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variability associated with short-term (within-the-
hour) fading in the TACAN propagation model in dB
(sec. I.4). Values of Vg(p, K) for specific p
levels become smaller as p increases,

Cumulative distribution based on fading range data
and used in the development of Vg (p, K) in dB
(sec. I.4). Values of V’F(p, K) for specific p
levels become smaller as p increases.

vV’ _(50, K) The value of V' (p, K) corresponding to p = 50%
12 . F
in dB (sec. I.4).

Cumulative distribution used in accounting for
variability associated with short-term (within-the-
hour) fading in the ILS and VOR propagation models
in dB (sec. I.1). Values of Vg (p,6) for specific

p levels become smaller as p increases.

Cumulative distribution based on fading range data
used in the development of Vg (p, 0) in dB (sec. I.1).
Values of V’F(p, 0) for specific p levels become
smaller as p increases.

The value of V'F(p, 0) corresponding to p = 50%
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VPD Subroutine used to calculate V(p,d) in ILS
interference predictions (sec. II.1). ’

X Random variable (sec. II.1).
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x(p) Cumulative distribution of x (sec. II.1). Values of
x(p) for specific p levels become smaller as p
increases.

x Value of x used to characterize x in the it

percentage interval (sec. II.1).

y Random variable (sec. II.1).

y (p) Cumulative distribution of (sec. II.1). Values of
y(p) for specific p levels become smaller as p
increases.

. . .th

y. Value of y used to characterize y in the j

J percentage interval (sec. II.1),

Y (g, de) A variable used by Rice, et al. [1965] (sec. 3
footnote).

z Random variable (sec. II.1).

z’! Random variable (sec. II.1).

z(p) Cumulative distribution of (sec. II.1l). Values of

z(p) for specific p levels become smaller as p
increases.

z’ (p) Cumulative distribution of z’ (sec. II.1). Values
of z'(p) for specific p levels become smaller as
p increases. '

z A value of z obtained using x, and Yj (sec. II.1).
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Relative dielectric constant of earth's surface and
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locations -- in radians (fig. 7).
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Conductivity of earth's surface in millimhos per
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An angle shown in figure 65 in radians.
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Grazing angle at reflection point in radians (fig. 65).

An operational symbol used to indicate the combination
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INTERFERENCE PREDICTIONS FOR

VHF/UHF NAVIGATION AIDS

by

G. D. Gierhart and M. E. Johnson

Desired-to-undesired signal ratio predictions for the
VHF Omnirange (VOR), Tactical Air Navigation
(TACAN) and Instrument Landing Systems (ILS) air
navigation aids are presented in this report. The
parameters involved in the various systems are given
first. Next propagation mechanisms applicable to the
VHF and UHF bands are discussed together with the
calculation of transmission loss and its variability.
Third, the statistical nature of the desired-to-undesired
signal ratio predictions is explained. Finally, the
results of the study are presented in graphical form.
Aircraft altitudes from 500 to 100, 000 feet along with
station separations from 20 to 695 nautical miles are
considered.

Detailed procedures, mathematical formulas, and
computer programs used are discussed in the Appendices.



1. Introduction

Increasing air traffic density together with fast, high-flying
jets have made the use of reliable air navigation aids more important
than ever before. In expanding the present complex of navigation aids to
meet future demands, consideration must be given to potential interference
between facilities operating on the same or on adjacent channels. The
amount of interference is a function of the desired-to-undesired signal
ratio at the aircraft antenna terminals; as both signals vary with time
and aircraft location, the ratio varies as well, and interference becomes
dependent on time and location. Because of the nature of radio wave
propagation in the frequency ranges used, the variations of the received
signals and of the interference ratios are best described statistically.
The large number of possible conditions requires the use of a digital
computer with programs that take into account all variables as well as
the fixed equipment parameters.

The air navigation aids treated in this report are the Instrument
Landing System (ILS), VHF Omnirange (VOR),and Tactical Air Navigation
(TACAN). These aids operate in the very high frequency (VHF; 30-300
Mc/s) and ultra high frequency (UHF; 300-3, 000 Mc/s) bands. Most of
the information on the ILS contained here has been previously published
[ Gierhart and Johnson, 1965]. Information similar to that presented

here for the VOR and TACAN has also been published [ Radio Technical



Commission for Aeronautics, 1955; Decker, 1957] . The range of
parameters considered in this study is much larger than that of previous
studies.

At VHF/UHF propagation of radio frequency energy is affected
by the lower atmosphere (the troposphere), specifically by variations in
the refractive index of the atmosphere. The terrain along and in the
vicinity of the great circle path between transmitter and receiver also
plays an important part.

