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English/Metric Conversion Factors

Length
To
Fro Cm m Km in ft s mi nmi
Cm 1 0.01 1x105 0.3937 [ 0.0328 | 6.21x106 | 5.39x106
m 100 1 0.001 39.37 |3.281 |0.0006 0.0005
Km 100,000 {1000 |1 39370 |3281 |0.6214 0.5395
in 2.540 0.0254 | 2.54x10°% | 1 0.0833 | 1.58x10°% | 1.37x10°5
ft 30.48 0.3048 | 3.05x104 | 12 1 1.89x10% | 1.64x104
Smi | 160,900 {1608 |1.609 63360 |5280 |1 0.8688
nmi 185,200 | 1852 |1.852 72930 |6076 | 1.151 1
Area
To
Fro Cm?2 m2 Km?2 in2 #12 S mi? nmi2
cm? |1 0.0001 1x10°10 0.1550 0.0011 3.86x10°1Y | 5.11x10 11
m2 10,000 1 1x106 1550 10.76 3.86x107 |5.11x1077
Km2 | 1x1070 1x108 1 1.55x109 | 1.08x107 | 0.3861 0.2914
in2 6.452 0.0006 6.45x1010 | i 0.0069 2.49x10°10 | 1.88x10°10
ft2 829.0 0.0929 9.29x108 | 144 i 3.59x108 | 2.71x108
S mi2 | 2.59x1070 | 2.59x106 | 2.590 4.01x109 | 2.79x107 |1 0.7548
nmi? | 3.43x10'0 | 3.43x106 | 3.432 5.31x109 | 3.70x107 | 1.325 1
Volume
To
Fro cm3 Liter m3 in3 ft3 yd3 fl 0z fl pt fl gt gal
cm3 |1 0.001 |[1x106 0.0610 | 3.53x105 | 1.31x10'6 | 0.0338 | 0.0021 | 0.0010 {0.0002
liter 1000 1 0.001 61.02 10.0353 0.0013 33.81 {2113 [1.057 |0.2642
m2 1x106 1000 |1 61,000 | 35.31 1.308 33,80012113 | 1057 |264.2
in3 16.39 0.0163 | 1.64x105 | 1 0.0006 2.14x10°5 | 0.5541 | 0.0346 | 2113 |0.0043
13 28,300 |28.32 |0.0283 1728 |1 0.0370 957.5 159.84 |0.0173 |7.481
yd3 765,000 |764.5 |0.7646 46700 |27 1 25900 | 1616 |807.9 |202.0
floz | 29.57 0.2957 | 2.96x105 | 1.805 |0.0010 3.87x105 | 1 0.0625 | 0.0312 |0.0078
flpt |473.2 0.4732 | 0.0005 28.88 |0.0167 0.0006 16 1 0.5000 {0.1250
flqt ]946.3 0.9463 | 0.0009 57.75 |0.0334 0.0012 32 2 1 0.2500
gal 3785 3.785 {0.0038 231.0 |0.1337 0.0050 128 8 4 1
Mass
To
Fro g Kg 0z b ton
g 1 0.001 10.0353 | 0.0022 | 1.10x106
Kg 1000 1 35.27 |2.205 |0.0011
o2 28.35 0.0283 |1 0.0625 | 3.12x10°5
Ib 453.6 0.4536 |16 1 0.0005
ton 907,000 | 807.2 32,000 12000 |1
Temperature
°C = 9/5 (°F — 32)
OF = B/9 (°C) + 32
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1. INTRODUCTION

Assignments for aeronautical radio in the radio frequency spectrum must be made
so as to provide reliable services for an increasing air traffic density [17]].
Potential interference between facilities operating on the same or on adjacent chan-
nels must be considered in expanding present services to meet future demands. Ser-
vice quality depends on many factors, including signal strength and the desired-to-
undesired signal ratio at the receiver. These parameters vary with receiver location
and time even when other parameters, such as antenna gain and radiated powers, are
fixed.

In 1973, an a&ir/ground propagation model developed at the Department of Commerce
Boulder Laboratorie§ (DOC-BL) by the Institute for Telecommunication Sciences (ITS)
for the Federal Aviation Administration (FAA) was documented in detail [14]. This
IF-73 (ITS-FAA-1973) propagation model has evolved into the IF-77 (ITS-FAA-1977)
model, which is applicable to air/air, air/ground, air/satellite, ground/ground, and
ground/satellite paths. The IF-77 has been incorporated into a number of computer
programs that are useful in estimating the service coverage of radio systems oper-
ating in the frequency band from 0.1 to 20 GHz. These programs may be used to
obtain a wide variety of computer-generated microfilm plots [19,20]. Extensive
comparisons of IF-77 predictions with measured data have been made [21], and an
atlas of basic transmission loss predictions was generated using the model [8,22].

