities are not site improvements. They will be described as such,
however, since the changes are made in response to specific site problems. A
larger-than-conventional counterpoise, for example, may be used in a site
where distant low angle coverage is not a major problem but where
longitudinal multipath is of concern. The installation of the counterpoise
at ground level in mountain top sites where height-gain is not a problem but
where ground conductivity is of concern is another example of modification of
the antenna installation in response to site peculiarities.

e. The VORTAC antenna installation including counterpoise should, whenever
possible, conform with one of the several conventional types in use within
the FAA. First priority, however, shall be given to the achievement of an
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overall VORTAC performance that conforms with FAA requirements. No two sites
are alike and the encroachments of suburbia on formerly rural areas creates
increasingly severe environments for navaid sites. 4s a result, in the inter-
est of VORTAC performance, measures may have to be taken in the future which
were not required in the past.

21. SITE IMPROVEMENT FOR VOR,

a. Uses of the Counterpoise.

(1) The VOR is the workhorse navigational instrument for en route
applications. It is used almost universally for en route applications and at
or near many terminal facilities. The DVOR is recommended only for those appli-
cations with severe and unavoidable lateral multipath problems.

(2) The large VOR counterpoise is designed to diminish the effects
of longitudinal multipath (reduce nulls and signal amplitude minimums). The
counterpoise results in the sharp attenuation of radiation at negative eleva-
tion angles (see figure 5-1).

(3) The large DVOR counterpoise aids in minimizing longitudinal
multipath. In addition, however, the large diameter reduces the asymmetry
experienced by the off-center DVOR radiating elements and minimizes modula-
tion created by such asymmetries.

{(4) A properly installed counterpoise minimizes the effect upon
lateral multipath (course scalloping) of obstacles which do not extend above
the horizon of the counterpoise. Further, it minimizes the effect upon longi-
tudinal multipath of those ground areas below its horizon (see figure 5-1).

5) Effective functioning of the counterpoise depends upon good
ground conductivity in the vieinity of the counterpoise and good electrical
bonding between transmitter "ground", counterpoise, and the surrounding earth
ground (see figure 5-2).

(6) Height-gain of the VOR site over the average terrain out te
several miles is desirable for distance coverage. It should not be obtained
through elevating the counterpoise significantly above the immediate area.

Such elevations create sharp discontinuities for the radiating wavefront

in the vieinity of the counterpoise perimeter. The discontinuity can cause
wavefront bending resulting in increased ground illumination and more longi-
tudinal multipath. The 12-foot elevation of the counterpoise in conventional
installations (see figure 1-3) should not be exceeded if at all possible, and
where ground conductivity is poor, ground-level counterpoises are preferable.

b. Diminishing the Effect of Longitudinal Multipath in VOR.

(1) Preliminary to the minimization of longitudinal multipath {ampli-
tude variations) is the task of ldentifying the specific nature of that multi-
path and the probable causes. Table 5-1 provides guidance for this process.
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(a) Smooth em interface at perimeter.

FIGURE 5-2.

(b} Discontinuity at perimeter.

COUNTERPOISE BOUNDARY

TABLE 5-1.

EXPLORATION OF MULTIPATH CAUSES

Vertical Angle
of Null

Possible Cause

Comment

0° to 8°

More than 8°

Null location the
same at all
azimuths

Null location in
vertical angle
found to be limited
to restricted range
of azimuths

Geography conducive to
multipath

Discontinuities exper-
ienced by em field at
counterpoise boundary

Cause or solution
primarily with the
counterpoise

Cause or solution
primarily with the

geography

Consider counterpoise
size and shape

Consider quality of
ground connection and
of ground conductivity

See text

See text
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(2) From the viewpoint of geomelry and simple ray tracing, the
counterpoise prevents all VOR em propagation at vertiecal angles of declination
greater than 8 degrees from illuminating the ground (see figure 2-8). The
viewpoint is an oversimplification but does indicate that vertical nulls at

in counterpoise diameter. Before any such change 1s conslidered, however, it
is useful to further identify the characteristics of the problem. See para-

(3) The vertical nulls may be in the vertical angular region below
8 degrees but limited in azimuths. Such a characteristic indicates that g
particular geographic area is contributing to the multipath. Examination of
figure 5-3 reveals that there is a range of ground levels which will contribute
destructive VOR longitudinal multipaths. It should be evident from the figure
that the site geometry may be conducive to longitudinal multipath in one direc-
tion only. Consideration of figure 5-1, of the Rayleigh roughness criterion
(see figure 2-6), and of the required Fresnel zone size (see figure 3-3) should
assist in identifying the ground area of interest. Cost and other factors
then will determine whether the null minimization is most readily accomplished
by counterpoise €xpansion or by modification of the geography. Generally, land
close to the VOR site is the only land which can be readily modified.

Distance in thousands of feet (d)

1 2 J 4 3 &
y L 1 1 } 1

t) L] v
oo &.\_ Shallow Region of Ho Multipath
1 +
-'-\__‘_'-—-____.'_——__T_--_-__—..

200 / / . .
\ / / / / ’ / /
300 ¢ * / Region of Possible destructive
\f Hultipath

400 +1 4 hl h, .r/ . !
sop + 1000 | 63 [ 145 / ' -

2000 89 | 290 ; .
so0 L1000 | 110 (438 ’ /

Trooo [ 130 | 580
5000 | 140 | 725 Deep Region of
700 Lls000 | 150 | 870 He Multipath . /
HOTE: Datas {s approximats,
800 4- Level ground in the
area of reflection Ih

900 4+ is sssumed. ¢ >

Height in feet (h)

1000 1

FIGURE 5-3. RANGE OF ELEVATIONS WITHIN WHICH VOR DESTRUCTIVE
LONGITUDINAL MULTIPATH (VERTICAL NULLS) CAN OCCUR
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(4) Depending upon the geometry and the magnitude of the Rayleigh
roughness criterion, a reflecting area of limited extent can be diminished
in its effects by plowing, the planting of shrubs, or the deliberate position-
ing of buildings as part of a site consolidation program. Large and distant
reflecting areas associated with low grazing angles are usually less amenable
to modification.

(5) For nulls at vertical angles greater than 8 degrees, the inves-
tigator should consider the possibility that discontinuities at the perimeter
of the counterpoise may be causing the em wave front to bend toward the ground.
These discontinuities may be caused by excessive height of the counterpoise
above ground, poor connectivity between counterpoise and ground, poor ground
conductivity, or a combination of two or more of these factors.

(6) A variety of improvements are possible for the problem of dis-
continuity at the counterpoise perimeter. In Europe, good results have been
obtained by sloping the outer edge of the counterpoise upward. It is claimed,
for the particular configuration used in Europe that this modification simu-
lated a counterpoise of approximately double the actual diameter. See Feyer
and Nattrodt, IEEE Transactions on Aerospace and Navigational Electronics,
March 1965. It has been suggested that sowing metallic filings in the area
around the counterpoise will compensate for poor ground conductivity. Finally,
it is the usual practice at mountain top sites, where soil conductivity is
often poor, to install the counterpoise at ground level.

¢. Locating the Contributors to VOR Lateral Multipath.

(1) Lateral multipath creates scalloping, a periodiecally varying
deviation of indicated bearing from true bearing. Locating an object which
is a source of scalloping is accomplished by analysis of the course deviation
recording taken on an orbital flight. Scalloping characteristics observed
over a complete orbit can then be analyzed to identify the bearing to the
interfering object from the VOR site and the distance of that object from
the site.

(2) Two sets of procedures have been developed for identifying the
location of scalloping sources. The first method is based on theoretical con-
siderations and differentiates among three types of interfering objects accord-
ing to the way in which they interact with the VOR field., The second method is
an empirical one, which uses two simple graphic procedures to identify either
nearby interfering objects or more distant ones. These two methods are dis-
cussed below in general terms, with detailed instructions for both included
in appendices 3 and 4.

(3) The theoretical approach requires classification of the inter-
fering object as a nondirectional re-radiator or a directional reflector,
Directional reflectors may be either of short length or long length. Classi-
fication is accomplished by inspection of the scalloping in the flight record.
The determination of the location of the object is based on the fact that the
azimuth on which maximum scalloping amplitude occurs is related to the bearing
of the object from the VOR. Furthermore, the frequency of the scalloping is
a function of the distance of the object from the VOR,
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(a) Using the approach based on theory, the relationship of the
azimuth of the object to the azimuth of the scalloping source depends upon the
type of object involved. For the nondirectional re-radiator, maximum scallop-
ing amplitude will occur along two oppposing radials (180-degree separation)
at a right angle (90 degrees) to the radial of the interfering object. A
directional reflector will show maximum scalloping on one or two azimuths,
depending upon the length of the reflector. Such maxima will be 145 degrees
from an azimuth normal to the reflector. If there are two maxima 180 degrees
apart, the procedure for locating a nondirectional re-radiator is appropriate.
If there are two maxima 70 degrees apart, the procedure for a long-length direc-
tional reflector should be used. For a single maximum, or multiple maxima not
spaced as above, the procedure for a short-length directional reflector should
be used. These procedures are described in detail in appendix 3.

(b) There are several limitations on the use of the theoretically
derived method described above. Interference sources may exhibit both re-radiat-
ing and reflecting characteristics, This can serve to obscure the identifying
characteristies of the actual scalloping observed in the bearing error recording.
Furthermore, the flight-check receiver circuits will damp out scalloping that
occurs at frequencies greater than about one-half cycle per second. This can
be a significant problem for scalloping sources distant from the VOR. The use
of a slower aircraft and/or larger orbits can alleviate some, but not all, of
this problem. If the scalloping source is very close to the VOR, the scallops
may be so long that they may not be apparent on the recordings. Finally, some
of the procedures will yield only a general locus of the pessible locations of
the scalloping source, creating a significant practical difficulty in locating
the specific interfering object.

(4) To overcome the practical difficulties in the use of the theoreti-
cal method, two empirical procedures for locating VOR scalloping sources were
developed and documented in internal FAA memoranda by Earl E. Palmer of the
Northwest Region. The first procedure is called the Scallop Counting Method
(SCM). It provides satisfactory results for locating scalloping sources from
approximately 30 to 6000 feet from the VOR, and is useful for the majority of
scalloping problems. The second procedure is called the Center of Symmetry
Method (CSM). This procedure uses orbital data or ground error curves and is
useful for finding scalloping sources very near the VOR, approximately 100 feet
or less. Both methods are described in detail in appendix U.

(a) The Scallop Counting Method uses the orbital scalloping fre-
Quency at several azimuths to determine a locus of points {straight lines) where
the scalloping source could be located. The common intersection of three or more
of these lines is the location of the scalloping source. Flight inspection record-
ings are most useful for this method, since higher frequency scalloping that is
damped by the receiver may be observed on the recording of the automatic gain con-
trol voltage level. Other factors that may impact on the usefulness of the record-
ings are aircraft speed, altitude, and orbital radius. Consideration of these
factors and a discussion of the complete procedures for this method are detailed
in appendix 4,
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{b) The Center of Symmetry Method relies on the principle that
the scalloping source causes scalloping that is symmetrical, but out of phase,
on each side of the radial on which the source is located. All scalloping
sources exhibit this property; however, as the scalloping source gets farther
away from the VOR, the orbital scalloping frequency becomes higher, and will
be damped out and lost in the VOR bearing recording process. The CSM uses SAFI
Bearing Error Reports or Saberliner orbital error plots on FAA Form 8240-4,
and applies the symmetrical and out-of-phase relationship mentioned above.

The recordings are taped into a continuous loop representing 360 degrees,
and examined on a light table so that each half of the loop can be seen
superimposed on the other. The loop is then rolled until the symmetrical
scallops are aligned. A full description of the technique, with examples,
is given in appendix 4.

d. Minimization of VOR Lateral Multipath.

(1) The horizontally polarized VOR signals are very susceptible to
interfering lateral multipath reflection from power lines, metal fences, and
metal buildings. The most satisfactory approach to minimization of these
reflections is the physical removal of the reflector, the relocation of the
VOR site, or the conversion of the facility to DVOR which is resistant to such
interference. These methods are often costly and sometimes impractical.

{(2) The use of wave-cancellation techniques to reduce the reflections
to acceptable levels has proven to be practical in many situations (see figure
5-4). Wave cancellation is accomplished by the use of a secondary reflector
placed at such a distance in front of the offending reflector as to create
destructive interference.

Two rays 180° out of

phase to airplane
from

Vijr/ﬁ ,\vg
\\\\\ primary reflection

4 :

d
N $ secondary reflection
1;4\’ A4

d cos B = A/4

FIGURE 5-4. GEOMETRY FOR WAVE CANCELLATION
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(3) Wave cancellation techniques can also be used in conneetion with
metallic buildings. In such applications, more than one cancelling conductor
is required. The horizontal spacing of the conductors is in accordance with
the principles illustrated in figure 5-3. 4 vertical conductor spacing of one-
eighth wavelength has been found to be satisfactory. See Karns, IEEE Trans-
actions on Aerospace and Navigational Electronics, March 1964.

(4) Because of the horizontal polarization of the VOR radiation,
telephone lines and power lines are particularly effective sources of dis-
turbance since these conductors are usually installed parallel to the earth.
Their effects can be minimized if these conductors are installed along radials
of the VOR radiating system. Alternately, they may be buried underground. See
figures 7-8 and 7-9 and the associated discussion on short and long conductors.

(5) Fences are in a similar category to telephone and power lines,
although the possibility is greater that fences will be below the herizon of
the counterpoise.

(6) In areas of severe lateral multipath, which may include metallic
buildings and vehicles of a variety of types, the DVOR should be considered as
a replacement for the VOR. Because of the poorer low-angle distance performance
of the DVOR and its large overhead "cone of confusion™, the use of the DVOR has
been limited in the past to terminal areas.

(7) The discussion of VOR lateral multipath minimization is summarized
in table 5-2.

e. Minimization of DME and TACAN Longitudinal Multipath,

(1) Fading effects due to longitudinal multipath can be expected to be
more severe for DME and TACAN than for VOR because of the higher carrier frequency
of these two navaids. In addition, the VOR antenna elements are closer to the
counterpoise, both in absolute distance and in wavelengths, than 1s the sjituation
for DME and TACAN. Hence, the counterpoise is more effective in reducing below-
the-horizon radiation for VOR than for the antennas more highly elevated above
the counterpoise.