Within the last decade a number of methods and procedures
have been developed to calculate field strength and its variability at VHF/
UHF. The work discussed here follows procedures which have been used
by the Institute for Telecommunication Sciences and Aeronomy (I.T.S. A.,
formerly the Central Radio Propagation Laboratory) to predict statisti-
cally the effects of terrain and atmosphere on the variability of field
strength, and on the performance of radio systems [ Rice, et al.,1966].

It is also convenient to use the concept of transmission loss [ Norton,

1953 and 1959], which is the ratio of power radiated to the power that
would be available at the receiving antenna terminals if there were no
circuit losses other than those associated with the radiation resistance

of the receiving antenna, and is usually expressed in decibels. Methods
used for its calculation as a function of path length, terminal heights,

and carrier frequency are discussed in section 3. Computation techniques

are discussed in Appendix II.



After some initial calculations, parameters for various systems
were assembled into a computer program and desired-to-undesired
signal ratios calculated for given probability levels as a function of
aircraft location in relation to the desired and the undesired ground

stations.
2. System Parameters

Pertinent parameters for the ILS, VOR, and TACAN systems
are discussed in this section, The transmission line loss associated
with the airborne terminal was considered to affect both the desired and

undesired signals equally and was neglected.
2.1 ILS Parameters

The ILS includes a runway localizer, a glide path, and marker
beacons. However, this study considers only the localizer since it is
most susceptible to co-channel and adjacent-channel interference. The
ILS localizer operates in the 108 to 112 Mc/s frequency range and shares
this range with the VOR in such a way that VOR facilities must be
considered as the source of adjacent-channel interference. Characteristics
of three ILS localizers are listed in table 1. Other equipment exists,
but consideration of these three examples is sufficient for practical

purposes.



TABLE 1

Characteristics of Typical ILS Localizers

Standard Directional Low Cost
e
Radiated Power + 20 dBW + 20 dBW + 10 dBW
Array Type 8 - Loop V - Ring V - Ring
Antenna Gain * + 4 dB +12 dB +12 dB
Array Height Above 5.5 feet 7.5 feet 7.5 feet
Ground
Polarization @ =000 meeeeeee--- Horizontal------==-=----c---
Figures 1" and 2 show relative gain, G, as a function of azimuth

angle, 0, for the carrier portion of the 8-Loop [ Civil Aeronautics
Administration, 1957] and V-Ring arrays, [ Federal Aviation Agency,
1964 and 1965] respectively.

Aircraft antenna gain statistics were obtained from modeling
study data based on an E-cavity type VOR antenna in the vertical
stabilizer of passenger-type jet aircraft [ Convair, 1959; Commercial
Jetstar, 1959] . Only the forward + 200 of azimuth were considered in
obtaining statistics for gain toward the desired station, but two sets of

statistics were developed for gain in the direction of the undesired

Radiated power refers to the total power radiated from the carrier
antenna array, and antenna gain refers to the main lobe free space gainof
the carrier antenna array with reference to an isotropic radiator.

*% Figures in this report are located at the end of the section in which
they are first mentioned.



station. One set considered only the rear + 20° of azimuth and the other
considered all azimuth angles as equally likely. From these statistics
a single cumulative distribution was established for the ratio of antenna
power gain in the direction of the desired station to that in the direction
of the undesired station. This ratio, expressed in decibels, is denoted

by R, and the cumulative distribution, RA(p) , used to account for

A
aircraft antenna gain is shown in figure 3. Also shown in figure 3 are
two additional cumulative distributions of R, that resulted from the

A
above mentioned analysis and were used as guides to establish the RA
distribution used in the calculations.
The cumulative distribution involving the rear + 20° of
azimuth was developed to assess the effect of constraining azimuth

angles to those likely to be given some special attention in the development

of aircraft antennas for ILS use.



Freespace gainfor the localizer carrier antenna array inthe azimuth
plane is plotted in decibels relative to the main lobe maximum.,
The gain of the main lobe maximum relative to an isotropic
radiator is 4 dB.

I1.S 8-Loop Array Antenna Pattern
Figure 1



Free-space gain for the localizer carrier antenna array in the azimuth
plane is plotted in decibels relative to the main lobe maximum.
The gain of the main lobe maximum relative to an isotropic
radiator is 12 dB
Values plotted are for a V-Ring array (type FA-5549X) with
a type III element spacing and current distribution,

180°

ILS V-Ring Array Antenna Pattern
Figure 2





















3. Transmission Loss Calculations

The prediction of interference conditons requires a knowledge of
the time distributions of transmission loss or field strength at many
points in space.