The previously published documentation for IF-77 covered only the extensions
[15] made to IF-73 and relied on IF-73 documentation [14] to cover most of the
model. This approach was used to highlight the extensions and simplify the documen-
tation process. However, an integrated description of the model is needed to give
potential users a better understanding of the ovFra]] model. Such a description is
provided in this report. Although most of the previous descriptions are repeated
here in an integrated form, some items are simply referenced. Details concerning
computer programs are not included, but it is anticipated that such detail for a
few specific programs will be made available in later reports.

Except where otherwise indicated, all equations provided here are dimensionally
consistent; e.g., all lengths in a particular equation are expressed in the same
units. Distances and heights are always in kilometers, angles always are in radians,
and frequency is always in megahertz. In Section 2.3, wavelength is in meters, else-

]References are listed alphabetically by author at the end of the report so that
reference numbers do not appear sequentially in the text.



where it is in kilometers. Braces are used around parameter dimensions when partic-
ular units are called for or when a potential dimension difficulty exists. A list

of symbols is provided in the appendix.

2. PROPAGATION MODEL

The IF-77 propagation model 1is applicable to air/ground, air/air, ground/satel-
lite, and air/sate]]fte paths. It can also be used for ground/ground paths that are
line-of-sight or smooth earth. Model applications are restricted to telecommunica-
tion systems operating at radio frequencies from about 0.1 to 20 GHz with antenna
heights greater than 0.5 m. In addition, radio-horizon elevations must be less than
the elevation of the higher antenna. The radio horizon for the higher antenna is
taken either as a common horizon with the Tower antenna or as a smooth earth horizon
with the same elevation as the lower antenna effective reflecting plane (Sec. 3.3).

At 0.1 to 20 GHz, propagation of radio energy is affected by the lower, nonion-
ized atmosphere (troposphere), specifically by variations in the refractive index
of the atmosphere [1, 2, 3, 4, 6, 9, 18, 23, 30, 33, 34]. Atmospheric absorption
and attenuation or scattering due to rain become important at SHF [23, Ch. 8; 28;
34, Ch. 3]. The terrain along and in the vicinity of the great circle path between
transmitter and receiver also plays an important part. In this frequency range,
time and space variations of received signal and interference ratios lend themselves
readily to statistical description [18, 25, 27, 32, 34, Sec. 10].

Conceptually, the model is very similar to the Longley-Rice [26] propagation
model for propagation over irregular terrain, particularly in that attenuation
versus distance curves calculated for the line-of-sight (Sec. 5), diffraction
(Sec. 4), and scatter (Sec. 6) regions are blended together to obtain values in
transition regions. In addition, the Longley-Rice relationships involving the
terrain parameter Ah are used to estimate radio-horizon parameters when such infor-
mation is not available from facility siting data (Sec. 3.2). The model includes

allowance for:
1. Average ray bending (Sec. 3).
2. Horizon effects (Sec. 3).
3. Long-term éower fading (Sec. 10.1).
4. Antenna pattern (elevation only) at each terminal (Sec. 5.2.4).

5. Surface reflection multipath (Sec. 10.2).




6. Tropospheric multipath (Sec. 10.3).

7. Atmospheric absorption (Sec. 9).

8. Ionospheric scintillations (Sec. 10.5).
9. Rain attenuation (Sec. 10.4).

16. Sea state (Sec. 5.2.2).

11. A divergence factor (Sec. 5.2.1).

12. Very high antennas (Sec. 8).

13. Antenna tracking options (Sec. 5.2.4).

Computer programs that utilize IF-77 calculate transmission loss, power avail-
able, power density, and/or a desired-to-undesired signal ratio. These parameters
are discussed in Sections 2.1 through 2.4. A computational flow chart is provided
in Section 2.1 for transmission loss.

2.1 Transmission Loss
Transmission loss has been defined as the ratio (usually expressed in decibels)
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 [34, Sec. 2]. Transmission loss
levels, L(q), that are not exceeded during a fraction of the time q (or 100 g percent
of the time) are calculated from:

L(q) = Lb(0.5) + Lgp - GET - GER - Yz(q) dB (1)
where Lb(O.S) is the median basic transmission loss [32, Sec. 10.4j, Lgp is the path
antenna gain-loss [26, Sec. 1-3], GET and GER are free-space antenna gains for the
transmitter and receiver at the appropriate elevation angle, respectively, and Yz(q)
is the total variability from equation 229 of Section 10; i.e.: (229).