(2) There are two features of the DME and TACAN radiators which aasist
in the minimization of longitudinal multipath. One is the fact that these are
multielement antennas designed to provide sharp attenuation for radiation below
the horizon. See the cutaway sketch of a DME antenna in figure 1-6. The second
feature is the vertical polarization of the radiation which provides a lower
coefficient of reflection from the earth than horizontal polarization does. See
figure 6-1 and the discussion associated with figures 6-33 through 6-39,

(3) The requirement for co-siting of TACAN and VOR components requires
that compromises be made in the site features. It is emphasized, see section
23.b.(8), that the first Fresnel zone be free of obstacles in order to minimize
TACAN signal fading. A discussion of Fresnel zones is presented in order
to develop the importance of the first Fresnel zone.
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TABLE 5-2. MINIMIZATION OF VOR LATERAL MULTIPATH

Source of Lateral Method of Minimization of
Multipath Multipath Effects

Long wires o Wave cancellation - see figure 5-4

(telephone,

power lines) o Bury conductors underground

o Install along radial lines from the VOR

Metal fences o Replace metal with nonconducting material
¢ Wave cancellation
o Install along radial lines from the VOR

o Keep well below counterpoise herizon

Metalli¢ building 0 Wave cancellation
surfaces
o Keep below counterpoise horizon

Many unavoidable 0 Replace VYOR with DVOR
sources (Provided DVOR characteristics are
acceptable to the needs)

In the following paragraph, however, typical calculations are presented, showing
the practical difficulty of providing a clear first Fresnel zone. See figure 5-5
and imagine an infinitely large transparent screen in the path of radiation from
VORTAC to aircraft and with its plane perpendicular to the direct ray. Concen-
triec circles may be drawn on this screen centered on the point where the direct
ray intersects the screen. The radius of the first circle is such that the d4if-
ference in path length between the direct path from the screen to the aircraft
and the path from the circumference of the circle is A/2. For this simplified
discussion, we assume that the screen is at least 10 times as far from the VORTAC
as it is from the aircraft so that all points within the first few Fresnel zones
are essentially equidistant from transmitter. The area included within this first
cirecle is the first Fresnel zone. The radii of succeeding circles are such that
the corresponding path-length differences are integral multiples of X/2. The
ring-shaped areas thus formed are the second, third, etec., Fresnel zones. The

em fields from the odd-numbered zones are in phase at the aircraft; the em fields
from the even-numbered zones are opposite in phase to the fields from the odd-
numbered zone. If it were possible to block off all contributions except those
from the first Fresnel zone, the em field at the aircraft would be found to be
double its free space value. If the contributions from only the first two
Fresnel zones are permitted, they almost cancel, resulting in a nearly zero

field at the aircraft. The locus of the first Fresnel zone is an ellipse with

a circular cross section. The elliptical outline—igs shown in figure 6-U4,
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FIGURE 5-5. THE FRESNEL ZONE CONCEPT

(4) Table 5-3 shows the clearance required around the direct ray
to the aircraft for first Fresnel zone clearance for an aircraft Y40 nautical
miles away at an altitude of 1,000 feet. The DME antenna site elevation must
be on the order of 5,000 feet above the terrain, which is 20 nautical miles
distant in order to provide the required Fresnel zone clearance. It is rare
that one is able to obtain a site having these characteristics. The conclu-
sion reached is that considerable reliance must be placed upon the beam shap-
ing characteristics of the antenna and the Brewster angle effect in minimiz-
ing the effect of ground blocking or ground reflections. Once the VORTAC
equipment is installed, the detailed graphic procedures described in section
23.c. may be used to locate and determine the operational importance of the
individual nulls in the vertical pattern. The nature of these nulls can be
modified by changes in the ground roughness (see figure 2-6) in the
area where the reflection is taking place.

(5) Natural terrain features or specilally constructed screens can
be used to trap null-producing rays. The techniques are illustrated in
figure 5-6. The construction of the screens is described in connection with
lateral multipath..
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TABLE 5-3. GROUND CLEARANCE REQUIRED FOR FIRST FRESNEL ZONE
)\d(f‘o—d) & 1 i 3
R = r. ¥ 5.3 d(Po-d) for A=10” ft, PO=U0 n.m.
(see section 23.b.(8).
Approx. Elev, * Additional #¥
d R R of Ground Clearance
(n.m.} (n.m.) (feet) Ray Center (ft) Needed (feet)
0.5  0.20 1217 24 1193
1.0 0.28 1710 24 1686
2.0 0.39 2388 26 2362
5.0 0.60 3623 40 2583
70 0.78 474y 88 4656
15 0.87 5303 168 5135
20 0.90 S477 280 5197
25 0.87 5303 h2y 4879
30 0.78 474y 600 4144
35 0.60 3623 808 2815
38 0.39 2388 9u8 1440
39 0.28 1710 997 713
39.5 0.20 1217 1022 195
* Based on the approximation for the distance to the radio
horizon, see paragraph 21.a.(l).
#*% These results are approximate only.

DIRECT SIGHAL

syILDINGY

NOTE: Rays below 1 in (c¢) above which could produce nulls are
trapped by the screen. BRays above 1 do not produce nulls.
FIGURE 5-6. TECHNIQUES FOR TRAPPING NULL PRODUCING RAYS

(From: TACAN Principles and Siting Criteria,
Greco and Reed, Naval Electronic System Test
and Evaluations Facility, 1968)
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(6) At military installations, the areas causing null-producing rays
can sometimes be engineered to be in the region of the Brewster angle through
variation in the height of the TACAN antenna installation. This degree of free-
dom is not usually available to the site investigator concerned with a VORTAC
facility.

f. Minimization of DME and TACAN Lateral Multipath,

(1) The important distinguishing feature of lateral multipath for
TACAN and DME as contrasted with VOR is the much smaller size of the Fresnel
zone. In simple language this means that a much smaller metallic surface than
is required for VOR lateral multipath will cause strong side reflections for
TACAN and DME. Parked alrcraft can, for example, have such an effect.

(2) Because of the smaller size of TACAN-assoclated Fresnel zones, it
is practical to construct relatively small-sized traps to capture and divert the
offending signals (see figures 5.7 and 5-8).

(3) Wave cancellation techniques used with VOR and described in connec-
tion with figure 5-4 should be effective with TACAN radiation as well. Because
of the shorter wavelengths involved, more precision will be required in the place-
ment of the reflecting elements, and the associated support structure should be
sufficiently rigid to maintain the spacing.

22.-23. RESERVED
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CHAPTER 6. CONSIDERATIONS OF LONGITUDINAL MULTIPATH

24, GENERAL.

a. The main reason for elimination of VOR longitudinal multipath is
that the VOR operation depends on the comparison of two signals, the
reference and the variable phase signals, and the destructive interference of
either of the two prevents proper system performance. A second reason is
that horizontally polarized radiation reflects very readily, particularly at
low grazing angles, thus having the capacity for producing deep nulls
seriously affecting system operations.

b. The use of the counterpoise, the choice of site geography, and the
growth of Fresnel zone requirements with distance all make it possible to
minimize VOR longitudinal multipath at most sites.

¢. By way of contrast, the longitudinal multipath associated with DME
and TACAN cannot readily be eliminated but it is generally less serious in
its effects than in the case of VOR. The vertically polarized radiation
reflects with a considerably greater attenuation than does horizontally
pelarized radiation, and the pulsed nature of the modulations provides some
multipath preotection.

d. In summary, longitudinal multipath exists at all TACAN and DME
installations, but its presence may not appreciably deteriorate performance.
Hence, considerable analysis of such multipath may be of use in evaluating
equipment performance. The longitudinal multipath should not cause problems
in the average VOR installation, and analysis is of interest only to the
extent necessary to eliminate the effect.

e. In view of the foregoing, the treatment of longitudinal multipath
for DME and TACAN is detailed and complete while that for VOR is very brief.
Note, however, that all of the geometric considerations discussed in
connection with TACAN and DME apply as well to VOR and DVOR.

25. PROPAGATION CONSIDERATIONS IN GENERAL.

a, Propagation Components and Effects.

(1) The four components of a navaid signal radiated from a ground
station and received at the airborne receiver are the diregt signal, the
longitudinal multipath signal, the lateral multipath signal, and the ground
Wave.

(2) Propagation effects due to the ground wave may be ignored since
these effects are limited to the range of 1 to 10 wavelengths above the
surface of the earth, Additionally, ground wave effects are of secondary
importance at 100 MHz and entirely negligible at 1,000 MHz.

(3) The reflection coefficient for longitudinal multipath differs
considerably for vertical polarization, as in DME and VORTAC, and horizontal
polarization, as in VYOR and DVOR. See figure 6-1.

(4) Radio Horizon. Distance to the radio horizon may be determined
from the geometry of figure 6-2. Calculations reveal that the standard ser-
vice volume as defined in paragraph 21.b is entipely Within the radio horizon
for VOR, DME, and VORTAC.
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FIGURE 6-1. REFLECTION FROM A PERFECT EARTH

FIGURE 6-2.

RADIO HORIZON GEOMETRY
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The conventional simplified relationship for distance to the radio horizon is:
D=J2h
h in feet
D in statute miles

In the dimensions used in the present order and with h always in feet, this may

be written as:

D= 1.23Jn = 5/4/h nautical miles

D = 2.3y h kilometers

(5) Multipath Fading. Figure 6-3 shows the multipath fading characteris-
tics that can result because the phase difference between direct and reflected rays
varies with atmospheric conditions. The geometry of -the navaid situation, with the
airborne receiver much higher than the transmitter, results in the point of re-radi-
ation being very close to the ground-based transmitter. With this geometry, the
phase difference between the two rays is relatively constant, and fading is reduced
in impeortance.

100 . —
| NOTE: 30 to 40 mile paths with
50 ~ — 50-100 feet clearance 4
~
20
W S\
TG
\ \\\_\ " Rayleigh Distribution

y.
A

5 " (Theoretical maximum
\ \ \\\"f ' for multipath fading) |
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FIGURE 6-3. TYPICAL FAbING CHARACTERISTICS
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(6) Diffraction Due to Obstacles. The horizontal ray, in the case of
low-altitude and high-altitude navaids of the types under consideration here,
must provide a usable signal at 1,000 feet altitude (305 m) at a slant range of
40 nautical miles (74 km). This horizontal ray may be considered as propagat-
ing in free space only if it has substantial clearance over all obstacles. The
signal loss when this ray grazes a hill (see figure 6-4) may be anywhere in the
range of 2 to 20 dB, with 6 dB as a probable value.

grazing ray

]

FIGURE 6-4. DIFFRACTION ACROSS A HILL

b. 3tandard Service Volumesl/

{1) Ground stations are classified according to their intended use.
These stations are available for use within thelr service volume. Outside
the service volume, reliable service may not be. available. For standard
use, the airspace boundaries are called standard service volumes. They
are defined in table 6-1 below for the three station classes. These 33Vs are
graphically shown in figures 6-5 through 6-9. The SSV of a station is
indicated by using the class designator as a prefix to the station type
designation. (Examples: TVOR, LDME, and HVORTAC.)

1/ Text irl illustrations for subsection 21.b. from: FAA Advisory Circular
ho. 20-314, September 20, 1982,
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TABLE 6-1.

STANDARD SERVICE VOLUME DESIGNATOR

S5V Class
Designator

Altitude and Range Boundaries

T (Terminal)

L (Low Altitude)

H (High Altitude)

From 1000
including
at radial
(46 km).

From 1000
including
at radial
(74 km).

From 1000
including
at radial
(74 km).

feet (305 m) AGL up to and
12,000 feet (3,658 m) AGL
distances out to 25 nmi
See figures 6-7 and 6-8,

feet (305 m) AGL up to and
18,000 feet (5,486 m) ACL
distances out to 40 nmi
See figures 6-6 and 6-9.

feet (305 m) AGL up to and
14,500 feet (4,420 m) AGL
distances out to 40 nmi
See figures 6-5 and 6-9.

From 14,500 feet (4,420 m) AGL up to
and including 60,000 feet (18,288 m)

at radial
(185 km).

distances out to 100 nmi
See figures 6-5 and 6-9.

From 18,000 feet (5,486 m) AGL up to
and including 45,000 feet (13,716 m)

at radial
{241 km).

distances out to 130 nmi
See figures 6-5 and 6-8).

¢. Considerations for Extended Coverage,

(1) Introduction.

6820.10

This order is concerned primarily with siting the

navaid systems in order to obtain reliable service within the standard service
volume. It is, however, useful to be able to determine the extended coverage
performance of the various equipments for applications where extended coverage
is desired and for determining interference potential between different sites.
For additional material refer to FAA Advisory Cirecular 00-314.

(2) Radio Line of Site for Low Elevation Angles. From figure 6-10,

r
F1 © {
ha = 6080 ro [}R1 + tan%]

and extending the earth radius by a factor of 4/3 to account for atmospherice
diffraction:

ha = 0.662 r ° 5 6080 r tan
o] (8]
for
a < 6°
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60,000 ft.
{18,288 m)

130 nmi {241 km)

45,000 fr. _
{13,716 m)

- - =
- -
- -

18,000f. |}~ ~
{5,486 m) —

14,500 fr,
(4,420 m)

1,000 f1.
{305 m)

FIGURE 6-5, STANDARD HIGH ALTITUDE SERVICE VOLUME
(Refer to figure 6-9 for altitudes below
1000 feet 305 m)

NOTE 1: All elevations shown are with respect to the station's site
elevation (AGL). Metric measurements are given for convenience and are
approximations. These figures do not reference the area defined as the
Vertical Angle Coverage Limitations (see note 2).

40 nmi {74 km)

18,000 ft,
(5,486 m)

al ) “§__ 1,000t
{305 m)

FIGURE 6-6. STANDARD LOW ALTITUDE SERVICE VOLUME
(Refer to figure 6-9 for altitude
service volume)

NOTE 2: Azimuth signal information is normally provided from the radio
horizon up to elevation angles of approximately 60 degrees for VOR compo-
nents and 40 degrees for TACAN components. Distance information provided
by TACAN and DME will provide satisfactory service from the radio horizon
to an elevation angle of not less than 60 degrees.
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12,000 ft,
{3,658 m)

-

-

- A -
- H s 1,000 fL
1

\ ! /(305 m)

STANDARD TERMINAL SERVICE VOLUME (Refer to

FIGURE 6-7.
figure 6-8 for altitudes below 1000 feet 305 m)
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FIGURE 6-9. DEFINITION OF THE LOWER EDGE OF THE STANDARD
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aircraft

VOR h

— a

4 r \
o]

R

‘ ]
a = elevation angle in degrees
ro = distance from VOR to air-

craft in nm. (for small o)
h_ = height of aircraft in feet

R. = radius of earth (3440 nm)

FIGURE 6-10. LINE OF SIGHT RELATIONSHIPS

These results are plotted in figures 6-11 and 6-12.

(3) VOR Coverage. The VBR ground station shall provide a minimum
signal power density of -120 dBW/m"~ (95 percent time availability) through
the operational service volume. Assuming, as is reasonable, that the VOR
transmitting system has the following power budget:

20 dBW transmitter power
- 3 dB cable loss

+ 2.2dB1 antenna gain
19.2dBW effective isotropic radiated power (118 MHz)

Then the curves of coverage of VOR as shown in figures 6-13 and 6-~14 are
obtained.
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(4) DME Coverage. The DME ground station shall provide a minimum
signal power density of ~91.5 dBW/m“ (95 percent time availability) for that
part of the operational service volume which is above 18,000 feet (5,486 m).
Within that part of the service volume which is below 18,000 feet (5,486 m)

a minimum signal power density of -86.0 dBW/m“ shall be provided. Signal

power is determined by the average over one second of the equivalent peak pulse
voltage waveform. Assuming, as is reasonable, that the DME transmitting system
has the following power budget:

20 dBW transmitter power
~ 1.5dB cable loss
+11.4dBi antenna gain

29.9dBW effective isotropic radiated power (1213 MHz)
Then the curves of coverage of DME as shown in figures 6-15 and 6-16 are obtained.

(5) TACAN Coverage. The TACAN shall provide the same signal coverage
as already described for the DME. A reasonable power budget for the TACAN is:

37 dBW transmitter power
- 1.5dB cable loss
+ T.4dBi  antenna gain
42.9dBW effective isotropic radiated power (1213 MHz)
Then the curves of coverage of DME as shown in figures 6-17 and 6-18 are obtained.

{(6) For an additional discussion of coverage see FAA Advisory
Circular 00-314.

26. LONGITUDINAL MULTIPATH FOR VOR.

a. Overview,

(1) An objective in the siting of VOR and DVOR equipments is to com-
pletely eliminate any substantial instrumental errors due to longitudinal multi-
path. It is in furtherance of this objective that the large counterpoise is a
feature of every VOR and DVOR installation.

(2) In those situations where longitudinal multipath adversely affects
system performance, its effects shall be minimized or, if possible, eliminated
by refinements of the engineering of the counterpoise and the characteristics
of the ground in the vieinity of the counterpoise. See chapter 5.

{3) In situations where costs or other constraints prevent the minimi-
zation of longitudinal multipath to permit equipment performance within standard
service volumes and tolerances, appropriate steps shall be taken to inform the
flying public of that portion of the standard service volume for which the systen
is not operational within specificatiouns.
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b. The Effect of Reflecting Surfaces.

(1) The function given in paragraph 5.b.(1) represents the vertical
radiation pattern of the VOR in the presence of a perfectly conducting
ground.

(2) For the usual height of the VOR radiating loops of 15 feet and
at the VOR wavelength of approximately 8 feet, this pattern produced by the
source and reflected source has a first null at about 15 degrees.

(3) The depth and severity of the 15-degree null is a function
of the ground conductivity, roughness, and slope over the Fresnel zone
illuminated by the 15-degree ray. Generally, these physical imperfections,
as contrasted with a smooth, perfectly reflecting ground, tend to fill in the
null that is predicted by theory.