Figure 7 shows a typical configuration of an aircraft (representing
the receiving terminal), a desired navigational transmitting facility, and
an undesired navigational transmitting facility. All three are aligned
along a great circle path, and for simplicity assumed to be above a
smooth surface. In the example drawn, the aircraft is within the radio
horizon of the desired facility, but beyond the radio horizon of the
interfering station. The distances along the great circle path from a
point vertically below the aircraft to the desired and the undesired station

are denoted by dD and d_ ., respectively. The aircraft is at a height,

6)

h2 » above the earth. The angle 6 between the horizon rays from the
aircraft and the interfering station is an important parameter in the
calculation of transmission loss for beyond-the -horizon paths [Norton,
et al.,1955a]. Figure 7 is oversimplified because radio rays may only be
drawn as straight lines under special conditions, one of which is that
h2 must be less than 5000 feet.

Transmission loss calculations were accomplished by (a) calcu-

lating a reference value of transmission loss, (b) calculating a cumulative

distribution for long-term variations, (c) calculating a cumulative

15



distribution for short-term variations, and (d) calculating the cumulative
distribution of transmission loss by combining the results of previous
calculations. More detail on these four steps follows.

(a) Within the radio horizon, reference transmission loss was
calculated using geometric optics methods, including interference
between the direct and the ground-reflected ray. For the desired ILS
localizer and VOR propagation models, specular reflection was assumed
with reflection coefficients equal to -0.9. Because of the irregular
nature of the terrain (buildings, etc. included) surrounding the undesired
ILS stations, specular reflection from the earth was considered less
dominating, and a combination of specular and diffused reflection was
assumed. The primary effect of this assumption was to lower transmission
loss values associated with the undesired ILS under line-of-sight conditions
relative to comparable values for the desired ILS. This is discussed
further in Appendix I, In the case of TACAN with frequencies in the
1100 Mc/s range it is more appropriate to assume that the ground-reflected
ray is made up of a large number of components having random relative
phase. The total contribution from these components can be represented
statistically by a Rayleigh distribution [ Decker, 1957, McGavin and
Maloney, 1959]. Norton, et al. {1955b] have shown how a Rayleigh-
distribution component (reflected ray) can be combined with a constant
component (direct ray) to obtain a distribution of power at the receiving

antenna.
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Beyond the radio horizon, reference transmission loss is
calculated using smooth-earth diffraction or forward scatter models,
depending on the path distance involved. The diffracted field decreases
very rapidly for distances beyond the radio horizon, especially at the
TACAN frequencies, so that the forward scatter model'is more important.
Calculations for both models and the method of properly cembining
diffraction and scatter fields, if they are of comparable magnitude, are
based on procedures given by Rice, et al. [1966].

(b) Long-term variations in basic transmission loss were estimated
for a continental temperature climate by means of the time availability
function V (p, d)* . It was used as the cumulative distribution with time of
hourly median transmission loss for all hours of the year relative to the
reference values calculated under (a) above as functions of path length,
terminal height, and carrier frequency.

(c) In addition to the distributions of hourly medians representing

long-term variations, short-term (usually within-the-hour) distributions

st

* The curves presented in this report were developed during the time
when prediction methods given by Rice, et al. [1966] were evolving.

In particular the function V (p,d), used in all calculations involving the
ILS, is identical with the function V (0.5, dg) + Y(q, de) used by Rice,
et al. [1966] for a continental temperate climate. An earlier version
of this V(p,d) function was used in calculations that involved exclusive
consideration of either VOR or TACAN. Early and late versions of
V(p,d) are very similar and are identical for beyond-the-horizon paths.
Because another function V (p, 6), similar to V(p,d), was derived
primarily from data in the 100 Mc/s range, the recommendation that it
be used when 8 20.01 radians [ Air Force Technical Order, 1961] was
followed in calculations that involved the VOR exclusively.

17



of the received signal levels had to be estimated. Short-term variations
in this particular application are principally due to two causes. One
factor is the inherent short-term fluctuation of the tropospheric signal
ascribed to phase interference of rays reflected from small layers or
scattered from refractive index discontinuities, or to reflections from
ground irregularities. The second is the pattern of the aircraft antenna;
numerous small lobes cause gain changes with varying bearings which
can be represented by a cumulative distribution of antenna gain with time
as the aircraft moves through space. In the ILS case, however, it was
more efficient to neglect the effect of the aircraft antenna gain in the
initial transmission loss calculations, and include it in later calculations
as the RA(p) distribution discussed in section 2. Short-term fading was
described by cumulative distributions that are based on fading range
data given by Janes [1955].