Median basic transmission loss, Lb(0.5), is calculated from:

L, (0.5) = L. +A

pr F Ay T A, B (2)

b

where Lbr is a calculated reference level of basic transmission loss, AY’ is a con-
ditional adjustment factor, and Aa is atmospheric absorption from (228) of Section 9.
The factor, Ay, from (243) of Section 10.1, is used to prevent available signal

3



powers from exceeding levels expected for free-space propagation by an unrealistic
amount when the variability about Lb(0.5) is large and Lb(O.S) is near its

free-space level.

Free-space basic transmission loss, Lbf’ from (226) of Section 8, terrain atten-
uation, AT’ from (221) of Section 7, and a variability adjustment term, Ve(O.S),
from (240) of Section 10.1, are used to determine Lbr; i.e.:

+ A. -V (0.5) dB (3)

. bf * A - Vel

br L
The value for Lgp in (1) is taken as 0 dB in the IF-77 model. This is valid
when (a) transmitting and receiving antennas haye the same polarization and (b) the

maximum antenna gain is less than 50 dB [26, Sec. 1-3].

Values of G.- and GER for (1) are obtained from GET = GT + GNT and

ET
= G + G

G NR? i.e.:

ER R

G = GT,R + GNT,R dBi (4)
where GT,R is the transmitter or receiver main-beam maximum free space antenna gain
in decibels greater tnan isotropic (dBi), and GNT,R is a normalized transmitting or
receiving antenna gain in decibels greater than maximum gain that gives relative
gain for the appropriate elevation angle. These gains are all model input parameters.
Normalized vertical (elevation) antenna patterns are used to define GNT,R so that
gain values can be obtained for elevation angles at which the maximum gain is not
appropriate. The calculation of these elevation angles is discussed in

Section 5.2.4. Horizontal antenna patterns are not usually considered part of the
IF-77 model, but én allowance for them can be made by adjusting GT,R values.
However, horizontal patterns have been included in one computer program called TWIRL
[20, p. 61].

Variabilities associated with long-term power fading, surface reflection multi-
path, tropospheric multipath, rain attenuation, and ionospheric scintillation are
included in YX(Q) of (1). These are all discussed in Section 10. Since the adjust-
ment terms associated with long-term power fading are included in the calculation

of L, (0.5), ¥;(0.5) = 0.

A computational flow diagram for L(q) is provided in Figure 1. Although only

those equations discussed in this section are included in the diagram, section ref-
erences are provided for the other calculations nvolved. Horizon and diffraction

4



CALCULATE HORIZON
PARAMETERS (Sec. 3)

]

CALCULATE DIFFRACTION REGION
PARAMETERS (Sec. 4)

CALCULATE TERRAIN ATTENUATION
(Sec. 7), AT

|

CALCULATE BASIC TRANSMISSION LOSS
FOR FREE SPACE (Sec. 8), Lbf

l

CALCULATE VARIABILITY ADJUSTMENT
TERM (Sec. 10.1), Ve(0'5)

|

CALCULATE REFERENCE
BASIC TRANSMISSION LOSS (Sec. 2.1)
Lbr = Lbf + AT - Ve(0.5)
q

CALCULATE CONDITIONAL ADJUSTMENT
FACTOR (Sec. 10.1), AY
|
CALCULATE ATMOSPHERIC ABSORPTION (Sec. 9), A

|

CALCULATE MEDIAN BASIC TRANSMISSION LOSS (Sec. 2.1),

Lb(o.s) = Lbr + AY + Aa

|

a

DETERMINE G
(G

ET AND GER FROM INPUT DATA ON MAIN-BEAM GAINS
AND NORMALIZED ANTENNA PATTERNS (G
G = G + G

T,R) NT,R)’

ET,R T,R MT,R

!

CALCULATE TOTAL VARIABILITY
(Sec. 10), Yu(q)

1
CALCULATE TRANSMISSION LOSS (Sec. 2.1),

FIGURE 1. COMPUTATIONAL FLOW DIAGRAM FOR L(q).




region parameters are determined prior to calculation of AT since these parameters

are used to define region boundaries.

2.2 Power Available
Power available as calculated in IF-77 is taken as the power available from the
receiving antenna terminals under matched conditions when internal heat losses of
the receiving antenna and path antenna gain-loss are neglected. Compensation for
internal heat loss or gain-loss factors needed to refer the available power to some
point in the receiving system other than the receiving antenna terminals can be made
by an appropriate adjustment to the radiated power or antenna gains used for computer

program input.