(4) Considering the U4-foot height of the VOR antenna above
the counterpoise and the counterpoise as a reflector yields a radiation
pattern null at about 60 degrees. This is at the limit of the standard
service voiume of the VOR.

(5) Operationally, the equipment performance at angles below about
10 degrees is the most important. The conventional counterpoise provides
little protection for angles below about 8 degrees (see figure 2-8).
Additionally, the ground is a good reflector for horizontal polarization
and low grazing angles at VOR frequencies.

¢. Uses of the Fresnel Zone Size.

(1) The VOR is susceptible to the effects of longitudinal multipath
primarily in the region of grazing angles below 8 degrees. The principle
natural protection of the equipment in this angular region is the size of the
Fresnel zone required to support the reflection.

(2) Figure 3-3 demonstrates that the farther the area of reflection
can be removed from the VOR site, the larger the Fresnel zone required to
sustain the reflections. Hence, it is desirable to select geography suffi-
ciently irregular to place the reflection point at a distance of perhaps a
mile or more.

(3) Smooth valley floors around high mesa sites, as may occur in
western states, can be expected to provide the required large-area Fresnel
zones for grazing angle multipath. The height-gain of such sites, however,
affords the possibility for use of a larger-than-conventional counterpolse
with no loss in distant coverage.

(4) Ocean surfaces, by their regularity, can provide the large-
area Fresnel zones for grazing angle multipath. The single degree of free-
dom available at locations experiencing such problems is the variation of the
height of the radiating antennas. Counterpoises have been used at ground
level at such locations.
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d. VOR Versus DVOR for Longitudinal Multipath,

(1) The performance of both VOR and DVOR depends upon the near simul-
taneous arrival at the aircraft receiver of both the reference-phase and the
variable-phase signals. The elimination of either of these signals by destruc-
tive longitudinal multipath adversely affects performance.

(2) In VOR, the variable-phase signal is relatively vulnerable to the
effect of longitudinal multipath, whereas the reference~phase signal, because
of the characteristics of fm, is relatively resistant. 1In DVOR, exactly the
reverse is true. It follows that there is no inherent advantage to one over
the other in combatting longitudinal multipath, although, in some situations,
second-order effects may favor one over the other,

(3) The discussion is summarized in table 6-2 below.

TABLE 6-2. ELIMINATION OF VOR LONGITUDINAL MULTIPATH
Parameter Comment
Overall Reduce or eliminate effects of
Objective longitudinal multipath

Angular Area
of Concern

Effect of
Ground

Effect of
Fresnel Zone
Size

VOR Versus
DVOR

Operationally, the region of
vertical angle of 0 degree to

10 degrees is of most concern;
particularly because the effect
of the counterpoise is diminished
in the O-degree to 8-degrees
region

Excellent reflector for low
grazing angle VOR radiation

Large Fresnel zone size makes
coherent reflection more diffi-
cult. Hence, move reflection
area as far from site as
possible

No intrinsic merits of one
over the other for longitudi-
nal multipath

Page 83
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27. LONGITUDINAL MULTIPATH FOR TACAN,

a. Calculation of the Basic Parameters.

(1) 1In an aircraft flying at a constant altitude toward a ground-based
VORTAC beacon, the airborne antenna intercepts field strengths which go through
a series of maxima and minima as shown in figure 6-19. The lobe formation, in
a given geometry, is dependent upon the frequency of the transmitted signal and
the characteristics of the reflecting ground or water. Since satisfactory opera-
tion of TACAN equipment is dependent upon the strength of the arriving signal, it
i3 desirable to prevent the specular reflection which causes the lobe structure.

b

1 1 1.t 1 I ] |

RADIO HORIZON OF —
FREE SPACE SIGNAL
10

AIRPLANE ANTENNA
° ' V \ \}?ESULTANT SIGNAL

/.

10+ 3rd NULL +—

J

e e e v . A e 48w [ — e man sem —————

Relative Amplitude -~ db
7

2nd NULLT——

15- -
i
H L
20- | L
1
l -3
B fst NULL ——= :
1
|
T I 1T 17 T T 1T 11
2 3 U s 10 2 D w0 ! 200
DISTANCE FROM BEACON - NAUTICAL MILES
1. Frequency: 1000 Mec,
2. Antenna height above ground: 40 feet
3. Antennaz type: AN/GCRA-60
4, Aircraft altitude; 3000 feet
§. Temain: smooth average land with no obstructions; conductivity (0) of 0.03 mho-m/sq m; and

a relative permittvity (er) of 15.

FIGURE 6-19. RADIATION PATTERN OF A TWO-PATH INTERFERENCE PHENOMENA
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(2} Since the formation of nulls is primarily a geometric problem,
their locations may be calculated without regard to the specific antenna to
be used. Refer to figure 6-20. A ray leaving the transmitting antenna at
height h.J will strike the ground at a grazing angle y and

h d
tan ¥ = 1 - !

6080d1 9120k

at a distance d., from the transmitting antenna measured along the earth's
surface. These parameters are related by:

d1 = ~3445k tan VY + [}3HH5 tan ?)2 + 1,14 k h1:]1/2 (nautical miles)

The height above terrain, h2, of a receiving antenna which will intercept this
reflected ray is given by:

1 - cos dz/ka + s8in dz/ka1 tan Y
cos dy/ka - sin d,/ka tan y

h, = ka x 6080 (feet)

2

(3) The factor k used in the foregoing equations to compensate for
atmospheric refraction is given by

k = 1
aaN

n(10)6

where n is the refractive index and AN is the change in refractivity of the
atmosphere between the earth's surface and a height of one thousand feet or
0.308 kilometer above the surface. Note that the dimension of a and AN must
agree. It is sufficient for purposes of this order to consider only three
values of k. The value at the location of interest should be calculated, as
will be explained, and then for purposes of referring to charts, the standard
value nearest to the calculated value should be added. The refractivity,AN,
is given by

1 +

N =N e'0'0322hs + ANCh=h_)
o} s
where:
h_ = height of the earth's surface above mean sea level in
5
thousands of feet
h = height above earth's surface in thousands of feet
alternatively
No=n € 0-105TThy  nthon )
o] s
Chap 6
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FIGURE 6-20, TWO-PATH PROPAGATION GEOMETRY
where:
d1 = dlstance from the transmitting antenna to the earth
reflecting point in nmi as measured along the earth surface.
h1 = transmitting antenna height in feet.
a = earth radius, 3445 nmi.
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when h_ is measured in kilometers. Note that the second term on the right above
must aiso be in the appropriate metric units.

From the above equation both NS, the refractivity at the earth's surface and AN
can be calculated, since, using English units,
No e -0. 0322hS

N =
]

and

AN = N1 - NS
where N, = refractivity at 1,000 feet. The value of n is NS(10)_6. The three
values of k which are adopted as standard are:

NS AN (metric) Xk
200 -22.33 1.166
301 -39.23 1.333
400 -68.13 1.766

The maps of figures 6-21 and 6-22 may be consulted for the values of NO for the
geographic area of interest.

(4) Divergence factor is defined as the ratio of the field strength
obtained after reflection from a spherical surface to that obtained after reflec-
tion from a plane surface, where the radiated power, total axial distance, and
type of reflecting surface are the same in both cases, and the solid angle is
a small elemental angle approaching zero in magnitude. The divergence factor
for any grazing angle ¥ is given by

D = 1 _
. 2r1r2 5
kado tan y¢
’
kad  tan ¥ Z
kado tant + 2r1r2
where:
(ka + h1)sin d1/ka
rT = cos ¥
and
(ka + h2)cos de/ka - ka
r. = -
2 sin ¥
d0=d1+d2
Chap 6
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Note that d, may be obtained in the same manner as d, except that h, is used
as the helgﬁt in the equation. For reference purposes, note the foilow1ng

2 2
h1 = hi - 0.88d1 /'K h2 = h2 - 0.8862 /k

where h1 and h2 are in feet and d1 and d2 are in nautical miles.

(5) TACAN antennas use vertical polarization, and the reflection coefficient for
vertically polarized waves is given by

RveJ¢v z E siny - f/ - cos

2 _; 2
n- sin¥Y +¢fdn - cos vy

where n2 is a complex permittivity coefficient and is given by

n2 . s 180000 _ -
T r J £ T or J
MHz

where

er is the relative permittivity of the earth at the reflecting
Fresnel zone,

g is the conductivity of the reflecting earth in mho-m/sq m,

f is the carrier frequency in megahertz.

MHz

For adaptation to the computer operation, these relationships may be expressed
in the following form:

. (er2+x2)s;n2¢+m(erncosal!))- ﬁsinw!/er-coszw [er NETSRES! m]
v (gr2+x2)sin2¢wm(EP-0052¢)+ stinw\/;;—0032¢ [Er m1 +x‘/m_1]

2
wvhere m = i+ X

(gr—0052¢)2

- M/hs:m‘,p \/ €.-cos ¢ [ \[BZ- —foE:TJ
= tan
2

(e, Zix )31n2¢hm(€ -Cos ¢)

where (-90¢p<0°) [ ]
2siny [ e nmCoSs 1JJ J o= —xV m+1
¢v - 180%tan -1 vfn

(e, 2¢x%)sin w-m(e -cos w)

where (-180<$<-90°
b<-507) Chap 6
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The curves of figures 6-23 through 6-29 show the variation of R and d for a
number of ground conditions at 1000 MHz. These curves may be used with negli-
gible error at all TACAN frequencies.

(6) The path-length difference, ©, in degrees is given by:

ar Arxf
0 MH=z
= - ¥ 60 2z m——
6 X 3 57733 egrees
vhere A is the wavelength

A r is the path-length difference, and

dr=ry+r, - r, (see figure 6-20)

The direct ray path length, ry between transmitter and receiver is
r =|r e +r 2 _ 2r.r, cos (180° - 2y) 2
o "1 2 12

2 2 N
= &1 + r2 + 2r‘1r2 cos 2&{[

(7) The magnitude of the direct ray will be given as E,, and the
magnitude of the reflected ray by DREO. This discussion assumes that, for
direct and reflected signal magnitudes, the direct and reflected path lengths
are the same. This assumption produces negligible error. The total phase
difference between the direct and reflected rays is given by © - ¢, but since
the angle ¢ is inherently negative, these angles in effect are additive. The
vector sum of the two components is shown in figure 6-30 for the two conditions,
(a) where (0-¢) is less than 90° and (b) where (0-¢) is greater than 90°.
The resultant field is given by

Ed = Eo [E + DR2 + 2DR cos (0O~ ¢E] 2

The ratio of the magnitude of the field in an earth environment to the magni-
tude of the free-space field (Ed/Eo) is designated g(6) and is called the
earth-gain factor or

Eq > ' :
g{o) = g = |1+ DR” + 2DR cos (0 ~4¢)

o}

where D is the divergence factor and R is the absolute value of the reflection
coefficient.

The earth, with its many types of land and water surface conditions and, hence,
many conductivity and permittivity factors, and the type of wave pelarization,
cause the earth-gain funetion to vary from a small value (nearly zero) to a
value slightly less than 2.0. With vertical polarization, such as the TACAN
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FIGURE 6-30. VECTOR SUM OF DIRECT AND REFLECTED FIELD COMPONENTS

employs, the excursions of the maximums and the depth of the nulls are not as
great as they are with horizontal polarization. The earth-gain funetion, g(2@),
may be graphically represented as shown in figure 6-31 where g(6} is plotted as
the ordinate and height of the receiving antenna, h. as the abscissa. Since
the physical location in space where the two signalS from the transmitter com-
bine is directly related to the grazing angle, ¥, the abscissa may just as well
use ¥ as the variable. The curve depicts the variation of the g(0) function
for the simple case of an isotropic transmititing antenna located as a fixed
height above ground and radiating vertically polarized waves. A curve, such

as figure 6-31, is very useful to the system planner or engineer in locating
the position of troublesome nulls.

b. Radiation Characteristics in the Interference Region.

(1) The null positions are numbered consecutively starting from
radio horizon, and they are referred to as number of the null. The starting
point for the problem of determining null positions is found in the earth-
gain or g(o) function,

— h |
F
g(e) = [1 + DR2 + 2DR cos (3 -4 {]

A null in the radiation pattern occurs when cos ( ©- ¢) has the value -1,
provided D and R remain constant. Under these conditions,

g(g) = 4/1 - 2DR + DR® = 1 -DR

It would now appear to be a simple matter to determine the value of grazing
angle y that will produce this condition. However, due to the variation or
both D and R with ¥, a null in the pattern occurs when cos (2 - 4} has a value
slightly different from -1, and the actual minimums of g(2) do not lie on the
(1 -DR) locus. When considering grazing angles below Brewster's angle (the
neck in the curve of figure 6-31), a minimum is to the left of the point of
contact of the g(g) curve with the locus (1 -DR), and for angles above Brew-
ster's angle, a minimum is to the right of the point of contact. Computer-
ized data are used to first determine the minimums of g{3) accurately, and
then the corresponding grazing angle, ¥, and null number, n_, v + This
approach is necessary in order to establish a useful parame?é?‘by which the
position of any particular null mgy Pe calculated.
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FIGURE 6-31. EARTH-GAIN FUNCTION, g(g), OF AN ISOTROPIC RADIATOR

(2) The null number, used to determine the number of nulls within
a given grazing angle ¥, is given very nearly by elther of the two following
expressions. First by,

_Arfmm
Dpr = 7083

where ar is the path-length difference in feet. Alternately,
Ar ﬁmz
n =

Ar
300

where or is the path-length difference in meters. Secondly, it is given by

hy fy, Siny

Dsin g~ 492

where h1 is in feet or alternately

h1 fMMz sin ¥

Psin y " 150

where h1 is in meters

nSian will be referred to as the null number.

The null positions can be defined by means of the null numbers and the particular
behavior of the null numbers for variations in antenna height, frequency, and
environmental conditions makes the null number a useful parameter in the solution
for null positions. The null number is an integer plus (or sometimes minus) a
decimal; that is,
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where y is the integral number of the null, and z is the difference (a decimal)
between n and y.