(d) To obtain the cumulative distribution of transmission loss
the functions discussed in a, b, and ¢ above were combined. The
mechanics of combining cumulative distributions are discussed in
Appendix II.

Note that the l-hour period taken as the dividing line between
long-term and short-term variations is somewhat arbitrary. This is
convenient in view of the available empirical time variability functions,

which are based on data analysis using hourly median values,
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Figure 7



4. Interference Between Two Stations

As shown by figure 7, both the desired and the undesired signals
arrive at the aircraft over propagation paths characterized by the
distances, d_ and dU , and by the aircraft height. The distances are
measured along the great circle path. Both signals vary with time, and
the distributions of signal levels were calculated in accordance with the
procedures outlined in the preceding section. Then the ratio of desired-to-
undesired signal exceeded for given percentage-of-time values at a
particular aircraft location was determined.

The desired-to-undesired signal ratio can be expressed as the
decibel difference of desired and undesired signal levels and is obtained
from calculated transmission loss values and other system parameters.
The distribution of this ratio will be denoted D/U(p), where p is that
percentage of time during which a given value of D/U is realized or
exceeded. By virtue of the aircraft being in motion, time variations
also include variations in space. Since the actual time distribution of
D/U may vary from installation to installation because of terrain
characteristics and other factors not taken into account in this analysis,
the time availability, p , may be interpreted as an expression of
reliability for a typical installation. The concepts of '"prediction
uncertainty'' and '"service probability' in the sense defined by

Barsis, et al. [1962] were not used explicitly. It is important

20



to understand that there is an uncertainty associated with the D/U predictions
in this study and that this uncertainty will increase under conditions
where the assumed propagation models become less valid.

As an example, D/U(95) = 10 dB means that for a typical
installation the ratio of the desired-to-undesired signal is equal to or
greater than 10 dB during 95% of the time. Values of D/U(95) are
associated with the variables used in the calculations. These include:

(1) system type (ILS, VOR, or TACAN), (2) interference type (co-channel
or adjacent-channel), (3) aircraft altitude, (4) station separation, and
(5) aircraft distance from the desired station.

To obtain the time availability of the desired-to-undesired ratio
at any point in space it was necessary to properly combine the cumu-
lative distributions of (1) transmission loss from the desired station,

(2) transmission loss from the undesired station, and for the ILS case,
(3) the antenna power gain ratios, RA(p). Actually the ILS calculations
resulted in a cumulative distribution of a normalized D/U. The process
for converting actual D/U to normalized D/U values is discussed in

sections 5.2 and 5. 3.
5. Results of the Study

Correct interpretation of the prediction curves presented in this
section requires some knowledge of the system parameters, propagation

models,and computation techniques discussed in previous sections. In
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particular, the predictions involve estimates of received power levels
or desired-to-undesired signal ratios that are expected to be realized
or exceeded 95% of the time (95% reliability). A lower reliability
requirement would result in an apparent increase in power received
from the desired station. For example, if the difference in power
received from desired and undesired ILS stations could be characterized
by simply considering the aircraft gain ratio distribution shown by curve
3 on figure 3, then reliabilities of 95, 50, and 5% would correspond to
desired-to-undesired signal ratios of -5, -3, and -1 dB, respectively.
The results are in the form of prediction curves. Two basic
types of predictions are presented here which involve service limitations
due to (1) insufficient power available from the desired station and (2)
interference from one co-channel or adjacent channel station with no
consideration given to the available power limitation. A single~curve
format is used for the first type (sec. 5.1), and three formats are used

for second type of predictions (sec. 5.2 through 5. 5).

5.1 Available Power Service Limitations

When the service range is not limited by co-channel or adjacent-
channel interference, it then is limited by other types of interference or
a received power level that is insufficient compared to the noise level
of the receiver. The former is beyond the scope of this report.and the

latter is the subject of this section.

22



The radiated power for a ground station may be stated in terms
of the power required at the terminals of a reference antenna located at
the maximum specified service range. Curves developed show the
service range limitations imposed by this type of specification, when
the radiated powers discussed in the system parameter section are used.

The assumed specifications may be summarized as follows:

VOR and ILS Ground Station Radiated Power

The radiated power shall not be less than that required to
insure that the power available at the terminals of a loss-
free horizontally polarized half-wave dipole located at the
maximum specified range would be -112 dBW or greater

95% of the time.