Power available Pa(q) levels exceeded for a fraction of time q are determined
using Lb(0.5) from (2), GNT,R from (4), and Yz(q) from (229) of Section 10 with:

P,(a) = EIRPG + Gyp + Gyp - L (0.5) + Y (q)  dBW (5)
EIRPG = EIRP + G,  dBW (6)
EIRP = Pro + G, dBH (7)

Here EIRP is equivalent isotropically radiated power; PTR in decibels greater than

1 W (dBW) is the total power radiated by the transmitting antenna; and GT,R in deci-
bels greater than. isotropic (dBi) is the maximum gain of the transmitting antenna or
receiving antenna, respectively (Sec. 2.1). Losses (e.g., line losses) associ-

ated with the transmitting system should be considered in calculating radiated

power from transmitter output power. Normalized antenna gains (GNT and GNR) in
decibels greater than maximum gain (GT or GR) are included in (5) to allow for
antenna directivity when maximum gains are not appropriate (i.e., the antennas

are not pointed at each other). Computer programs utilizing IF-77 have tracking

options that allow antennas to track each other (Sec. 5.2.4).

2.3 Power Density
Power density SR(q) in decibels greater than 1 watt per square meter that is
exceeded for a fraction of the time q is determined using the parameters discussed

previously along with the effective area, AI’ of an isotropic antenna; i.e.:

Sp(a) = EIRP + Gyr - L, (0.5) + Y,.(q) = A}  dB-W/sq m (8)




Values of AI are determined from:

Ay = 10 log (X;/4ﬂ) dB-sq m (9)

where A is the wavelength in meters (33, Sec. 4.11). For a frequency of f [MHz]:

o
1]

299,7925/f m (10a)

>
I

Am/1000 km (10b)

2.4 Desired-to-Undesired Signal Ratio
Desired-to-undesired signal ratios that are available for at least a fraction
time q, D/U(q) dB, at the terminals of a lossless receiving antenna are calculated

using [11, Sec. 3]:
D/U{q) = D/U(0.5) + YDU(q) dB (11)

The median value of D/U(0.5) and the variability YDU(q) of D/U are calculated as:

D/U(0.5) = [Pa(0'5)]Desired B [Pa(O‘S)]Undesired (12)
YDU(q) i j'“"/I:Yz(q)]zDesired * [YZ(] - q)]2Undes1'lred dB (13)
- for q > 0.5

+ otherwise

Values of Pa(0'5) are calculated from (5) where Y3(0.5) = 0 by using parameters
appropriate for either the desired or undesired facility. Applicable variabilities
‘are calculated using the methods described in Section 10. Note that YDU(q) requires
the undesired facility Yy for (1 - q); e.g.:

1

3 —_ ? 2
Yo (0-8) = - WY'*(O'B)] pesired * [Y£(0-2)1* jrdesired



3. HORIZON GEOMETRY
Calculations associated with horizon geometry involve the use of the effective
earth radius concept in which ray bending caused by refraction within the troposphere
is simplified by using straight rays above an earth with an effective radius that is
selected to compensate for the ray bending [3, Sec. 3.6; 30]. The effective earth
earth radius, a, is calculated [34, Sec. 4] using the minimum monthly mean surface
refractivity referred to mean sea level, No’ and the height of the effective reflec-

tion surface above mean sea level (msl), hr; i.e.:

No exp (-0.1057 hr)
NS = greater of or N-units (14)
200
ao = 6370 km (15)
a =a,[1- 0.08665 exp (0.005577 N)I™' km (16)

Here Ns is surface refractivity at the effective reflecting surface, and a, is the
actual earth radius to three significant figures. Both N, [20, p. 74, p. 94] and
h. [20, p. 83] are model input parameters.

When high (>> km) antennas are involved, geometry based solely on the effective
radius method may?overestimate ray bending so that smooth earth horizon distances
become excessive [3i]. .This difficulty is compensated for in IF-77 by the use of
ray tracing in the determination of some key parameters such as effective terminal
altitudes (Sec. 3.1), smooth earth horizon distances (Sec. 3.1), and effective dis-
tance (Sec. 10.1). In IF-77, ray tracing is performed through an exponential
atmosphere [3, equations 3.43, 3.44, 3.40] in which the refractivity, N, varies with
height above msl, h, as:

N = N, exp [- C, (h - hr)] N-units : | (17)
where
NS :
Ce = ]Oge ——-—*—"NS n /\N) (]8)
and
AN = -7.32 exp(0.005577 NS) N-units/km (19)