For nulls that occur at angles greater than Brewster's angle, the decimal (z) is
nearly 0.50. For nulls which occur at angles less than Brewster's angle, the
decimal is approximately +0.05, except for high antenna heights (greater than
about 70 feet). Table 6-3 gives the number of nulls in the radiation pattern
below Brewster's angle, » and also the number in the angle between Brewster's
angle and a Y45~ elevation, for a number of selected antenna heights and the

two frequencies of 1000 and 1180 megahertz. Table 6-4 contains all the values
of n for the nulls in the radiation pattern below Brewster's angle up to num-
ber 18. When n exceeds 18 but is less than the Brewster n, use the integral
number of the null plus the decimal which is indicated as average z. For nulls
which occur at angles greater than Brewster's angle, use the integral number of
the null plus z, as further presented in table 6-4. The dashed, stepped line
appearing in each table 6-4% variation represents the dividing line between '"below
and above" Brewster's angle, and the smaller null numbers are always those below
Brewster's angle. Table 6-4 also lists a number of earth surface parameters to
De expected in TACAN operation, together with the values of Brewster's angle for
1000 and 1180 MHz operation. For low antennas (up to about 20 feet), the first
few nulls will have null numbers slightly less than the number of the null, and
in these cases, the (z) would be negative. For instance, when propagating at
1000 MHz over fresh water from an antenna height 10 feet above the water surface,
we have:

Number of Null

the Null Number 2
1 0.98u0 -0.0160
2 1.9288 -0.0712

NOTE: Reference to table 2-1 and figure 2-6 will reveal that for

the vast majority of sites there are only a limited number of heights
for DME and TACAN antennas that need be used and only a limited range
of grazing angles involved.
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TABLE 6-3. DBREWSTER'S ANGLE, ¥, , AND NUMBER OF NULLS
FOR SELECTED SURFACE CONDITIONS
Surface Constants Brewster's Angle
Surface Type €, o fyge = 10060 Ty = 1180
Sea Walzr 81 5.0 5.19 5.42
Fresh Waler Bl 0.005 6.34 6.34
Marsh Land 30 0.110 10.34 10.34
Average Land 30 0.030 10.41 10.34
Average land (Dry) 15 0.030 14.47 14.47
Desert Land 3 0.011 30.0 30.0
Glacial e 3 0.000025 30.0 30.0
Tundna 5 0.0004 240 24.0
Arclic Jee 10 0.0001 328 328
Cauductivity, 0, in mho-m/sg m
NUMBER OF NULLS3 BELOW BREWSTER'S ANGLE AND IN 45 DEGREES
by € o ¥p 45° hy € o ¥y 45°
5 81 50 Nene 6 g1 0.005 1 6
10 g1 5.0 1 13 10 81 0.005 2 13
20 81 5.0 3 19 20 81 0.605 4 28
40 81 5.0 7 57 30 81 0.005 7 42
&0 81 5.0 11 85 40 Bl 0.005 9 56
100 81 50 18 143 60 8] 0.005 13 85
175 81 5.0 33 250 10D 81 0.005 22 143
175 81 0.005 3s 251
5 30 0.110 2 3 5 el 0.030 2 6
10 30 0.13:0 4 13 10 30 0.030 3 13
20 30 0.110 ? 20 20 30 0.030 7 29
40 30 0.110 14 56 40 30 0.030 15 56
60 30 0.110 2] 85 60 30 0.030 21 85
80 30 0.110 28 114 100 ae 0.030 3s 143
100 30 0.110 36 143 175 30 0.030 63 250
175 30 0.110 63 250
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f=1000Mc k=1333
hy € o vp 45° by ¢ o Vg 45°
[ 15 0.030 3 6
10 15 0.030 5 13
20 15 0.030 10 28
30 15 0.030 15 42
40 15 0.030 20 56
50 15 0.030 25 71
60 15 0.030 30 85
80 15 0.030 40 114
100 15 0.030 50 143
175 15 0.030 38 250
____________________________________________ .
f=1180Me k=1333 '
5 81 5.0 None 7 5 81 0.005 1 7
10 81 5.0 2 16 10 81 0.005 2 16
20 81 5.0 4 33 20 81 0.005 $ 33
40 g1 5.0 8 67 30 81 0.005 8 50
60 81 5.0 13 101 40 81 0.008 11 67
100 81 5.0 22 169 60 81 0.005 16 101
175 81 5.0 35 296 100 81 0.005 26 169
175 81 0.005 46 296
5 30 0.110 2 7 5 30 0.030 2 7
10 30 0.110 4 16 10 30 0.030 16
20 30 0.110 33 20 30 0.030 g 33
30 30 0.110 12 50 30 30 0.030 13 50
40 30 0.110 17 67 40 30 0.030 17 67
60 30 0.110 25 101 60 30 0.030 25 101
80 30 0.110 34 135 100 30 0.030 42 169
100 30 0.110 42 169 175 30 0.030 74 296
pre 30 0.110 76 296
Chap 6
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TABLE 6-3. NUMBER OF N d A DEGREES (rontinued)
f=1180Mc k=1.333
hy € o Vg 45°
5 15 0.030 3 7
10 15 0.030 b 16
20 15 0.030 11 33
30 15 0.030 17 50
40 15 0.030 23 67
50 15 0.030 29 84 :
&0 15 0.030 a5 101 l
’0 15 0.030 47 135
100 15 0.030 59 169
175 15 0.030 104 296
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Par 27

Page 104



4/17/86 6820, 10

TABLE 6-4. NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1.333

Sea Waler (e =81,0=5.0)
ch = 1000
Nulls below Brewsler's angle are above dashed enclosure
hy=$ 10 20 40 60 100 175

1.3955 ] 1.0809 1.0362 1.0335 1.0535 1.1361 1.3842
2.4491 TT23446 | 20882 2.0493 2.0579 2.122§ 2.3640
3.4642 34166 | 31924 3.0707 3.0681 3.1199 3.3438
44714 4.4399 43147 ; 4.0995 4.0805 41218 4,3302
5.4759 5.4522 53769 | 5.1393 5.0963 5.1261 5.3217
6.4790 £.4595 64062 |  6.1927 £.1161 6.1317 6.316L
7.4649 7.4242 {_ 72534 71405 7.1392 7.3123

8.4683 8.4351 83065 |  B.1698 B.1474 8.3114

9.4709 9.4429 9.3461 : 9.2055 9.1573 9.3113

10.4730 10.4491 103737 ;  10.2443 10.1693 10.3125

11.4744 11.4533 113928 | 112824 111818 11.313¢

12.4758 124571 12.4068 123162 | 12970 12.3163

13.4766 13.4599 13.4179 13.3441 1 132140 133191

14.4621 14.4259 143663 | 142332 14.3224

15.4640 15.4325 15.3833 ; 15.2537 15.3268

16.4655 16.4377 16.3975 1 162157 16.3315

17.4668 17.4423 17.4085 | 172981 17.3368

18.4678 18.4459 18.4173 4 _ 183200 18.3424

i
N 5T R T I T T T T T, 3688
Nulls Above Brewsier's Angle
hy=5 10 20 40 60 100 175
04559 0.4611 0.4384 0.4527 0.4539 0.4752 0.5675
Chap 6
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TABLE 6-4. NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1,333 (continued},

Sea Water (¢ = 81,0 =5.0)
ch =1180
Nulls below Brewsler's angle are above dashed enclosure

hy=5 10 20 40 60 100 175
13362 "; 1.0506 1.0283 1.0329 1.0604 1.1626 1.4514
24404 | 2.2451 2.0591 2.0423 2.0591 2.1434 2.4355
1es50 33923 | 31152 3.0562 3.0651 3.1361 3.4121
4.4682 §4276 | 42192 4.0734 4.0723 4.1342 4.3937
54734 5.4447 5.3212 I 5.0963 5.0823 5.1349 5.3809
6.4767 6.4540 6.3760 : 6.1271 6.0935 6.1372 6.3717
7.4790 7.4603 7.4044 | 7.1674 7.1078 7.141) 7.3652
8.4645 8.4214 } 8.2184 8.1243 8.1451 8.3607
94677 94326 9.2713 { 9.1446 9.1509 9.3577
10,4702 10.4406 103164 | 10.1697 10.1573 10.3558
11.4721 11.4466 11.3504 } 11.1996 11.1649 11.3545
12.4735 12.4512 12.3748 ll 12.2328 12.1729 12.3542
13.4747 13.4548 13.3931 | 13.2675 13.1821 13.3546
14,4756 14.4579 14.4061 14.3001 : 14.1930 14.3555
15.4763 15.4603 15.4161 153282 | 15.2054 15.3570
16.4769 16.4621 16,4267 16.3523 : 16.2189 16.3583
17.4637 17.4310 17.3720  ; 17.2343 17.3609
18.4651 18.4365 18.3874 b 18.2510 18.3632

|
AVEMREEZ . o o - v o o e - 8 s s » m e mma s e 4 eaae e e e 0.1936 0.4043
Nulls Above Brewster's Angle

hy= 10 20 40 60 100 175

0.4426 0.4593 0.4564 0.4514 0.4545 0.4805 0.5881
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TABLE 6-4, NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1. 333 (continued)

Fresh Water (e = 81, 0 = .005)
Mc© 1000
Nulls below Brewster's angle are above dashed enclosure
hl's 10 20 30 40 60 100 175

0.9047 0.9840 0.9986 1.0064 1.014% 1.0411 1.1282 1.3786

1.5399 -lL 1.9288 1.9941 2.0034 2.0117 2.0336 2.1078 2.3544

25062  2.5660 _: 2.9864 3.0006 3.0097 3.0307 3.0980 3.3304

35010 3.5108 L 3.9567 3.9974 4.0074 4.0282 4.0920 4.3130
£.4993 4.5033 4.6306 } 4.9913 5.0045 5.0262 5.0885 5.3000 -
5.4984 £.5006 5.5198 : 59712 6.0029 6.0247 6.0853 6.2904 f
6.4975 6.4992 6.5080 ; 6.7432 6.9980 7.0239 7.0833 7.2826 i

74984 7.5043 7.5319 -.1‘ 7.9851 8.0223 B.0812 8.2768

8.4977 B.5023 8.5136 |I B.B628 9.0196 9.0797 9.2715

9.4969 9.5010 9.5086 9.5472 i 10.0173 10.0780 10.2674

10.4964° 10.4997 105060 105210 : 11.0136 11.0771 11.2644

11,4957 11.4988 11.5044 11.5144 | 12,0074 12.0757 12.2611

12,4952 12.4982 12.5034 12.5110 = 129764 13,0747 13.2583

13.4947 13,4973 13.5023 13.5094 13.6375 " 14.0732 14,2558

14.4967 14.5016 14.5080 14.5425 1 150721 15.2530

!

15,4963 15.5006 15.5071 15.5304 | 16.0700 16.2513

16.4856 16.4999 16.5062 16.5273 : 17.0683 17.2491

17.4950 17,4992 17,5055 17.5245 | 18.0669 18.2479

8 - e 0770 2557

Nulls Above Brewster's Angle
hl'S 10 20 30 40 60 100 175
05071 . 0.5046 0.5020 0.4960 . 0.4965 0.5015 0.5208 08112
Chap 6
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TABLE 6-1. NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1.333 {continued)
Fresh Water (¢ = 81, 0 = .005)
fage = 1180
Nulls below Brewster's angle are above dashed enclosure
hy=$ 10 20 30 40 60 100 175
0.9387 0.9878 1.0013 1.0092 1.0196 1.0514 1.1570 1.4471
15738 | 1.9632 1.9975 2.0058 2.0153 2.0417 2.1327 2.4289
25090 26990 | 2.9929 3.0036 3.0132 3.0376 3,1200 3.4028
3.50271 35203 | 39842 4.0018 4.0117 4.0353 4.1127 4.3822
4.4999 4.5075 | 4.9364 4.9983 5.0097 5.0335 5.1076 5.3665
$.4986 5.5024 5.5789 5 5.9924 6.0075 6.0319 6.1041 6.3545
6.4980 6.5003 6.5177 i 6.9796 7.0059 7.0305 7.1016 7.3454
7.4971 7.4987 7.5082 | 7.8468 8.0032 8.0297 8.0988 8.3378
8.4979 8.5045 8.5416 ; 8.9964 $.0281 9.0970 93318
9.4973 9.5126 9.5180 |  9.9720 10.0263 10.0952 10.3266 |
10,4967 10.5009 10.5112 t 10.678S 11.0247 11.0938 11.3220
11.4961 11.5000 11.5072 11.5325 : 12.0226 12.0927 12.3176
12.4954 12.4992 12.5061 12.5195 : 13.0202 13.0910 13.3149 1
13.4951 13.4986 13.5047 13.5151 | 14.0156 14.0901 14.3123
|
14.4945 14.4977 14.5033 14.5125 | 14.9984 15.0888 15.3097 t
15.4938 15.4969 15.5027 15.5107 : 15.8354 16.0877 16.3067 i
16.4933 16.4963 16.5020 16.5096 16.5609 | 17.0863 17.308)
1
17.4956 17.5013 17.5087 17.5394 | 18.0848 18.3031
]
' Y.L 2 0930 3083
Nulls Above Brewster's Angle
hy=5 10 20 30 40 60 100 175
0.5)12 0.5126 0.4987 0.5028 0.4947 0.4995 0.5744 0.6833
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TABLE 6-4, NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1. 333 (continued)
Average Land (¢, =15, 0 = 0.030)
ch = 1000
Nulls below Brewster's angle are above dashed enclosure

hy=5 10 20 30 40
0.9886 0.9981 1.0034 1.0083 1.0167
1.9668 1.9952 2.0030 2.0072 20138
2 8556 29925 3.0036 3.0063 1.0129
3son | 3.9863 4.0032 4.0056 4.0119
4.5003 { 4,9259 5.0034 5.0053 5.0116
5.4976 T T T Tssies -_: 6.0032 6.0050 6.0110
6.4970 6.5005 } 7.0038 7.0043 7.0106
7.4973 # 8.0043 8.0041 8.0098
B.4959 I' 9.0061 9.0041 9,0094
9.4952 | 10.0180 10.0044 10.0092
10.4943 10.4950 ! 11.0039 11.00%2
11.4938 11.5000 |I 12.0046 12.0088
12.5020 i 13.0069 13.0086
13.5020 Il 14.0112 14.0086
14.5030 L 15.0906 15.0095
15.5030 16.4836 { 16.0107
16.5040 17.4892 : 17.0116
17.5040 18.4903 I 18.0141
F S L 0170

Nulls Above Brewster's Angle

hy= 10 20 30 40

0.4950 0.4994 0.5030 0.4881 0.4880
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TABLE 6-U4, NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1.333 (cgntinued}

Average Land (¢, =15, 0 =0.030)
ch =1180
Nulls bejow Brewster's angle are above dashed enclosure

By=S 10 20 30 40
09915 0.9990 1.0037 1.0107 1.0206
1.980% 1.9971 2.0029 2.0088 2.0172
2.8761 2.9944 3.0022 3.0078 3.0154
15253 { 3.9929 4.0010 4.0070 40145
45037 ! 4.9843 5.0002 5.0067 5.0140
54990 : 5.9073 6.0006 6.0063 6.0133
64971 7.5008 i 7.0001 7.0058 7.0127
14967 5.4978 | 7.9989 8.0059 8.0121
9.4963 | 8.9997 9.0048 9.0120
10.4954 : 9.9988 10.0048 10.0117
11.4944 | 10.998S 11.0039 11.0108
12.4938 12.4915 12.0046 12.0106
13.4932 13.4938 | 13.0046 13.0107
14.4928 14.4932 : 14.0042 14.0100
15.4925 15,4941 | 15.0053 15.0098
16,4918 16.4931 | 16.0069 16.0101
17.4931 [ 17.0135 17.0104
18.4922 18.4658 i 18.0103
AVETAEE T . o v o o v o s e mt o s m e naae e e e et e e . . 0.0136

Nulls Above Brewster’s Angle

hy*s 10 20 30 40

0.5044 0.4549 nosany 04862 0.4847
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TABLE 6-4., NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1.333 (continued)
Average Land (e = 15, 0 = 0.030)
fpe= 1000
Nulls Below Brewster's Angle
50 60 30 100 175
1.0275 1.0418 1.0785 1.1282 1.3790
2.0232 2.0348 2.0654 2.1080 2.3550
3.0214 3.0321 3.0600 3.0984 3.3308
4.0202 4.0303 4.0568 4.0930 4.3131
5.0194 5.0291 5.0547 5.0892 5.3004
6.0189 6.0285 6.0530 6.0867 6.2910
7.0182 7.0277 7.0519 7.0849 7.2836
8.0175 8.0271 8.0510 8.0830 8.2774
9.0170 9.0267 9.0501 %.0817 9.2727
10.0167 10.0260 10.0494 10.0806 10.2685
11.0)65 11.0253 11.0485 11.0794 11.2650
12.0162 12.0248 12.047% 12.0787 12,2621
13.0160 13.0242 13.0476 13.0779 13.2591
14.0156 14.0241 14.0467 14.0769 14.2569
15.0156 15.0238 15.0464 15.0761 15.2547
16.0149 16.0232 16.0459 16.0755 16.2529
17.0152 17.0235 17.0452 17.0746 17.2509
18.0157 18.0229 18.0447 18.0740 18.2493
Average X
0.0191 0.0310 0.048% 0.0786 0.237%
Nulls Above Brewsler's Angle