TACAN Ground Station Radiated Power

ot
<

The effective peak radiated power' of the pulse envelope
shall not be less than that required to insure that the peak
pulse power available (mean value) at the terminals of a
vertically polarized loss-free half-wave dipole located at
the maximum specified range would be -106 dBW or

greater 95% of the time.

* See footnote i1n section 2. 3.
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The combination of available power selected for the VOR
specification and a ground station radiated power of 20 dBW results in a
maximum range slightly greater than 130 nautical miles at 18, 000 feet.
Assuming that a VOR receiver with a usable sensitivity of 5 WV across
50 0 in an airborne environment can be built, then the -112 dBW available
power quoted above is excessive by about 11 dB. This ''power margin"
may be used in engineering the airborne terminal to account for such
things as 1) difficulty in obtaining an aircraft antenna with 2.15 dB gain
(half-wave dipole), 2) line and mismatch losses, and 3) difficulty in
obtaining a usable receiver sensitivity of 5 UV across 50 in an airborne

environment.

Since the receiving equipment required for ILS is similar to
that for VOR, an identical available power requirement was assumed.
This consistency allows the ground station radiated power requirement
for the two systems to be covered in a single statement.

The available power selected for the TACAN specification has a
"power margin'' of 12 dB when a usable receiver sensitivity of -118 dBW
in an airborne environment is assumed.

The Federal Aviation Agency is preparing a document describing
the '""U.S. National Common System Component Characteristics for the
VORTAC System''. It will contain ground station power requirements

similar to those stated above. However, the preliminary version
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available to I. T.S. A. expressed the required ground station power in
terms of that required to produce a given power density (dBW/mZ) at
maximum specified range. To facilitate comparison with documents
of this type, table 4 has been prepared where the power density

equivalents of the available power requirements are listed for pertinent

frequencies.
TABLE 4
Power Density Equivalents
ILS VOR TACAN

Frequency 108 |110 112 108 113 118 960 1150 1213
(Mc/s)
10 log 0.03|-0.13|-0.28(0.03 | -0.38|-0.74 |-18.95|-20.52| -20.99
Eff. area
Reference -112 | -112 -112 | -112 -112 | -112 -106 -106 -106
power (dBW)
Power -112.0 -11L 9| -111 .7 -112.0|-111.6 |-111.3 | -87.0| -85.5] -85.0
density

(@BW /m?)

These equivalents were calculated by subtracting 10 1og10 of the effective
area of a half-wave dipole from the reference power (in dBW), For

this conversion method to be valid, the incoming electromagnetic wave
must approximate a uniform plane wave over an area somewhat larger

than the antenna's effective area, and the antenna must be oriented
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Service volumes defined by the system parameters (sec. 2.2
and 2.3) and the available power requirements of the above specifications
are shown in figures 8 and 9 for the VOR and TACAN, respectively.
Curves for TACAN effective peak radiated powers (EPRP) of 30 and
39 dBW are also shown in figure 9. Both figures include a plot of the
radio horizon. In the volume defined by the revolution of the
appropriate curve about its ordinate axis, the reference antenna would
deliver the required power at least 95% of the time. However, unsatis-
factory service exists in the airspace (cone) immediately above VOR

and TACAN ground stations.

% See footnote in section 2. 3.
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5.2 ILS Signal Ratios Due to Co-Channel Interference

The results of the ILS portion of this study are in the form of
normalized prediction curves. These curves may be used to estimate
the service limitations imposed on ILS installations by co-channel and
adjacent-channel interference. Other limitations to service such as
man-made noise at the receiver and self interference caused by
reflections from airport structures or other aircraft were not considered
in this study. As a result an ''acceptable'' desired-to-undesired signal
ratio does not imply that the desired signal is strong enough for
operational use (see section 5.1).

Values of normalized D/U(95) will be denoted by the symbol
N {D/U(95) } . These normalized values were calculated for the condition
when the two ground stations and the aircraft were on the same great
circle arc. Under these conditions D/U(95) will increase as dD
(altitude fixed) is decreased; i.e., a level of D/U(95) at a particular

distance from the desired station is sufficient to assure that D/U(95)

values larger than this level will be obtained at lesser distances (altitude

fixed). In caseswheretheassumedgreatcircle alignment is not valid

N {D/U(95)} values canalso be obtained by properly interpreting the station

separation shownonthe curves. Regardless of the shortestdistance between
the ground stations, the station separation, S, shown on the curves should

always be regarded as the algebraic sum of the distance from the aircraft
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to the desired station, dD , and the distance from the aircraft to the

undesired station, dU ; i.e., S = dD + dU . Under these conditions S
(also G) will vary with dD and a level of D/U(95) at a particular distance
from the desired station is not sufficient to assure that D/U(95) values
larger than this level will be obtained at lesser distances.