Thayer's algorithm [37] for ray tracing through a horizontally stratified atmosphere
is used with layer heights (above hr) taken as 0.01, 0.02, 0.05, 0.1, 0.2, 0.305,
0.5, 0.7, 1, 1.524, 2, 3.048, 5, 7, 10, 20, 30.48, 50, 70, 90,.110, 225, 350, and

475 km. Above 475 km ray bending is neglected; i.e., rays are assumed to be straight
relative to a true earth radius, a,- The computer subroutine used for ray tracing
[14, Sec. B.4.1, RAYTRAC] was written so that: (a) the initial ray elevation angle
may be negative; (b) if the initial angle is too negative, it will be set to a value
that corresponds to grazing for a smooth earth; and (c) the antenna heights may be
very large, e.g., satellites.

The IF-73 model was actually developed for transmission from a ground-based
facility to an airborne receiver; but, because of reciprocity, it could also be used
for air-to-ground transmissions. Although the IF-77 model does not require that a
terminal be ground-based, or that a terminal be airborne, we will nevertheless refer
to the Towest terminal as the facility and the higher terminal as the aircraft.
Furthermore, the facility is taken as terminal 1 so that variables associated with
it have a 1 in their subscripts; and the aircraft is taken as terminal 2.

Horizons for both terminals are determined by the input parameters used to de-
fine the facility horizon; i.e., the aircraft horizon is either taken as the facility
horizon obstacle (common horizon) or as a smooth earth when the aircraft's view of
the facility obstacle would be shadowed by a smooth earth. The calculation of air-
craft horizon parameters (Sec. 3.3) involves prior determination of effective
antenna heights (Sec. 3.1) and the facility horizon (Sec. 3.2).

3.1 Smooth-Earth Horizons
Antenna height information islinput to IF-77 via the variables hr’ hs]’ hc,
hsm]’ and h2 where these variables are defined in Figure 2 as in the Application
Guide [20, pp. 80, 81, 83, 88; 101]. Antenna heights, hr],Z’ above the effective
reflection surface are obtained from these by using:

h.y = hgp t h - h km (20a)

hr2 =h, - h km | (20b)

Antenna heights above mean sea level (msl) are given by:

1.2 + hr km (21)



ATRCRAFT ALTITUDE ABOVE msl

i
|
FACILITY ANTENNA HEIGHT ABOVE fss — : h2
|
hfc] _—
FACILITY ANTENNA COUNTERPOISE ABOVE fss hs]
"
c
FACILITY SITE SURFACE (fss) ELEVATION ABOVE ms] ¢
EFFECTIVE REFLECTION SURFACE ELEVATION ABOVE msl hsm]
hr I &
MEAN SEA LEVEL (ms1)

VALID INPUT CONSTRAINTS
0<h,  <4km
0<h,_. <4&kn

0.0005 kn < h
h

<
— sml
<

sl
150y

Note that aircraft altitude is elevation above msl while
the facility antenna height is measured with respect to fss.

FIGURE 2. INPUT ANTENNA HEIGHTS AND SURFACE ELEVATIONS FOR IF-77.

.
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The height of the facility antenna above the counterpoise is given by:
he =h_y - h_  km (22)

When the effective earth geometry (straight rays) overestimates bending, effective
antenna heights, he] o> are taken as heights that will yield the smooth-earth hori-
zon distances obtained via ray tracing when used with effective earth geometry.

As illustrated in Figure 3, effective heights are lower than actual heights.

Note that esR1 is a

negative ray elevation
angle and a positive
central angle

Ray

r a
Not drawn
to scale

e ———

FIGURE 3. EFFECTIVE HEIGHT GEOMETRY.

The IF-77 model uses ray tracing teo determine smooth-earth horizon ray dis-
tances associated with both terminals, dLsR],Z’ that are used 16 the calculation of
effective antenna heights. These distances are determined by ray tracing from the
effective reflecting surface elevation of the earth's surface to the respective
antenna heights. The initial takeoff angle used is 0° and the surface refractivity,
N , is calculated from N0 with (14). Values for dLsR],Z and a from (16) are used to

S
determine the difference in actual and effective antenna heights, Ahe] 9» S follows:
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O¢ry,2 = Ypspy,ofd  red (23)

frey,2 ]
or
- , 2 .
he1,2 = lesser of 0.5 dLsR],Z/a if esR],Z < 0.1 rad km (24)
a[sec(esR]’Z) - 1] otherwise
| J
Bhgy,2 = Pey,2 = Pey,p KM (25)