50 60 80 100 175

0.490 0.4900 05026 05007 0.5740
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TABLE 6-4. NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FACE =
Average Land (¢ =15, 0=0.030)
fgc = 1180
Nulis Below Brewster's Angle
50 60 80 100 175
1.0340 1.0517 1,096% 1.1570 1.4473
2.0280 2.0423 2.0802 21327 2.4283
3.0258 3.0390 3.0731 3.120+ 3.4023
4.0246 4.0370 4.0690 4,1132 43812
5.0235 5.0355 5.0665 5.1085 53653
6.0228 6.0344 6.0643 6.1050 6.3534
7.021% 7.0335 7.0628 7.1026 7.3439
B.0215 8.0325 8.0617 8.1002 8.335%
9.0208 9.0320 9.0605 5.0984 9.3296
10.0208 10.0310 10.0595 10.0970 10.3244
11.0199 11.0308 11.0586 11.0961 11.3199
12.0194 12.0301 12.0578 12.0946 12.315%
13.0188 13.0296 13.0572 13.0934 13.3122
14.0185 14.0292 14.0566 14,0928 14.3095
15.0180 15.0286 15.0556 15.0916 15.3065
16.0180 16.0280 16.0549 16.0910 16.3041
17.0173 17.0273 17.0543 17.0900 17.3018
18.0169 18.0274 18.0542 18.0895 18.2997
Average z
0.0219 0.0319 0.0558 0.0898 0.2768
Nulls Above Brewster's Angle
' 50 60 80 100 175
N.4879 0.4853 0.5061 4.5030 05895
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IABLE 6-4, NULL NUMBERS BELGW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR_SELECTED SURFACE CONDITIONS AND k = 1.333 (continued)

Average Land (e = 30, 0 = 0.030)
fpge = 1000
Nulls below Brewster's angle are above dashed enclosure
hy=S 10 20 40 60 100 175
0.9760 0.9952 1.0027 1.0162 1.0415 1.1282 1.3790
1.789% 1.9883 2.0017 2.0132 2.0448 2.1078. 2.3546
2.5202 L 2.9685 2.9998 3.0121 3.0316 3.0984 3.3308
3.5035 3.6946 _{ 3.9995 4.0106 4.0298 4.0928 43132
4.4998 45145 | 49975 5.0103 5.0288 5.0892 33004
5.4983 5.5038 : 5.9919 6.0095 6.0276 6.0865 6.2909
6.4972 64997 | 69620 7.0089 7.0267 7.0845 7.2834
7.4984 7.5587 : 3.0084 8.0261 8.0828 8.2774
£.4976 85139 | 9.0074 9.0253 9.0813 9.2723
9.4964 95079 | 10.0056 10.0248 10,0800 10.2683
10.4957 105077 II 11.0063 11.0239 11.0791 11.2648
11.4951 115062 | 12.0046 12.0232 12.0781 12.2618
12.4946 125062 | 13.0032 13.0228 13.0767 13,2591
13.4940 13.5062 ll 13.9971 14.0220 14.0763 14.2568
145058 | 14.6313 15.0220 15,0753 15,2542
15.5050 155086 | 16.0209 16.0744 16.2526
165000 16.5062 : 17.0208 17.0735 17.2506
17.4910 175035 b 180203 18.0733 18.2490
VETBEEZ . v et e e v e B e e 0.0260 0.0809 0.2454
Nulls Above Brewster’s Angle
hy=$ 10 20 40 60 100 175
0.5038 0.4990 0.4904 0.4923 0.4947 0.5126 0.5938
Chap 6
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TABLE 6-4, NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR_SELECTED SURFACE CONDITIONS AND k = 1,333 (continued)
Average Land (€ = 30, 0 = 0.030) I
ch =1180 7
!
Nulls beJow Brewster’s angle are above dashed enclosure !
|
h =5 10 20 10 40 60 100 175
0.9821 0.9965 1.0033 1.0102 1.0204 1.0517 1.1570 1.4473 ,
: 1.9133 1.9916 2.0014 2.0082 2.0164 2.0425 2.1237 2.4285
[ 25454 | 2.9834 3.0003 3.0067 3.0150 3.0387 3.1204 3.4023 |
: 3.5082 } 1.9466 3.9980 4.0059 4.0136 4.0364 4.1132 43814
4.5013 45656 | 4.9968 5.0049 5.0131 5.0349 5.1083 5.3653
5.4989 5.5097 : 5.9937 6.0043 6.0116 6.0338 6.1050 6.3532
6.4976 6.5028 Il 6.9911 7.0033 7.0116 7.0327 7.1023 7.343%
7.4969 7.4992 | 7.9755 8.0030 8.0110 8.0320 8.1002 8.3357
|
84982 |  8.6652 9.0009 9.0098 9.0309 9.0982 9.3294
9.4972 9.5134 ; 9.9994 10.0089 10.0299 10.0971 10.3242
10.4965 105036 | 109971 11.0084 11.0297 11.0954 11.3194
11,4957 11.5003 Il 11,9903 12.0084 12.0287 12.0941 12.3157
12.4949 12.4994 | 12.8676 13.0075 13.0282 13.0931 13.3122
13.4944 13.4982 135168 | 14.0068 14.0275 14.0919 14.3093
14.4938 14.4974 14.5059 ; 15.0053 15.0272 15.0909 15.3061
15.4935 15.4967 155028 | 16.0034 16.0267 16.0505 16.3038
16.4930 16.4956 165014 { 16.9830 17.0262 17.0893 17.3015
17.4984 17,5004 17.5217 | 18.0255 18.0885 18.2994
L - 0.0302 0.0915 0.2878
Nulls Above Brewsier's Angle
hy=5 10 20 30 40 60 100 175
0.5006 0.4974 0.4939 0.4919 0.4915 0.4939 0.5153 0.6113
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TABLE 6-4. NULL NUMBERS BELOW AND ABQVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR_SELECTED SURFACE CONDITIONS AND k = 1.333 {(continued)
Marsh Land (¢ =30,0=0.110)
fae = 1000
Nulls below Brewster's angle are above dashed enclosure

by=5 10 20 40 60 80 100 175
0.9799 0.9964 1.0033 1.0167 1.0420 1.0798 "1.1286 1.3790
17949 1.9932 2.0021 2.0143 2.0353 2.0663 21084 2.3547
25088 | 2.9861 3.0021 3.0137 3.0326 3.0609 3.0988 3.3311
34980 | 36700 4.0019 4.013] 4.0312 4.0581 4.0938 4.3137
44965 44985 | 5.0028 5.0130 5.0305 5.0557 5.0904 5.3010
5.4955 5.4951 : 6.0062 6.0132 6.0295 6.0543 6.0875 6.2913
64949 64941 | 7.0409 7.0133 7.0291 7.0535 7.0857 7.2843
7.4938 84833 | 80137 8.0292 8.0529 8.0846 8.2781
B.4935 9.4885 j 9.0148 9.0289 9.0523 9.0833 9.2735
9.4930 10.4897 | 10.0162 10.0288 10.0516 10.0821 10.26%4
10.4929 11.4909 : 11.0189 11,0289 11.0510 11.0814 11.2660
11.4925 124913 | 12.0240 12.0293 12.0508 12.0807 12.263]
12.4924 13.4909 : 13.0358 13.0302 13.0506 13.0799 13.2606
13.4918 14.4910 | 14.0927 14.0302 14.0505 14.0797 14.2585
15.4909 15.4465 | 15.0315 15.0505 15.0789 15.2560
16.4907 16,4755 : 16.0330 16.0500 16.0789 16.2545
17.4905 17.4846 | 17.0358 17.0502 17.0782 17.2527
18.4901 18.4878 | 18.0392 18.0509 18.0782 18.2512
Average z. e e e e 0.0342 0.0573 0.0891 0.2589

Nulls Above Brewsler's Angle

by=5 10 20 40 60 80 100 175

0.4988 4939 0.4898 0.4854 0.4880 0.4944 0.5051 0.5861
Chap 6
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TABLE 6-l., NULL NUMBERS BELOW AND ABOVE BREWSTER'S ANGLE AT 1000 and 1180 MC
FOR SELECTED SURFACE CONDITIONS AND k = 1,333 (copntinued).

Page 116

Marsh Land (e =30,0= 0.110)
ch = 1180
Nulls below Brewster's angle are sbove dashed enclosure
hy=5 10 20 40 60 80 100 175
0.9874 0.9984 1.0037 1.0208 1.0520 1.0980 1.1572 1.447>
1.9298 1.9964 2.0034 2.0174 2.0431 2.0872 2.1329 2.428
25292 ] 2.9923 3.0026 3.0163 3.0393 3.0740 3.1207 3.4023
3.5009 f 3.9780 4.0023 4.0156 4.0372 4.0700 41136 43816
44972 45240 | 50020 5.0151 5.0358 5.0674 5.1092 5.3657
5.4964 5.4967 : 6.0037 6.0146 6.0352 6.0656 6.1059 6.3539
6.4956 54960 | 7.0048 7.0148 7.0344 2.0641 7.1033 7.3443
1

7.4948 74948 ; 8.0186 8.0149 8.0342 8.0627 B.1012 8.3368
8.4940 94810 | 90149 9.0340 9.0618 9.0996 9.3303

I
9.4935 10.4878 | 10.0152 10.0330 10.0609 10.0985 10.3253
10.4933 11.4908 { 11.0158 11.0328 11.0602 11.0973 11.3205
11.4931 12.4907 : 12.0172 12.0326 12.0598 12.0960 12.3168
12,4924 13.4912 | 13.0180 13.0324 13.0592 13.0950 13.3133
13.4922 14.4914 : 14.0224 14.0322 14.0586 14.0942 14.3103
14.4917 154912 | 15.0285 15.0327 15.0584 15.0937 15.3076
15.4914 164915 | 16.0467 16.0333 16.0584 16.0928 16.3054

I
16.4911 17.4912 | 17.2958 17.0331 17.0578 17.0925 17.3029
18.4907 184630 | 18.0343 18.0573 18.0918 18.3009
AVEIBEE 2o e e v e e e e e e 0.0381 0.0665 0.1028 0.3054

Nulls Above Brewster's Angle
hy=5 10 20 40 60 80 100 175
0.5023 0.4957 0.4897 0.4853 0.4870 0.4958 05082 0.6054
Chap 6
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(3) Beacon distance, r_, is the radio distance from transmitting

source to the airborne receiver. The expression for rs is given in paragraph
23.a.(6).

(4) 1In order to accurately evaluate the field strength in space, the
angle chi, x , (see figure 6-32) formed by the direct ray and a line parallel to
the ground at the transmitting antenna position, must be known,

FIGURE 6-32. GEOMETRY FOR THE SOLUTION OF RADIATION ANGLE chi, x

This angle 1is used to obtain the relative fileld strength for the direct ray from
tge free space antenna directivity pattern. Hence, a method of conversion from
%~ Lo ¥~ is necessary. The deviation from angle ¢ to ¥ is given by,
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gin 2
Deviation, 8° = 2¢° - sin” ( 5,; L

and the angle chi 18 then given by

r., sin 2¢ d
o -1 2 o) 1
X = 8in Po -y - Ka

where ro1 Tos d1, and ka must be in the same units of measure.

(5) For the case of the TACAN antenna, it is necessary to consider the
antenna's directivity in order to calculate the interference field structure. The
magnitude of the direct ray will be given as E _Ey/r_, and the magnitude of the
reflected ray by DRE Ey /r . Then the field strengtg at any given grazing angle
and beacon distance ?s gi en by

1 2 1 EW 2 2 E 3
:EO(E)<?> T DR +Th Excos(e-q;)
0 r or

where E is the rms field strength at a unit distance, the mile, since r_,r
. A o' 1
and r. are expressed in statute miles, then,

2
«[30 PxG
Eo = 1.609 rms mv/m at 1 s.m.
where:
P = radiated power in watts
G = power gain of the antenna relative to an isotropic radiator

Pr =y o+ Ty, the reflected path length

E is the normalized value of E as obtained from the free space
X antenna directivity pattern at the radiation angley

is the normalized value of E as obtained from the free space
¢ directivity pattern at the grazing angle y

For the range of values of r_and r_ encountered in TACAN operation it may

generally be assumed that thé error introduced by letting r =r will be
. r o]
negligible and then,

E, Ey 3
=E (E)T 1+ {DRE + 2DR Ey cos {o-9) mv/m
© x © X
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It is convenient to express the g(0) function, illustrated in figure 6-31, in
decibels. As such, it is defined as 20 log of the ratioc of the resultant field
strength corresponding to a given grazing angle ¢ and radial distance to the
free-space field at the same angle and distance from the transmitter or

E E 2 E 3
E =X 11 +(prR=%) + 2DR =¥ cos (0 -¢)
or, E EX

g(@)db = 20 log ] El.
or
o
E,\2 E
= 10 log E + (;R E£j> + 2DR Ey cos (o - ¢)}
X X
Maximums of g(©) occur when cos ( 0-¢) = 1 and minimums when cos (g-¢) = -1

For maximums:

Ey
g(e)db 20 log \l + DR E,

Ey.
20 log \t -~ DR EX

TACAN antennas are of the tilted array type illustrated by the representative nor-
malized directivity pattern shown in figure 6-33. The pattern is tilted up in
order to discriminate against the ground reflected ray. The up-tilt is such that
maximum radiation occurs at an angle, xo, of approximately 5 to 15°.  Discrim-
ination against the ground-reflected ray results in a shallow null and a field
strength that is close to the free space value.

For mininums:

g(e)db

ty
i

wO

-]
X
reflected ray path —+—— direct ray path

FIGURE 6-33. TYPICAL NORMALIZED FREE SPACE DIRECTIVITY PATTERN
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{6) In the consideration of the wave theory of propagation each point
on the expanding sphere of radiated energy may be considered as a secondary source
which radiates energy in all forward directions. 1In the transmission of energy in
free space from a transmitter to a receiver, there are, in reality, an infinite
number of paths to consider. Now suppose a plane is placed perpendicular to the
line between T and R (transmitter and receiver), and concentric circles are drawn
which represent the loci of the origin of secondary waves traveling to R. When
the radii of these circles are so chosen that the total path length from T to R
via a point on the cirele increases in increments of a half wavelength over the
direct path from T to R, then the zones, as represented by the successive areas
within the circles, are called Fresnel zones. In the volume of space between
T and R, if there are no obstructing bodies such as buildings or hills, a given
Fresnel zone outlines an ellipsoid of revelution having a circular cross-section
centered on the axis between T and R.

{(7T) With transmitter and receiver located over a smooth spherical earth,
it 1s evident that the earth will intersect certain of the Fresnel zones, depend-
ing on the elevations of T and R. The area of the earth's surface which inter-
sects the zones (now the reflecting area) is elliptical, and most of the reflec-
tion occurs within the first Fresnel zone, the zone in which the path length via
a peint on the circle is one-half wavelength longer than the direct path from
T to R. On the assumption that the earth is flat over the relatively small dis-
tances involved when using moderate-height transmitting and receiving antennas,
the radial limits of the reflecting area (the limits of the major axis of the
ellipse) for the first Fresnel zone, as measured from the transmitter location,

are given by,
o = 4y (1 +2a) - 2d, Ja(1 + a)

Iy
n

in units of d1

£y = d, (1 + 2a) + 2d, ya(l + a)
in units of d1
where
a = A {dimensionless with A
B h, siny and h, in same units)
) 246 (with h,, transmitter
- f h, sin ¥ height 'in feet)

MHz 1

The minor axis or width of the ellipse at its center (normal to the radial) is
given by,

W= Mh1 ¢a(1 + a)

in units of h1

Chap 6
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(8) 1In choosing a possible site for a TACAN antenna the system planner
must consider the following important rule for the propagation path chosen:

The first Fresnel zone should be clear of cobstructing
objects in order to minimize fading.

A vertical plane profile showing the concept of first Fresnel zone clearance
over a rough earth terrain is shown in figure 6-34. The radius R on the locus
which establishes the ellipse, at any distance d for a path length ro is
given by,

4(2d - r0)2 1

A
R:u(l" +T) 1 « —————

(2r° + 1)2

or when the wavelength A <ro, then

Ad(r - d) |}

R = ro

Whether the obstructions are hills or buildings does not alter the concept. A
choice of site such that more than one Fresnel zone is clear of obstructions
will not necessarily improve the situation, since reflection from cutside the
first Fresnel zone could then arrive out of phase, and the familiar lobe struc-
ture would be present, especially if these reflecting surfaces were smooth earth
or water. Variations in the refractive index would then cause these lobes to
shift up and down, thereby causing fading.