Normalized D/U(95) curves for aircraft altitudes of 1, 000, 2, 000,
3,000, 4,000, 6,250, 12,000, and 18,000 feet are shown in figures 10,
11, 12, 13, 14, 15, and 16 respectively. Desired values of D/U(95), may
be converted to values of N tD/U(95) } which can be read from the curves
by the following procedure.

(a) Determine the value of co-channel station combination factor,

Cf from table 6.

TABLE 6

Co-Channel Station Combination Factor, Cf

Undesired Station Type

Desired Station Type Standard Directional Low Cost
Standard 0 dB -10.5 dB -0.5 dB
Directional 9.5 dB -1dB +9 dB
Low Cost -0.5 dB -11 dB -1 dB
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A_ = free-space antenna gain referred to an isotropic

D
radiator for the main lobe of the desired station
localizer carrier antenna array, in dB,
AU = antenna gain similar to AD , but for undesired station,
HD = height gain factor for desired station,
HD = 0 dB for ILS array height of 5.5 feet (8-Loop),
HD = 1.5 dB for ILS array height of 7.5 feet (V-Ring),
HU = height gain factor for undesired station,
HU = 0 dB for ILS array height of 5.5 feet (8-Loop),
HU = 2.5 dB for ILS array height of 7.5 feet (V-Ring).

Values of G read from figurels 1l or 2 represent the gain of the
undesired localizer carrier antenna in the direction of the aircraft
relative to the gain of the same antenna in the direction of the main lobe
maximum. Because of this, values of G are always non-positive and

N{D/U(95) } will have its worst (highest) value for a particular pattern

when G is O.
For example, if a co-channel D/U(95) of 12 dB or greater at an

altitude of 18, 000 feet is required for satisfactory service, then satisfactory
service is expected for dD < 25 nautical miles when (1) both ground stations
are of the '"'standard' type, (2) the ground stations and aircraft are on the
same great circle arc, (3) G =0, and (4) S 2130 nautical miles. This
conclusion follows from figure 16 when N{D/U(95) } is determined from

(1) with C.= G = 0; i.e., N {D/U (95) }= D/U(95) = 12 dB.
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5.4 VOR and TACAN Co-Channel Service Volumes
Service volume curves shown on figures 21 through 27 for VOR
and 28 through 37 for TACAN, illustrate the effect of co-channel inter-
ference on service volumes when the aircraft is located above the great
circle path between the desired and the undesired station at a distance,

d from the desired station. The geometry is shown by a small diagram

D’
on each figure. Station separations, S, ranging from 70 to 695 nautical
miles were considered along with aircraft altitudes ranging from 1, 000 to
100, 000 feet. Each figure is applicable to a different desired-to-
undesired signal ratio, D/U(95). For example, D/U(95) = 14 dB means
that the desired signal is at least 14 dB greater than the undesired signal
for 95% of the time along the solid curve which forms the boundary of
service volume. On these figures the limitation imposed by ground station
power output and the available power requirements (see sec. 5.1) is
described only by the dashed line labeled '""'nominal range'',

The volume defined by rotating the appropriate curve about the
ordinate axis represents a volume in which service reliability (see sec. 4)
is 95% or greater by virtue of each curve representing the smallest d__ +

D
dU value possible for particular ground station separations(see sec. 5.2).
Similarly, if service is limited by interference from several co-channel
stations, the volume defined by rotating the mostrestrictive curve (which is

the curve appropriate to the closestinterfering station)about the ordinate axis

represents a volume inwhichthe service reliability is generally 95% or greater,

but not always.
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5.5 VOR and TACAN Signal Ratios Near an Interfering Station

Desired-to-undesired signal ratios in the neighborhood of an
undesired station are shown in figures 38 through 50 and 51 through 63 for
VOR and TACAN, respectively. There is a separate figure for each
system-altitude combination with the altitudes ranging from 1, 000 to
100, 000 feet.

The desired and undesired stations involved in figures 38
through 63 are similar (both either VOR or TACAN). Predictions for the
case where the desired station is a VOR and the undesired station is an
ILS are not included in this report.