The final value of a smooth earth horizon distance, dLs] 2 is taken as the
ray tracing value for high antennas (Ahel 5 > 0) or computed via effective earth

radius geometry, dLsE],Z; i.2.:

dLsE],Z = V 2a he],Z km - (26)

disry,2 1f &gy, > 0

dLs],Z = km (27)
dLsE],Z otherwise

dLs - dLs] * dLsZ km (28)

In addition, the ray elevation angle eesR] 2 resulting from ray tracing is taken as

the final ray elevation angle when Ahe] 0 > 0; i.e.:

651,2 = dLs],Z/a rad | , (29)
Oesrl,2 T Ahgy 2> 0

ees],Z = | rad : (30)
—051,2 otherwise

12




3.2 Facility Horizon

The IF-73 model allowed the facility horizon to be specified by: (a) any two
horizon parameters (elevation, elevation angle, or distance); (b) estimated with
any one horizon parameter and the terrain parameter, Ah; (c) estimated from Ah
alone; or (d) calgulated for smooth-earth conditions [14, Fig. 14]. Figure 4 illus-
trates the faci]ify,horizon geometry involved in the IF-73 formulation. Horizon

distances, d horizon elevation, hLE1; and horizon elevation angle, eeEl; for

LET®
effective earth geometry are related to each other by:

h - h d
-1 LE 1 LE] )
8 = Tan - rad (31)
et | ( d 2a
(dLEl)Z

hgr =M+ 7% tdpy tan By km (32)
d = + gf2a(h - hy) + a2 tan20 - a tan © km (33)
LET — LET 1 ekl eF1l

where a is from (16). The + choice in (33) is made such that (32) yields its

- b
smallest positive value. If dLE] and/or OeE] are not specified, they may be esti-
mated [26, Sec. 2.4] using Ah [km] which is a model input parameter [20, p. 101] and
d from (27). That is:

Lsl
h, = larger of (hel or 0.005)  km (34)
dy, = dLs] exp (-0.07 ¥ Aﬁ?he) km (35)
0.1 dLs] if dh <. 0.1 dLS]
dgp = {3 d ifd >3 d km (36)
dh otherwise
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Facility

Horizonta]ﬂ h]J

Note: Effective earth (straight ray) Effective Reflecting
geometry is illustrated for the facility Surface
using a dotted ray. The solid ray
illustrates that the horizon ray
obtained by ray tracing from the ms1
facility horizon to the aircraft /
yields a_smaller distance a=a-h
than would be obtained with
effective earth geometry. ’
Mot drawn h
to scale r

FIGURE 4.

FACILITY RADIO HORIZON GEOMETRY.
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d 3
ao_._5_ 1.3(HL—S—]—-1) Ah—4he]]
Lsl LE1

= lesser of or ] } rad (37)
0.2094 (12°)

Ok

h d i
where L] 18 from (27).

However, some of this flexibility must be sacrificed when the facility is high
(airborne) since the accurate specification of more than one horizon parameter re-
quires prior knowledge of ray-tracing results.

The IF-77 version was constructed to retain all of the IF-73 facility horizon
specification flexibility for low-facility antennas and, yet, allows ray tracing to
be used for high-facility antennas. This method is described in the following steps:

1. Determine horizon parameters as they were determined in IF-73; but, con-
sider the results as initial values that may be changed if the facility antenna is
too high.

2. Values of h] from (21) and he] from (24) are used to test the initial
horizon parameters. The initial parameter values are replaced by ones appropriate
for a smooth earth if the test conditions are met; i.e., smooth-earth values are

used if;
eeE] >0 and h] > hLE]
he] > 3 km and or _
eeE] <0 and h] < mLE]

3. Step 3 is not used if smooth earth parameters were selected in step 2.

If Ahe] from (25) is zerou, the initial horizon parameter values from step 1 are used.
Otherwise, ray tracing is used to determine values for 6o and dL]' In either case:

L1

Lril
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eeE] if Ahe] =0

Ba7 = (40)
otherwise use ray tracing
dLE] if Ahe] =0

dL] = (41)
otherwise use ray tracing

The ray tracing referred to in (40) and (41) is started at the horizon elevation,
er], with a take-off angle of -eL and continues until the facility antenna height
hr] is reached. Then, the great-circle distance traversed by the ray is taken as
dLl; and the negative of the ray arrival angle is taken as ee]. The take-off angle

used is calculated from:

B Pery *(dm/a) (42)

Figure 5 provides a summary of the logic used for facility horizon determination.