¢. Graphic Procedure for Determining Distribution and Depth of Nulls

(1) The following nomographic procedure, to be described in detail,
is appropriate for determining the distribution and depth of nulls in
the TACAN vertical radiation pattern due to earth reflection:

(a) Determine the value of the earth radius factor, k.

(b) Using the curves of figures 6-35 through 6-40, determine
the grazing angle ¥ for arbitrarily chosen nulls. The first several nulls
will usually be the deepest and are likely to be the ones that will create
navigation problems.
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(¢) Using the curves of figures 6-41 through 6-46, determine
the distance d to the center of reflection of the Fresnel zone for the
parameters under consideration.

(d) In this graphical method, obtain the value of the radia-
tion angle X by assuming that it is approximately equal to the grazing angle
¢+ It will be shown that the error introduced by this approximation is
negligible.

(e) Determine the free-space directivity of the downward
directed ray corresponding to the grazing angle V. For this purpose, use the
directivity pattern for the antenna used. Typical patterns are shown in
figures 6-47 and 6-48. If the pattern for the specific antenna is not
available, it is permissible to use the pattern from an antenna having the
same number of active elements.

(f) Determine the free-space directivity of the upward
directed direct ray using the methods just described for the downward
directed ray.

(g) Determine the divergence factor D from figures 6-49a,
6-U49b, and 6-U49c,

(h) Using figures 6-23 through 6-29, determine the magnitude
of the reflection coefficient,

(1) Determine the earth gain factor, g(c)ygs for the null
under consideration using the equation

Ei
v
g(o)d‘B = 20 log E - DR EX](nulls)

Note that neither Ew nor EX need be known - only their
relative amplitudes.

(j) Calculate points on the locus of the maxima of g{c) using
the equation

E
g(o) _ = 20 log |* + DR L (maxima)
dB EK

These points do not locate lobe maxima, they are simply
points on the locii of maxima.

(k) Determine the beacon distance corresponding to the grazing
angle considered. Refer to figures 6-50 through 6-52,
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CHAPTER 7. CONSIDERATIONS OF LATERAL i

28. GENERAL.

a. Recall the comparison between longitudinzi and latersl multipath
presented in Section Y. Recall also the overview discussion of lateral
multipath presented in Section 6. The material just refersnced provides an
overview and summary for the subject of lzateral multipath.

b. Fundamental to a discussion of reflection snd re-radistion is
a knowledge of the dimensions required to provide a substantial re-radiated
signal. As with longitudinal multipath, the first Fresnel zone is primarily
responsible for producing the interfering wave. Figure 7-1 ghovse the
geometry and the equations for calculating the first Fresnel zone size.
Figures 7-2, T-3, and 7-# provide graphic values ¢f the Frasrel zon
dimensions. Interfering wave energy is primsrily dspendent upon the
dimension PD, where P is the point of reflection satisfving the law of
reflection; i.e., angle of incidence equals angle of reflection, and I is the
forward point at which travel distance from navaid to zirerzfi iz Y/Z2 longer

than along the path involving point P.

¢c. Distortion of course information dus tc st
itself, in the case of VOR, as course scalloping on
indicator. Course scalloping is a periodie variztion of
azimuth about the correct azimuth, where the freguency (ar
oscillation) varies with position in space.

(1) Two terms associated with scalloping are bends
A bend is a single scalloping cyele, or part thereof, of sufficiently low
frequency (a long period in time) to appear as a par ";;k? virse displace-
nent on the aircraft receiver indicator. Rougl G :
or more scalloping frequencies originating from separsz ¥ Z
sources. Separating roughness intc its individusl scallceping frequency com-
penents is another complexity in propagation interler lvsi

(2) Course scalloping derives its name from the shape of the curve
resulting from a plot (as observed by an airboerne receiver) of the magnitude
(in degrees) of the deviation of indicated azimuth from true z2zimuth. as a
function of azimuth (in degrees). This curve frequ 2 3inu ULdal
shape, hence the term scalloping. Because of ¢ wrd waveform
terninology is used in discussing scalloping: i.

o z amplitude."
While the pilot is concerned with the magnitude of ific course devi-
ation, the ground engineer is concerned with ths v :nd ampiicude of

the scalloping.

d. HRe-radiators are divided, for purveses of discussicn, into spscular
and diffuse reflectors. See figure 2-U for sketches contrzsiing these types
of surfaces. In the material to be presented, specular ans @G
reflectors will be seen to have the following character

scalloping amplitude.
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(1) Scalloping amplitude is a function of the angle of incidence
between interfering wave and reflector.

{2 Maximum scalloping amplitude cccurs at the angle of incidence
approaching 55 degrees.

(3) Half-power scalloping amplitude occurs at angles of incidence
of 35 and 73 degrees.

(4) Angles of incidence below 35 and above 73 degrees have relatively
small scalloping amplitude compared to the maximum.

vertical reflection surfeca
(X, Y plana)

Freane)l firet zone
elliptical area

to

i /7 - sircrafe
[
‘ é/,/// ground
(X, Z plang)
d
PO = ET%_E © 3 (oo fig., 7-2)
2 pin” &
PE = F::%}-E -t (eee tig. 7-3)
2 ein” ¢
PF € dil {ooe Fig. ¥-&)
FIGURE 7-%. REFLECTOR SURFACE DIMENSIONS (FRESNEL FIRST ZONE)

CONTRIBUTING TO SCALLOPING
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(5) Angle of incidence is zero at all points along a reflector in
radial alignment with the VOR, thus causing no course scalloping.

(6) Scalloping amplitude is approximately inversely proportional to
the square of distances between interfering object and VOR over a large range
of distance ratios.

(7) Scalloping amplitude is approximately proportional to the square
of heights of interfering objects over a large range of height ratios.

e. Diffuse reflectors have the following characteristics with regard to
scalloping amplitudes.

(1) Scalloping amplitude is maximum along a bearing line 90 degrees
from the azimuth of the re-radiating object.

(2) Scalloping amplitude decreases in a sinusolidal manner with
azimuth displacement from the maximum scalloping bearing line.

(3) Scalloping amplitude approaches zero along the azimuth of the
re-radiating object.

{(4) Scalloping amplitude is proportional to the ratio of
re-radiated signal amplitude to direct signal amplitude at the aircraft
receiver.

f. A number of general conclusions with regard to scalloping frequency
can be derived from the material to be presented.

(1) When approaching the VOR, the frequency of scalloping is lowest
when closest to the re-radiating object.

(2) The frequency of scalloping increases with an increase in
distance between the re-radiating object and the VOR.

(3) Scalloping frequency is maximum along a bearing line where:

(a) Angle of reflection (g, - 91) equals 90 degrees for a
nondirectional re-radiation. Note this 13 alsc the angle of maximum
scalloping amplitude.

{b) Angle of incidence (a) equals 45 degrees for a directional
reflector.

(4) Scalleping frequencies encountered on radial flight are
appreciably lower than those on an orbital flight at similar aircraft
locations.

g. During radial flight, a zero-frequency scalloping error may be
experienced. The magnitude of this error may be determined from a knowledge
of scalloping amplitude at other frequencies and the VOR receiver scalloping
frequency response curve,

Chap 7
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29. AMPLITUDE OF COURSE SCALLOPING

a. General. The amplitude of course scalloping is measured in degrees
and, for obvious practical reasons, it is desirable to know this amplitude as
presented to the pilot in his Course Deviation Indicator. Re-radiating sur-
faces have already been discussed as specular and diffuse reflectors (see
figure 2-U4). 1In connection with lateral multipath and course scalloping, we
use different but related terms for re-radiating surfaces and speak of
directional and diffuse re-radiators. Directional radiators include all re-
radiators which re-radiate the infringing EM energy in a preferred direction.
These include smooth surfaces which support specular reflection, wires and
fences which radiate directionally because of resonance effects, and
groupings of objects such as trees or wires which radiate directionally
because of the interferometer effect. Note that a surface may be smooth for
one angle of ray arrival and rough for another angle. Additionally, a
surface may be rough for DME and VORTAC frequencies and smooth at the lower
frequency of VOR. 3See figure 2-6 for a summary of the roughness criterion.
The interferometer or periodicity effect is presented in figure 2-5.

b. Scalloping Amplitude Due to Directional Radiators.

(1} The equation for amplitude of scalloping is given below. It
applies to both short and long directional reflectors. The geometries are
illustrated in figures 7-5 and 7-6. )

S = + arc tan E;E A sin a sin 2%] (degrees)

Where A = Amplitude of Er/Amplitude of Ed. Figure 7-T7 is a plot of this
equation for a single value of A.

(2} For short-length reflectors, the spread of azimuths which are
susceptible to scalloping will be small. Short is defined as involving a
small spread of azimuth coverage as seen from the VOR site. See figure T7-8,

(3) For long reflectors, the ratio of scalloping at any angle
compared to that at the angle of maximum scalloping is shown graphically in
figure 7-9 for a particular value of A, and is described analytically in the
following egquation.

So + arc tan E{Z- A sin % sin 2 Oo]

MAX + arc tan E;E A sin GOMAX sin 2 GMAX]

3

Note that figure 7-9 may be used to illustrate the scalloping of a long reflec-
tor regardless of its orientation to the VOR site. Simply make the appropriate
azimuthal correction for the direction of the bearing normal to the reflector
and apply that correction to the azimuthal indications on figure 7-9.
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# Relatively small azimuth spread for "short" reflector.

FIGURE 7-8. SPREAD OF COURSE SCALLOPING AMPLITUDE
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c¢. Diffuse Radiaicrs. Figure 7-10 is & grephic presentation of the
amplitude of scalloping for the angular parameiérs cefined in figure 7-11.
The analytic relationship is descrited by the eguation Lelow.
S = + arc tan rh gin {30”51}“} (degrees)
where
A = Amplitude of Er/hmplitude of Ed

d. Effect of Geometry orn Scslleoping Amplituce.

-y

diated from the interfering object is

< with respect to the VOR/VORTAC site,
This signal magnitude in turn deter the peremeter p which appears in the
expressions for scalloping for both ctnoral andé diffuvse reflectors. It
is difficult to determine 4 in absclute terms, but it is ezsier and useful to
determine A in relative terms for variations in the geowmetry. Using the para-
melters defined in figure T7-12, the sca ]op?ﬂg amplitude in terms of an undeter-
mined constant can be expressed as shown in tre ecuztion zssocizted with that
figure. Figures 7~13, 7=14, and 7-15 present graphically thre veri iation in
scalloping amplitude as the Darcmeters of the gecmetry zre varisd

{1} The amount cof sigrzl re-r

o
a function of the location of the

o+ D

o

[0

=

B = o (D
o]

"S o0
4]

-

(2) The equation presented in figure 7-12 car be used to predict
scalloping amplitude under one set of conditicns when the zmplitude is known
for another set of conditions. For example, if scalloping amplitude S (in
degrees) is known for d then tne amplitude & for the changed distance

d., is presented graphics _"y in ;1gnre 7-16 and is expressed anzlytically as
shown in the equation included with the figure. Siwilariy, if a change of
height only is involved, the new scelloping amplitude cen be determined as
shown graphically and in anslytic form in figure T7-1i7.

(3) Additionally and within certain ligpits, an approximate relation-

ship may be used for changes in both height and distance.

‘I
”
[ gd]h‘i 2;{ A
S7 2 3 f“THfm: degrees)
IS
when h,I h1
T and — are less than 0.1
1
h n. h b
and e are less tl 0 foct
d 4.
1 i
(4) In applicaticn cf thesg equations and grephs, height of interfer-
ing objects is taken zs the uppermcst perticn ¢f the obiect such as the top of a
fence or the pesk of & tewer., In considering distarce charges with directional
reflectors, the angle =f incidence of the erfering weve 1s sssumed to remain
constant. VWhere this ccrﬁition dces net prevail, sn additicnazl factor can be
applied in accordance wiil the basic eguaticn presented in figure T-12.
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30, FREQUENCY OF COURSE SCALLOPING.

a. General. Scalloping frequency for an aircraft in orbital flight and
for an aircraft in radial flight are treated separately in the material- which
follows. In both discussions it is assumed that the airceraft travels at a
constant speed of 140 knots. As already mentioned, the VOR scalloping ampli-
tude presented to the pilot is a function of the scalloping frequency response
of the VOR receiver. An 1llustrative example is developed after the discussion
of scalloping frequency to show how to convert scalloping amplitudes at one
frequency to another frequency, taking the receiver response into account.

b. Scalloping Frequency - Orbital Flight,

(1) The geometry for a nondirectional re-radiator causing scalloping
is shown in figure 7-18, where the analytic expression for f_, the scalloping
frequency, is also presented. By inspection, the scalloping frequency is a
maximum when the angle (9_-0.) is 90 degrees or 270 degrees. The analytic
expression can be written for a special case as follows:

27.55 sin (60-91)

f =

s r‘O/d1
where
Va = 140 knots = 1U40(1,688) ft/sec = 236 ft/sec
A(115 MHz) = 984/115 = 8,56 ft
N = 236/8.56 = 27.55 wavelengths per sec
F |
| Magnetic Va, ~orbital
: North flight
i 0° non-directional
l i re-radiator aircraft
1 §
Ed
N sin (68 - 8.)
- o 1
8 ro/d1
— where ro/d1 > 10
VOR
N = Va/x
FIGURE 7-18. NONDIRECTIONAL RE-RADIATOR
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Using the foregoing numerical expression, graphic presentations of the variation
in scalloping frequency are presented in figures 7-19 through 7-22 for variations
in r_/d, and for variations in the angle (00-01).

(2} The geometry for a directional re-radiator causing scalloping is
shown in figure T7-23 where the analytic expression for f_, the scalloping
frequency, is also presented. Using the same numerical parameters as before,
the analytic expression may be written:

27.55 sin 2a
f = .
s r'o/d1
where
Va = 140 knots
A = A(115 MHz)

Note that the scalloping frequency is a maximum when a i1s 45 degrees. Using
the numerical parameters above, graphic presentations of the variation in scal-
loping frequency are presented in figures 7-24 through 7-27 for variations in
r-o/d1 and a.

(3) With respect to course scalloping characteristics, a long-length
directional reflector may be viewed as a continuous string of short-length
directional reflectors. Course scalloping equations are identical for both
types of reflectors, and conclusions pertinent to short reflectors apply as '
well to long reflectors. However, an angle of incidence between interfering
wave and reflector occurring at 55 degrees, corresponding to maximum scallop-
ing amplitude, is more likely with a long-length reflector than with a short
one. In situations where a short-length reflector location and orlentation
are recognized, equations shown in figure 7-23 can be useful in calculating
the angle of incidence to be encountered and the VOR courses susceptible to
scalloping.

¢. Scalloping Frequency - Radial Flight.

(1) Using, for a nondirectional radiator, the same geometry and
nomenclature as before, the analytic expression for f , the scalloping fre-
quency for orbital flight is as shown in figure 7-28.° This expression for an
aircraft speed of 140 knots, a VOR carrier frequency of 115 MHz and (00-91)
of 90 degrees or 270 degrees is as written below.

(r_sd,)
F = 27.55[1 - o 1
3
2

+ (r‘od1

)

Graphic presentations of the variation of f_, the scalloping frequency, with
variations in ro/d1 are included as figures 7-29 and 7-30.
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d. Scalloping Amplitudes Presented to the Pilot

(1) Figure T7-31, which is a typical scalleping response curve for a
VOR receiver, may be used to estimate the radial flight scalloping frequency
reaponse that will be experienced from knowledge of the crbital flight
scalloping frequency that has been measured.

(2) During radial flight, a very slow scalloping frequency,
approaching zero, willl be experienced and it is useful to determine the
amplitude of this scalloping. Figures 7-32a and T=32b reveal that, along
the 310-degree radial at the Washington National Airport, a scalloping
amplitude and frequency of +0.6 degrees and 1.28 Hz, respectively, were
measured. From figure T-=31, the VOR receiver has a nine percent response to
1.28 Hz on a scale normalized to zero frequency response. Hence, the zero
frequency scalloping amplitude can be expected to be 15.67 degrees as shown
below.