As an example, in figure 38 the intersection of the D/U(95) =
-20 dB line at a distance of 43 nautical miles with the curve for S = 70,
means that at 1, 000 feet the undesired signal exceeds the desired signal
by 20 dB for 5% (100-95) of the time at a distance of 27 nautical miles (70-
43) from the undesired station. If, in an application to an adjacent channel
interference problem, the undesired signal just causes trouble when it is
greater than the desired signal by 20 dB, service is available at least 95%
of the time where the D/U(95) curve for the station separation and air-
craft altitude involved does not become more negative than -20 dB.

The curvesonfigures 38through 63 do not show the effect of inter-

ference beyond the undesired stationor atlocations offthe greatcircle path
connecting the stations; i.e., the distance dD shown on the abscissa scales

locates the aircraftonthe great circle path between the desired and the
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undesired station. However, a method of approximating the locus of a constant
interference ratio, D/U(95), as a circle enclosing the undesired station
has been developed. For a given aircraft altitude, this circle is centered
on extension of the line connecting the ground stations concerned, but on the
""far'' side of the undesired station. The pertinent geometry is shown
by a top and a side view in figure 64. Generally, service may be regarded
as being unsatisfactory within this circle, even though some locations
having satisfactory service may exist above the undesired station because
of the vertical pattern of its antenna.

Two basic assumptions must be made as follows:

(a) The geometry represented by figure 64 is treated as plane

geometry; i.e., the earth is assumed to be flat and slant

range projections, d__ and d onto the horizontal plane

U D’

are approximately equal to the actual ranges, Ty and rHe

(b) The interference ratio, D/U(95), is assumed to be

proportional to the logarithm of the ratio of the ranges,

rD/rU ;i.e.,

(4)

where M is a constant.
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Assumption (a) is reasonable if dD> dU > (aircraft altitude/

1600), where the distances, d‘D and dU , are in nautical miles and the
aircraft altitude is in feet. Hence, the problem of finding the locus of
rD/rU = constant may be solved using plane geometry. This locus is
found to be a circle, described by the parameters C and R defined in

figure 64 (page 94) and given by the following equations which contain an

additional auxiliary parameter, B:

B=d /d =(s-dy/d = r /Ty (5)
2
C = _S(BZ—_"'U ’ (6)
2(B” - 1)
SB
K= (7)
B% -1

As an example, consider the S = 150 nautical miles curve of
figure 41, (VOR; 15, 000 feet). For a desired-to-undesired signal ratio
D/U(95) = -40 dB which may very well constitute the adjacent-channel
interference threshold in a practical case, the distance, dD =130
nautical miles, from the desired station (dU = 20 nautical miles) is read

from figure 41. Then B, C, and R are calculated:
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APPENDIX I PROPAGATION MODELS

I.1 Desired Station ILS Localizer Model

A smooth, spherical earth model was used to calculate trans-
mission loss for the desired ILS at 110 Mc/s. A linear-gradient
atmosphere was assumed for the initial calculations so that for a first
approximation radio rays could be considered to be straight lines above
an earth having an effective radius of 4/3 its actual value. Calculation
methods are based on material contained in an NBS Technical Note by
Rice, et al.[ 1966].

Only the gain of the transmitting antenna is included in the
calculation of a reference transmission loss, with unity gain assumed
for the aircraft antenna. In this study, the reference transmission loss,
Lm » is defined to include the free-space gain of the ground station
antenna as a function of the elevation angle as well as the effect of
ground reflections.

Within the radio horizon, values of the reference transmission
loss, Lm ,» were calculated using geometric optics methods, [ Kirby,
et al., 1952]. These methods take into account the interference between
the direct and the ground-reflected ray. Figure 65 shows the geometry
for this ray interference problem, and defines many of the symbols used
in the analysis. Using this geometry, curves of Lm versus distance

were calculated for each assumed aircraft altitude.
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In the calculations, the ground antenna was assumed to be a
single Alford loop 5.5 feet above ground. The total gain of the carrier
antenna and the carrier power were not considered in the calculation of
N{D/U(95)} . These can be taken into account by the procedure given

in sections 5.1 and 5.2 for converting D/U(95) to N {D/U(95)} .
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APPENDIX II COMPUTATION TECHNIQUES

Calculations necessary to produce all desired distributions of
transmission loss values or power levels as well as the processes
involving the combination of various distributions were so numerous
and complex that the use of a large electronic computer was necessary.