The distance dLR2 shown in Figure 4 is taken as the distance under a ray traced
from the facility horizon with a take-off angle of 0 from (42) to the aircraft
altitude of h,. This distance is then used with dLs] 5 from (27) to calculate the

2
maximum line-of-sight distance dML which is also shown in Figure 4; i.e.:

1 . )
dLs] + dLsZ for smooth earth; i.e., Ah = 0
) 1 f(a *+ hq)cosé 4 - ]
dy, = 3 a(Cos ( (a+ hip) - 8g1) if bh, = 0 > km (43)
dL] + dLR2 otherwise
. v .

3.3 Aircraft (Or Higher Antenna) Horizon

Aircraft horizon parametérs are determined using either (a) case 1, where the
facility horizon obstacle is assumed to provide the aircraft radio horizon, or (b)
case 2, where the effective reflection surface is assumed to provide the aircraft




Ah

Compute parameters gssociated
with smooth earth conditions
as in Sec. 3.1; i.e., hr]’ h

Lsl

el’ d

, and 6 . el
esl

o oo

Lsl
esl

Is smooth earth specified? Yes
No&
No g4 Yes
Are hLE] and eeE1 specified?
4
Is dLET NO Compute dLE]
specified? via (36).
Yes |
5 1
IS Ogg No | IS Pue Yes Compute d, .
specified? specified? via (33)
Yes‘ No‘
Complte hLEl Compute eeE] Compute OeE]
via (32) via (37) via (31)
- 1
: - Set
dy =
Is Is 057y > 0 and hy > hy 6. =
: . Yes or Yes el
> 3 km? n =
el eeE] < and h] < hLE1? L1
Ah =
NO‘ No hy g =
ER TS
et = Py - Py |
A 2 =
Is Ahe] 0? |No B = Bopp t (dLEY/a)
Yes ‘
Trace a ray from er] with a take-off angle
0 . =8 of OL towards terminal 1 until a ray height of
de1 dEF] hr] is reached. Tpe distance below the ray is
L1 LET taken as dL]’ and the negative of the ray arrival
angle is taken as Uel'
of EXIT
FIGURE 5. LOGIC FOR FACILITY HORIZON DETERMINATION.
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with a smooth-earth radio horizon. The great-circle horizon distance for the
aircraft, dL2’ is calculated using the parameters shown in Figure 6 along with the
great-circle distance, d, between the facility and the aircraft; i.e.:

d, = /72 h 5  kn (44)

dy=dq tdg Tdg, kn (45)
d - dL] if dML<§ d < dLM

d, = | km (46)
dLsZ otherwise

Here, er] is the height of the facility horizon obstacle above the effective reflec-
tion surface from Figure 5, and dSL is the smooth-earth horizon distance for the
obstacle (i.e., a is from (16), dL] is from (41), and dLsZ is from (27)). The
horizon ray elevation angle at the aircraft, 0e2’ is measured relative to the hori-
zontal at the aircraft, with positive values assigned to values above the horizontal.

It is calculated from:

Horizontal at aircraft
Case 1, obstacle horizon
Case 2, smooth~garth horizon

Not drawn
to scale

FIGURE 6. GEOMETRY FOR AIRCRAFT RADIO HORIZON
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h ey 1F dy < d<dpy
o =9 ki (47)
0 otherwise
hp=hypth km | (48)
' h - h d
- Lr2 = Ne2 L2 q
8, = Tan ( sz - % ) ra (49)

where erZ is the aircraft horizon height above the reflecting surface.

4, DIFFRACTION REGION

Calculations based on diffraction mechanisms are used both within and beyond
the radio horizon. ‘Diffraction attenuation, Ad, is assumed to vary linearly with
distance in the diffraction region when other parameters (heights, etc.) are fixed.
Most of the equations given in this section are related to the determination of two
points needed to define this diffraction line. Since irregular terrain may be
involved, rounded-earth diffraction is combined with knife-edge diffraction consid-
erations. This is done by combining attenuation values obtained via rounded earth
with those obtained using knife-edge diffraction at two distances,(dML
fitting a straight attenuation versus distance line to them. The paths involved may

be illustrated using the points shown in Figure 7 as path F-0-ML for dML and path

apd dA), and

ML

dy, is for path F-0-ML dy is for path F-0-A

Not drawn
to scale

Facility horizon
ob§tac1e with
height er]

Effective reflection
surface

FIGURE 7. PATHS USED TO DETERIINE DIFFRACTION ATTENUATION LIIE.
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F-0-A for dA where dML

the shortest beyond-the-horizon distance that involves both the facility horizon

corresponds to the maximum line-of-sight distance and dA is

obstacle and a smooth-earth horizon for the aircraft.