Sealloping Amplitude

Sof  Relative Scalloping Amplitude Percent
o
. +0.6 2 4 6.67°
.09
(3) The frequency of scalloping, f_, as seen by an aircraft on a

radial flight and in the presence of a direcBional re-radiator is as shown

below.
- —
( )-cos 2a
s
\/1+< ) -2( )cos 2a

Refer to figures 7-5 and 7-6 for the geometry. Along the azimuth of maximum
f , a = 45 degrees, and for the parameters of 140 knots and 115 MHz, this
e?pression reduced to the one obtained in the previous paragraph is

, (r sd.)
£ = 27,551 - o 1

e (e a)?

which is plotted in figures 7-29 and T7-30.
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CHAPTER 8. SCATTERING SIMULATIONS

31. GENERAL.

a. Previous chapters have presented various practical and theorstical
approachas to siting VOR, VOR/DME, and VORTAC facilities. This chapter and
its related appendix provide access to simulation tools to assist in evaluat-
ing the potential effects of specific types of obstructions on the
performance of only the VOR facilities. The types of obstructions considered
here are thin-wire obstacles (i.e., utility lines and fences) and metallic
obstacles shaped as bodies of revolution {i.e., water tanks and silos}.

b. The use of these simulations is most suited for established facili-
ties, particularly where construction of a potential obstacle is planned in
the vicinity of the site, or where it is desired to identify the magnitude of
error arising from a given obstacle. For new facilities, flight testing of
candidate sites provides more comprehensive and reliable information than is
presently possible with simulations.

¢. The purpose of this chapter is to describe the available programs
and to provide guidance on the inputs required to properly utilize each pro-
gram. Full description of the program methodology and theoretical basis is
beyond the scope of this order, but is available in the following reports:

(1) "Effects of Scattering by Obstacles in the Field of a
VOR/DVOR," Report No. FAA-RD-74-153, Harry Gruenberg and Bradley J. Strait,
July 1974,

(2} “Effects of Scattering by Obstacles in the Field of a VOR/
DVOR," Report No. FAA-RD-76-21, Harry Gruenberg and Kazuhiro Hirasawa,
February 1976.

The programs were originally run on an IBM 360 and have since been rewritten
to be used on the CDC 6600, Scope 3.4, Fortran Extended System which is
available to FAA. '

d. The programs are available in card decks through:

Navigation Program, APM-420
Federal Aviation Administration
Washington, DC 20591

(202) 426-1944 (Commercial)

e. Appendix 2 contains sample data input cards and the resultant
program output for each of the programs described. This will enable users to
verify that their installation of the programs is running correctly.

f. The following discussion assumes a basic knowledge of computer
programming in general and FORTRAN in particular.
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32. LONG-WIRE COMPUTATION PROGRAM (LONGSY).

a. The program LONGSY provides a means for analyzing the scalloping
effecta of a wire more than 200 feet in length in the field of a VOR. Up to
three parallel wires are accommodated by the program, provided that wire-to-
wire spacing does not exceed three feet. The input parameters for this pro-

gram are as follows:

b. Card 1. The number of segments of wires. The variable name in the
program is IMP and the input is an integer up to ten digits (I10)}. Figure 8-1
illustrates a four-segment wire.

FIGURE 8-1. SAMPLE WIRE PROBLEM

¢. Card 2,

(1) The spacing of the wire configuration in feet. The variable name
is D3 and requires an F10.4 input field. If wire spacing exceeds three feet,
then run the program for a single wire, and multiply the result by the number
of wires,

(2) The number of wires in the configuration. The variable name is N
and requires an I10 input field. The number of wires can be one to three. If
more than three wires are in the configuration, the program will require the
following general formula:

N

[l

2 . . 2
L 1(Khi) sin (Khde)/Khie exp ~j [gdi(1+31n¢)+(Khi /2Dz]'
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d. Card 3..

(1) The height of the counterpolse above ground. The variable name
is B and requires an F10.2 ipput fleld,

(2) The height of the four loops above the counterpoise. The variable
name is SH and requires an F10.2 input field.

(3) The radius of the counterpoise in feet. The varlable name is R
and requires an F10.2 input field.

(4) The carrier frequency in megahertz. The variable name is FRM and
requires an input field of F10.,2.

e. Card U.

(1) The radius of the circular alrecraft orbit in miles. The variable
name 1s SR and requires an F10.2 input field.

(2) The altitude of the aircraft in feet (HA), with an F10.2 input
field.

(3) The alrcraft speed in miles per hour (V), with an F10.2 input
field.

(4) The time constant of the 30 Hz signal of the recelver, between
0.3 and 0.4. The variable name is FO and requires an input field of F10.2.

f. Card 5. Three inputs, the initial azimuth angle in degrees (SPH),
the final azimuth angle in degrees (EPH) (less than 180 degrees) and the
inerement in degrees (AINC). All use an F10.2 input field.

g. Cards 6 and 7. These cards provide the description of each wire seg-
ment, and there should be one pair (cards 6 & 7) for each segment specified in
Card 1,

(1) Card 6 contains the normal distance from the VOR to the wire in
feet (D), the location of the first endpoint of the wire in feet (AL1), and
the location of the second endpoint of the wire in feet (AL2)}. These each
require an input field of F10.2. Figure 8-2 shows how these values are deter-
mined. Using wire segments from figure 8-1 as an example, figure 8-2a shows
for segment 1 the measurement of ALY and AL2 as being positive to the north
or right of the perpendicular from the VOR, This convention should be fol-
lowed for each segment. Figure 8-2b illustrates this convention for segment
2, where both AL1 ard ALZ2 are negative.

(2) The remaining two inputs on Card & are the radius of the wire
in feet (4), which requires an F10.6 input field, and the height of the wire
above ground in feet (H1), which requires an F10.2 input field.
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h. Card 7, This card contains the angular difference of wire position, in
degrees from north, for the wire segment described in Card 6. Clockwise is posi-
tive and counterclockwise is negative, and the card requires an input field o¢*
F10.2. Referring to figure 8-1, segment 1 is orlented north-south, and there-
fore a, = 0. Segment 2 will have a positive a, rotation, and segment 3 will
have a negative a, rotation. Running this program for a wire of more than one
segment will yield an error prediction for each wire segment. In order to find
the total error, the errors for each segment must be summed at each azimuthal
point, providing a composite error curve for the entire wire.

Chap 8
Page 190 Par 32



4/17/86
6820.10

33. BODIES-OF-REVOLUTION COMPUTATION PROGRAM (CYLPI and CYLP2),

a. The programs CYLPI and CYLP2 are used to calculate errors in a VOR
field due to bodies of revolution; 1.e., obstructions such as water tanks or
silos. Program CYLPI calculates the admittance matrix of the obstruction, and
program CYLP2 uses this matrix to calculate the error due to the obstruction.
The obstruction is assumed to have an axis running through 1ts center and per-
pendicular to the X-axis (90- and 270-degree radials) of the VOR station. It
is alsc assumed that the obstruction is symmetrical about this axis.

b. The program CYLPI requires five input cards.

{1) Card 1 has two inputs. The first is the number of points which
define the contour (NP), with an IS5 input field. There should be 21 points for
each wavelength of the contour. Therefore, if the contour is two wavelengths
high, then 42 points must be used. The second input is the VOR frequency in

megahertz (FRM), with an F10.2 input field.

(2) Cards 2 and 3 describe the locations of the peints that define
the contour. The reference 1s to the first point in the contour and to the
central axis, and the unit of measurement is the wavelength of the VOR signal.
For a VOR operating at 115 MHz, the wavelength is 2.6 meters, or approximately
8.5 feet. Figure 8-3 illustrates this for a cylinder 0.5 wavelength in diameter
and 0.375 wavelength high. Since the body 1s less than one wavelength high,
only 15 points are used to define the contour.’

]
l
:
l

0.375x

4‘_____“_..//"-..’---\aJnci.s

Y

N\
first point

NI Tu.
C.25\ i

FIGURE 8-3. BODY OF REVOLUTION
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(a) Card 2 contains the distance of each specified point on
the contour from the central axis. This variable is named RH(I), I =
1 to NP, and requires an input fleld of 10F8.4. There may be a maximum of 43
points, and since each card contains 10 polnts, there can be up to filve cards

of this type.

(b) Card 3 contains the elevation of each point with respect
to the first point, and the variable is called ZH(I), and requires an input
field of 10F8.4, The limits are the same as for Card 2.

(3) Card 4 is the number of modes, called NTR, and requires an 1/0
input field. The number of modes should be at least three per wavelength.

(4) Card 5 contains the mode number (NM) in an IS input field, and
the subdivisions of the mode to be used for the calculations (NPHI) also in
an I5 input field. The modes and their associated number of
subdivisionsg are:

NM NPHI

0 8
1 12
2 16
3 20
4 20

e. After the program CYLPI has been successfully run, the resulting
admittance matrix, ADDPAR, is stored for use by CYLP2. CYLPZ2 is then run to
calculate the error due to the obstruction. This program requires
seven types of input cards:

(1) card 1.

{(a) Number of modes {NX), input field of I10, same as NTR in
CYLPI.

(b} Number of points to define the contour (NP), input field
of I10, same as NP in CYLPI.

(¢} Frequency of VOR in MHz (FRM), input field of F10.2, same
as FRM in CYLPI,.

(2) Card 2.

(a) The perpendicular distance in feet from the VOR to the
centerline of the obstruction (XX), input field of F10.1.
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(b) The distance of the obstruction above the ground in
feet (ZZ), input field of F10.2,

(3) Card 3.

{a) Helight of the counterpoise above the ground in feet (HH),
input field of F10.2,

(b} Height of the four-loops above the counterpoise in
feet (SH), input field of F10.2.

(e) Radius of the counterpoise in feet (RR), input field of
F10,.2.

(4) Card 4. Same as type 2 card(s) in CYLPI.
(5) Card 5. Same as type 3 card(s) in CYLPI.
(6) Ccard 6.

(a) Altitude of the aircraft in feet (HS), input
field of Fi10.2.

(b) Radius of the aircraft orbit in miles (DIT), input
field of F10.2,

(7) card 7.
(a) Starting azimuth in degrees (SPH), input field of F10.2.
(b) Ending azimuth in degrees (EPH), input field of F10.2.
(e¢) Increment in degrees (AINC), input field of F10.2.

34. SHORT WIRE COMPUTER PROGRAM (FRANK).

a. The program FRANK is designed to estimate the bearing errors intro=-
duced into the VOR system when a short wire, less than 200 feet in length,
13 in the VOR field. The program is generalized so that it can be readily
modified to handle up to four wires. The input cards required for this pro-
gram are described below, with comments regarding variations for multiple
wires included where appropriate. Following the input description is a
review of the required changes for running analyses of more than four Wires,
and for variations on configurations.

b. Figure 8-4 provides a schematic description of a wire
in a VOR field, and the input descriptions will refer to this figure.
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d wire VOR
N
1 wire
A y/
- ———— =

L

' ¢

- Ly a - VOR. (:;ﬁ

ground plane

(a) (b)

FIGURE 8-4. SHORT WIRE IN A VOR FIELD

(1) cCard 1.

{(a) The perpendicular distance in feet from the VOR to the
wire(s) in question. This is labeled "a" in figure 8-4a. In the program
the variable is named XNP1 and requires an input field of F10.4. The first
wire is the closest to the VOR, when more than one wire is being considered.

(b} Distance of the wire(s) offset from the X-axis (90- and
270-degree radials) of the VOR. This is labeled "b" in figure 8-4a, 1In the
program the variable is named YNP! and requires an F10.4 input field.

(¢) Elevation of the wire(s) above the ground. This is labeled
"e" in figure 8-Ub. 1In the program the variable 1s named ZNP1 and requires an
F10.4 input field.

(d) Length of the wire(s). This is labeled "d" in figure 8-%a.
In the program the variable 1s named XLEN and requires an F10.4 input field.

(2) gard 2,

(a) The number of wires in the configuration (NW),, with an IX
input field.

{(b) The number of points to describe the wire(s) (NP), with an IY
input field. To determine the number of points required to define the wire(s),
divide the length of the wire by the wavelength of the VOR signal, multiply by
20, and add 3. The maximum number that can be used is 281, so if the result is
more than that, use 281 points.
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(¢) The number of different radii encountered on the wire(s} (NR),
with an I4 input field.

(d) The frequency of the VOR in MHz (FRM), with an F7.4 input
fField.

(3) Card 3+ First points for each wire (LL(I)), with a 20I4 input
field, If wmore than one wire is being considered, then the number of points
must be divided among the wires. This procedure yields a number which is the
first point on each wire. For example, if 124 points are being used to describe

a two wire configuration, then the first points would be 1 and 62 for the first
and second wires, respectively.

(4) card U4, First points for each radius change (LR(I)), with a 2014
input field.

(5) Card 5. Radius of wire in meters (RAD(I)), with a 5E14.7 input
field. More than one card may be used to complete this input (if NR from Card 2
is more than 5).

(6) card 6.

(a) Elevation of the aircraft in feet (HS), with an F10.1 input
field.

(b) Radius of the orbit of the aircraft in miles (DIT), with an
F10.2 input field. !

(7) CcCard 7.

(a) Height of the counterpoise above ground in feet (d), with an
F10.2 input field.

(b) Height of the four loops above the counterpoise in feet (SH),
with an F10.2 input field.

(¢) Radius of the counterpoise in feet (R), with an F10.2 input
field.

(8) Card 8. . Number of loads (NL), with a 20I4 input field.

(9) card 9. This card is optional, depending on Card 8. For informa-
tion, see Report FAA-RD-FU-153.

(10) card 10,
(a) Starting azimuth in degrees (SPH), with an F10.3 input field.

(b) Ending azimuth in degrees (EPH), with an F10.3 input field.
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(¢) Increment in degrees (AINC), with an F10.3 input field.

¢. The program FRANK is configured to run an error estimate based on
one wire in the VOR field. In order to run calculations for more than one
wire, several modifications must be made to the program. These are:

(1} Modification of the DO 50 loop. There is a loop in the program
that begins with the line "DO 50 I=1, NP" and goes to the line "50 CONTINUE",
This loop is generalized for up to four wires and requires only the addition
of another data card after Card 2 if more than one wire is being analyzed.

This card should contain the distance between the wires in feet (DBW(I)) in

an 8F10.4 format, and there may be more than one card for more than nine wires.
If there are more than four wires, the loop itself must be modified by the
addition of one set of the following four lines for each wire over four:

IF (NW.EQ._K-1) GO TO 50

IF (I.LE.(LL(K}-1) GO TO 50

PX(I)=(XNP1+DBW( K-1 )%0.3048
PY(I)=YNP1%0.3048+3.5%300.0/FRM*(AI-{LL(K)-1))/(NP/NW)-1)

Where K=5,6,etc. is substituted in the underlined places in each expression.
The loop will then be generalized for up to that many wires.