The calculation of Lm was accomplished by modifying existing
programs to include the effect of the transmitting antenna only as a
function of distance and aircraft height. For each aircraft altitude
resulting propagation curves were reduced to a set of tables that
includes Lm information for each of the propagation models discussed
in Appendix I. Additional tables for distribution of short-term
variability and aircraft antenna power gain ratios were developed. This
information was then used in Signal Ratio Prediction Programs to
generate tables of signal ratios for various values of time availability
as a function of interference type, station separation and aircraft location.
Values extracted from these tables were used in plotting the curves
shown in sections 5.1 through 5.5.

Signal Ratio Prediction Programs served to systematize the
signal ratio calculations for various aircraft altitudes, station separations
and distances. Of the three such programs used (ILS, VOR, and

TACAN) the ILS program was the simplest. The following discussion
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is considered adequate to illustrate the general character of the prediction

programs.

II.1 ILS Signal Ratio Prediction Program

The ILS Signal Ratio Prediction Program consists primarily
of a series of loops by which the calculations are sequenced and
systematic changes of parameters achieved. Figure 67 is a flow diagram
of the program showing the series of loops and the computational
sequence.

The primary loop considers different aircraft altitudes. At
the start of each pass around the loop a set of Lm tables (as explained
above) for a particular height is read into the computer. This loop
continues until the supply of tables is exhausted. Altitudes of 500, 1, 000,
2,000, 3,000, 4,000, 6,250, 12,000, and 18,000 feet were used.

A secondary loop considers the distance along the great circle
path on the ground from the undesired station to the aircraft, dU . An
initial value of 5 nautical miles is used, and this is incremented by 5
until 325 nautical miles is reached.

For a given undesired distance, an inner loop is used to

calculate the time distributions of transmission loss for the two
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number of percentage values between p = 1% and p = 99% are selected
and punched on cards.

The calculations are primarily handled by three subroutines:
FALTG, VPD, and INTERP. This technique enables the program to be
more easily changed for other combinations of systems not being

considered in this study.

The convolution of distributions is handled by the subroutine
FALTG.

The subroutine VPD calculates the predicted long-term
variability (or power fading) as a function of the effective distance using
the methods developed for a continental temperate climate [ Rice,
et al., 1966].

With the extensive use of tables, the need to interpolate often
arises, and linear interpolation will not always suffice. Therefore, a
subroutine INTERP was included in the program; this calculates the
nth Lagrangian approximation [ Lance, 1960], where n <m -1 with
m being the number of entries in the table. The special case n =1
results in linear interpolation. As a practical matter, n is usually
required to be less than five. This is necessary because Lagrangian

interpolation may exhibit large oscillations between tabular entries

whenever they do not lie on rather smooth analytic functions.
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This is an abbreviated discussion; the calculation procedure
was more involved than indicated. In particular, the method used to
extend calculations to a station separation of 20 nautical miles was

not discussed.
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APPENDIX III. COMPARISON OF THE RESULTS WITH PREVIOUS
STUDIES
In 1951, Staras, Rice, and Herbstreit predicted VOR service
volumes [ Radio Technical Commission for Aeronautics, 1955]. The
curves they developed are not in overall agreement with curves
presented here ; e.g., ranges previously estimated for D/U(95) of 14
and 20 dB vary from ~ 35 nautical miles less to ~10 nautical miles
greater than comparable ranges given in this report when the aircraft
is located within the radio horizon of the desired station. Although the
antennas, both ground and air, used in the two predictions were not
identical, they were so similar that only minor differences between
prediction curves would be likely because of different antennas. However,
since 1951 more refined methods for calculating transmission loss beyond
the radio horizon and for estimating time variability have been developed.
Thus, major differences in prediction curves are probably caused by
different variability estimates, and different predicted median fields
beyond the radio horizon. The power output for VOR used in the earlier
study was 3 dB lower than that used here, but only the curves for service
without interference would be affected by this difference.
The TACAN curves developed by Decker [1957] also differ from

the curves presented here; e.g., ranges previously estimated for

d/U(95) of 8 dB vary from ~35 nautical miles less to ~10 nautical miles
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greater than comparable ranges given in this report,when the aircraft

is located within the radio horizon of the desired station. The same
ground station antenna was used in both studies, but in the earlier study
it was placed 100 feet above the ground, whereas this study used a height
of 30 feet. Although the method used to account for ground reflections
was almost identical, the actual numbers involved were different, because
of the different ground antenna height and different estimates of the
effective ground reflection coefficient. This may account for minor
differences in the prediction curves. However, different estimates of
long-term variability, V(p,d), were found to be more significant.
Decker's probability-of-service curves applicable to interference-
limited service also included limitations due to noise (transmitter power
and receiver sensitivity). In the present study,interference and noise

limitations were treated separately.
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