(2) Modification of CALZ and ROW subroutines. The subroutines CALZ
and ROW are generalized for arbltrary wires. If the wire is a parallel or
straight wire, then the CALZ routine for straight or parallel wires must be
substituted for the general CALZ routine. If the wire is parallel to the
ground plane, then the ROW subroutine for wires parallel to the ground plane
must be substituted for the general ROW subroutine.
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LIST OF ABBREVIATIONS, ACRONYMS, AND COMMONLY USED TERMS

am
BER

beta (8)

CDI

carrier

counterpoise

course
deviations

CSM

deviation
ratio

dB
DME

DSB-SC

DSBDVOR

amplitude modulation

Bearing Error Report

deviation ratio in fm. g8 1s the ratio of maximum excur-
sion of the modulated frequency to maximum modulating
frequency. In VOR and DVOR, g = 480 Hz/30 Hz = 16

Course Deviation Indicator

refers to the radioc frequency energy which is modulated
with the information=-bearing signal

counterpoise is the term commonly used for the metal
ground plane used with the VOR/DME/TACAN antenna system

errors in VOR bearing indication are detected by means
of the Course Deviation Indicator (CDI) and may be
recorded on strip recorders. The categories of devia-
tions are itemized below:

course roughness - a series of rapid irregular deviations

course bends - a series of very slow smooth rhythmic
deviations

course scalloping - a serles of smooth rhythmic deviations

scalloping amplitude - is half the peak to peak deviation
of the CDI recording, measured in degrees. It is usually
measured by taking half the peak t¢ peak value over a ten
degree azimuth sector.

scalloping frequency - is8 the number of complete cycles
of the CDI pointer (as recorded on the strip recorder)
in one seccnd

Center of Symmetry Method

see beta {(g)

decibel
distance measuring equipment, a navaid

double sideband suppressed carrier; this is conventional
amplitude modulation

double sideband Doppler VOR, a navald
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fm capture

FONSI

GHz

ground plane
Hz

ICAC

IFR

interferometer

kHz
LOPs
LORAN-C
MHz
MTBF

multipath

Page 2
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DVOR Doppler VOR, a navaid
EIS Environmental Impact Statement
em electromagnetic
envelope refers to the information bearing signal which modulates
the rf carrier
FaA Federal Aviation Administration
fm frequency modulation

refers to the capability of fum to selectively reject the
weaker of two signals and so improve the signal-to-inter-
ference ratio when, initially, the ratio is 6 dB or more
Finding of No Significant Impact

gigahertz, billions of Hertz

see counterpoise

Hertz

International Civil Aviation Organization

Instrument Flight Rules

refers to the characteristic of regularly spaced effect
objects, such as trees, to re-radiate signal most strongly
in specified preferred directions

kilohertz

Lines of Position

Long Range Navigation (Model C)

Megahertz

Mean Time Between Failures

phenomenon of 3 wave of em
reflection or re-radiation

interfering with the wave
same source

pmultipath usually refers to the
energy reaching the receiver by
from an intermediate object and
that traveled -directly from the

lateral multipath - a wave of em energy radiated at one

azimuth which is redirected to another azimuth by inter-
action with an object such as a tree or a wire-line and

which, as a result, contributes to error in the naviga-

tional information presented to fhe pilot
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longitudinal multipath ~ a wave of em energy which is
re-radiated after impacting on the ground. It can, if
the geometry is appropriate, interact at the receiver
with the direct ray and cause a signal null
NAS National Airspace System
navaid navigational aid
nn nautical mile
NOTAM Notice to Airmen
reference refers to that signal in a VOR or DVOR system whose phase
phase is azimuth independent
reflection refers to the re-radiation of em energy from a surface that

is sufficiently smooth that the incident and re-radiated
energy are in the same plane and, in their angular relation-
sips, satisfy the law of sines. See also re-radiation

refera to the action of em energy in infringing

on a surface sufficiently irregular that the em energy
radlated back into the atmosphere exhibits a random
spatial distribution. 1In the strict sense, reflected
energy la also re-radiated but the more common tern
reflection is usually applied

re-radiation

rf radio frequency

SAFI Semi-Automated Flight Inspection

scalloping see course deviation

space the technique used in VOR to create a DSB-LC modulation

modulation by radiating three separate signals which combine with-
in the airborne receiver to form the composite carrier
plus modulation

SSBDVOR single sideband Doppler VOR, a navaid

SSv Standard Service Volume

TACAN tactical air navigation system, a navaid

variable refers to that signal in a VOR or DVOR system whose phase

phase varies degree for degree with the azimuth

vhf very high frequency, the radio band from 30 MHz to 300 MHz

uhf ultra high frequency, the radio band from 300 MHz to

3,000 MHz
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Units Meters (1 foot = 0.305 meters)
Nautical miles (1 nmi = 1.85 km = 6080 feet = 1.15
statute miles)
Statute miles (1 mile = 1.60 km = 5,280 feet = 0.87 nmi)
USNO United States Naval Observatory
VOR very high frequency omnidirectional radio range, z !
navaid
VORTAC VOR tactical air navigation
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Appendix 2

APPENDIX 2, INPUT AND OUTPUT EXAMPLES FOR COMPUTER SIMULATIONS

1. Chapter 8 provides detailed input instructions for programs that calculate
bearing errors resulting from three types of obstructions in a VOR field. This
appendix contains sample data input cards and the resultant program output for
each of the three types of calculations.

2, The lists of input and output in this appendix were produced from files
containing the actual input and output values for each program. The files were
edited in order to label the input cards and to conserve space in the printing
of the output data. As a consequence, the input card lists contain the correct
sequence, number, and values for the input, but the column spacing has been
compressed in some cases to facilitate printing. Similarly, the output is com-
pressed into arrays rather than the long single columns that result from an
actual computer run. Below are descriptions of the various inputs and their
respective outputs, with the edited input and output following as figures 1
through 8.

a. Bodies of Revolution. The programs CLYPI and CYLP2 are used to calcu-
late bearing errors due to objects such as water towers or silos in a VOR field.
Figure 1 shows the CYLPI input for a sample problem invelving an upright cylinder
3/8 of a wavelength in height and 1/2 a wavelength in diameter, 150 feet from the
VOR. The output for CYLPI is not given, as it is an intermediate result for use
by CYLP2. The CYLP2 input is given in figure 2. The result of the CYLP2 calcu-
lations is given in figure 3. 1In this example, for each azimuth, from 1 degree
to 356 degrees at 5-degree intervals, the bearing error is given in degrees.

For the actual output, the results are in two long columns; here the results are
folded into two arrays, azimuth above and the corresponding errors below.

b. Short Wires. The program FRANK calculates bearing errors resulting
from short wires in the VOR field. Figure 4 shows the input data cards for
a single wire. No output is given for this data. Figure 5 gives the input
data for a two-wire problem. Figure 6 shows the results of running FRANK with
the data of figure 5. As with the CYLP2 output, the results will actually come
out as long columns, but for presentation here, the columns have been folded
into arrays. For each azimuth given in the upper part of the figure, there is
a corresponding bearing error below.

¢. Long Wires. The program LONGSY is used for calculating the bearing
errors resulting from wires longer than 200 feet in the field of a VOR. Flg-
ure 7 shows the input cards for a sample three-segment long-wire problem. Fig-
ure 8 is the output resulting from the figure 7 input. In the case of LONGSY,
the output is reported by segment: several long columns for each segment.
Figure 8 gives the results by segment: at the top, the azimuths reported for
segment 1, followed by the bearing errors calculated for each azimuth for seg=
ment 1; next, the azimuths reported for segment 2, followed by the calculated
errors for each of those azimuths for segment 2; finally, the azimuths reported
for segment 3 and the errors calculated for each azimuth for segment 3. The
error resulting from the entire wire is the sum of the errors for each segment
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at a given azimuth. For example, at an azimuth of U5 degrees, segment 1
shows an error of 0.228 degree, segment 2 shows an error of 0.111 degree, and
segment 3 shows an error of -0.569 degree, giving a total bearing error at Us
degrees azimuth of =0.230 degree.
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CYLFRILDATA

1 i
E FRI1
3 115, 0
CARD Z
RHEH(I)
;|
AT
LARD
TH(L:
L I
{275

CARD 4

oyl

— Z

g}

BLISEE LIS @, ESEH G500 B 2508 @, 2560
1)

R

&, @A ZS @O 1E3E @187 @ E5EE B.2

b~
r

CARD 5
NM NPHI
i o
1 1z

pal 1A

FIGURE 1. CYLPI INPUT DATA CARDS
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NX e FRM
= iT 115,

CARD Z
XX ZZ
-1a.¢ 19,8
CARD 2
HH nd RR
12,00 2, fis pa 11
CARD 4 (same as cars & for CYLPRI
RH{I} - 13 EMTRIES:
“.d G ST #l
dg,25966 6.1275 6.1
CARD S (same as ca
TH(I) - i3 EMTRI
@ . g, @ fif, A LI il GOEAZS HLIESE @127 @254 @, 2175
B.3756@ G@,2750 G.,275%9 H#,3750 #2756
CARD &
Ha CIT
LY T A T
CARD 7
SEH EFH AINC

1.4 DG g S

POIR75 @ 296 GLZIE ¢, 2506 @, S8 @, 2500 g, 250
L LBATES G,
23 for CYLRI)

FIGURE 2. CYLP2 INPUT DATA CARDS
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CYLFZ, OUTPUT.DATA
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FRANKZ ,DATA
{Sample inret foOr a sinale-wire problem)

CARD 1
XNF 1 YNF1 ZHFL XLEN
- 1, G e3 1t e pg T
CARD
MW  HMF  NR FRM

1 203 1 115,64
LLCD)

i

C&RO

CARD o
LR{I)
1
CARD S
RAD(TL)
A GEHEE L
CARD 4
HE nIT
GO L G 15,086
CARD 7
H ZH R
12, @ 4, i Zho B

o

CARD
KL
5
CARD 9
iMoney since on card = NL=@E)
CARDE 14
SFH EFH AINLC

@ . g D 5., @

{Naote! Sameple outeut is given only for tha two-wivre problem.)

FIGURE 4. FRANK INPUT FOR A SINGLE SHORT WIRE
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FRAWNKS,DATA
(Camele inmeut tor a two-wire probiem)

CARD 1
YNET YMF 1 Tl YLEN
- 1S, G 154 . i T, G TS G

(]
T
il
—

MW ME O NR FRM
& 122 1 115, dd

CARD 24

o

CaRb
RADITS
R R

CARD

Lac]

HE GIT
8 GG . g T
CARD 7
H sH R

Le. e 4., g PNt

]
T
P
=
fua)

L.
g
CARD ¢
(Mone: since on card 2 ML=zd)
CARD L@
=FH EFH ATNE

@, g DL ol

FIGURE 5. FRANK INPUT FOR TWO SHORT WIRES
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FRANKE,OUTFUT . DATA

W -WIRE FPROBLEM

-

LZIMUTH «DEGREES)
g, g & ggl 1a@Lag 1S, EE IdLgd FSOEE ZE,08 35008 44,40 45.@0
SGi L EE S5, LE L GG AT, 7666 7S.EE DE.EE RS, EE  F6.EE 7S, 0
ClgLEE 11T EE LEE L EE 125,66 LIE. 00 135, a8 LOEL8F 145, @

ceg @a (S, HG TG, EH 1AS.EEH 176,08 175,66 186,60 1SS EE 199,66 195,94

Tien, i@ F1S,EE FIEAE IS 06 T2, 0e IS0 240,60 245,04

LG EE TAS.GE ZTE.E6 Z7S.EE ZRE.GE 29T.E0 296,66 295.99

A5 aE Sie L, EE LS 0 REE. e 2250 23E.E0 335, 04 A6, @e 245, Gl

[gA)
i
~\
L
¥
M,
(o
-
-3
~d
(1]
(0]

r-a
H
S
—
N
K
o
I3
-]
(R
~{
3
[a
(o
=
X
~
S
—
o
o)
n
[Ey )
el
o
[ay
—
g
o
flh]

g .Tan @, 44T GL.I1Z 0 @L@EY @.ZeD @VEEE @, 1@ d@,dd4 3,@9T BoZl
7. GiomeE  GL.EIL O @L231 0 GL1SE BL.ETT7 0 @ EEE @114 9,502 B 57
GLoe 1,185 1,EI1 1Lyee @ FIE #4845 @, k40 4, @, 67% @ @4
G LSSE @LA04  WL.IEL @.ETT O OE.9AS @I @L.EYY #.4407 B.435 #,15%
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i 227 G S G e

FIGURE 6. FRANK OUTPUT FOR A TWO-WIRE PROBLEM
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(Samele inPut
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CARD

CARD

CARD
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CARD

SARD
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CARD

CARD
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1
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o~
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foar
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Bl (54
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I

0. G
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176, @
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11,6

-
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1L,
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=)

a three-ssament long wire

&H
4.4
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EFH
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FIGURE 7.
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APPENDIX 3. LOCATING SOURCES OF SCALLOPING BY THE THEORETICAL METHOD

1. INTRODUCTION.

a. Locating an object which is a source of scalloping is accomplished
by analysis of the course deviation recording taken on an orbital flight.
Scalloping characteriatics observed over a complete orbit indicate the type
of interfering object being encountered; that i3, whether it i3 a
nondirectional re-radiator or a directional reflector. The bearing to the
interfering object from the VOR site is derived from the azimuth on which
maximum scalloping amplitude is recorded. The frequency of scalloping
determines the distance that the interfering chject lies from the VOR site.

b. Procedures employed for locating the source of scalloping require
recognition of the type of interfering object being encountered. For a
nondirectional re-radiator, the recording exhibits maximum scalloping
amplitude along a bearing line extending from both sides of the VOR station
{two azimuths displaced 180 degrees). The scalloping characteristics are
symmetrical about this bearing line, as indicated in figures 1 and 2. For a
directional reflector, the recording exhibits scalloping over a narrow
azimuth segment as shown in figures 3 and 4.

c. Procedural outlines are given for locating nondirectional
re-radiators and directional reflectors from observed scalloping. These
techniques for locating scalloping sources are based upon theoretical
considerations which treat each aspect of the subject in its simplest form.
It is assumed that the ground plane is a smooth, level, reflection surface
and that a re-radiating object propagates equally in all directions. Some
approximation is introduced into the scalloping equations by limits placed on
the equation parameters. Allowance may be required for these factors in
practical application, and knowledge of their influence is gained with
experience.

d. Other techniques and adaptations are available for locating
interfering objects from recorded scalloping information. A transparent
calculator, used as an overlay on a VOR site drawing, has been developed and
employed for locating reflectors.

2. PROCEDURE.

a. Nondirectional Re-Radiator. Figure 5 is to be used in conjunction
with the following procedural outline for locating a nondirectional
re=-radiator from recorded scalloping:

(1) From the aircraft course deviation indicator recording of an
orbital flight, locate the azimuih bearing line that exhibits maximum
acalloping amplitude. This bearing line, which is designated Line(:),
includes two azimuth angles separated by 180 degrees, Where two such azlmuth
bearing lines exist, they should be considered one at a time.
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(2} Draw Line@perpendicular to Line@.

(3)
frequency at the maximum scalloping amplitude bearing (Linef{1}).

(1)
the ratio r'o/d1 from figure 6,

From the same course deviation recording, determine the scalloping

Utilizing the scalloping frequency obtained in step (3), determine

(5) Calculate the distance (d1) and using this as a radius (Point(i),

draw a c¢ircle around the VOR site,

(6) The points where the circle drawn in step (5) intersect Line(i}
indicate the two posgible locations of the source of re-radiation (designated

these points with a(l)).
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b. Directional Reflector (long length). Figure 7 is to be used in conjunc-
tion with the following procedural outline for locating a directional reflector
from recorded scalloping:

(1) From the aircraft course deviation indicator recording of an orbital
flight, locate the azimuth angle that exhibits the maximum acalloping amplitude
(designate Line{l)). Two azimuths separated by about 70 degrees with approxi-
mately the same maximum amplitude indicates a long-length reflector (designate
one as Line(:) and the other as Line(:)). Where three or more azimuths of high
scalloping amplitude exist, they should be conasidered separately; alsc if two
azimuths of high scalloping amplitude are not separated by 70 degrees as stated
above, they should be considered separately.

{2) From the same aircraft course deviation recording, determine the
scalloping frequency at the azimuth of maximum scalloping amplitude (Line(:)).

(3} From figure 8, obtain the ratio ro/d.I for an incildence angle (a)
of 55 degrees.

(4) Calculate the distance (d,) and draw a circle of this radius
(designated as Point (3)around the VOR site).

(5) Draw two lines 110 degrees removed in azimuth from Line(:), and
label the point where this line intersects the circle as Point 4 . There are two
possible locations for the theoretical point of reflection (a = 55 degrees, see
figure U4).

(6) Draw two lines 145 degrees removed from Line(:) and label them
Lines . ‘Theoretically, one of these lines is perpendicular to the plane
containing the reflector.

(7) Draw two lines (designate as Lines (:)) perpendicular to Line(5)
and through their respective Points(:). One of these lines(:) represents the
plane of the reflector.

(8) Draw two lines 128 degrees removed from Line(:)a The two points
where these lines intersect Line(:) represent the points where a = 73 degrees;
label these Points (7).

(9) Draw two lines 90 degrees removed from Line(:). The two peoints
where these lines intersect Line represent the points where a = 35 degrees;
label these P