Rounded-earth and knife-edge diffraction calculations are discussed in
Sections 4.1 and 4.2, respectively. Section 4.3 deals with the determination of the

diffraction attenuation, Ad.

4.1 Rounded-Earth Diffraction
Rounded-earth diffraction calculations in IF-77 involve the determination of
straight-1ine attenuation versus distance parameters for paths F-0-ML and 0-A of
Figure 7. Key parameters for these calculations are as follows:

he] from (24) for path F-0-ML

epl
er] from (39) for path 0-A
hep2 = he2 km from (24) for both paths (51)
d, , from (41) for path F-0-ML
d _ L1 (52)
Lpl ~ km
d gy = dSL from (44) for path 0-A
( dML - dL] for path F-0-ML
with dML from (43)
d g2 = 3 km (53)
i dLOZ = dL52 from (27) for path 0-A
(" Attenuation Tine intercept
Ap =< AF for path F-0-ML dB (54)
\_ AO for path 0-A

20



("Attenuation line slope
M o= < Mc for path F-0-ML dB/ km
\MO for path 0-A

( 3\
Height gain function

G_ = {46
Rpl,?2 hF1,2 for path F-0-ML > dB

G_
ho1,2

for path 0-A

\

With appropriate starting parameters from (50) through (53), Ap, Mp, and G _
determined as follows: hp1,2

a = effective earth radius from (16)

f = frequency [MHz]

0, = 0.5 (a2/f)"3/a  rad

3

64 = 363 rad
dp=dip *dp kim

d3 = de + ae3 km

d4 = d3 + 2a63 km
a ,=d? . /(2h . ) kn
1,2 Lp1,2 epl,2

33,4 = (d3 4 - d )70 4 km

conductivity (Siemens) which is an input parameter
[20, p. 99, SURFACE TYPE OPTIONS]

Q
il

18000 o/f

X
1

v = dielectric constant which is an input parameter
[20, pp. 99, SURFACE TYPE OPTIONS]
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Kd1,2,3,4

1,2,3,4

F1,2
Bi,2,3.4

1,2

1,2,3,4

1,2

i

3,4

0.36278 (fa

],2’3’4)']/3[(5 _ ])2 + X2]—1/4

or

<[Kd1,2,3,4 for horizontal polarization
,Lgd1,2,3,4 [ez + x2]]/2 for vertical polarization

smaller of (K] 5 Or 0.99999)

= 216.47'/°(1.607 - k) 5 5 4)
- B],za{?é3 dhpre

34050 Uy g = dp) X 1K,
= 0.05751 Xy 5 5 4 - 10709 Xy 5 3 4

0.0134 X]’2 exp (-0.005 X],Z)

- dB
40 Tog (X],Z) 117

(

or =117 whichever has the smaller absolute

Y1,2 .

value for 0 < KF],Z-i 10

or

for 10~ and

S.i K

J1,2 F1,2

-3
-450 (109 KF],Z)

X2

or

-5.,7
20 log (KF1,2) - 15 + 2.5 (10 )Xl,Z/KF1,2

L otherwise
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X1,2

3,4

oo
it

N1,2

=
|

where A is from

F
F]’2 for 0 < X]’2 < 200
or
< w],Zy],Z + (1 - N],Z) G]’2 for 200 < X
or
C
|y, for 2000 < X,
634 Fxp - Fxp-20 @B
(A4 - A3)/(d4 - d3) dB/ km
A4 - Mpd4 dB
1.607 - K],2
2 2 1/3
2.235 BN],Z (f /a],z) hep],Z
0.3 v aLp],ZX
(10b):
( ™\
0 if hep1,2 > 2 fc1,2
Vifhept,2 2 far,2
< or

0.5 (] + CoS (

L otherwise

ﬂ(hepl,Z - fc1,2>

fc1,2

23

))

1,2

J

dB



-
Whenever hep] 2 > 2 fc],z

5 —

0

or when h],z.i 2.5

-2 1log h

< 0.05

or when 0.01 < K],Z-—

T - 25 (T - B) (0.05 - K ,)

651,2 = < where
T=-13.9+24.1 hy ,+ 3.1 %09 hy ,
T= -5.9- 1.9 h + 6.6 log H] 9

B= 1.2-13.5 h + 15 log h] 2

B= -6.5- 1.67 hy , + 6.8 log Fj 9

or when K] 2 > 0.05

T-20 (T -8) (0.1 -K )

where
‘T = 13 if h]’2 < 0.1
T=-4.7 - 2.5 h],2,+ 7.6 log h],2
B =-13.9 + 24.1 h],2 + 3.1 log h],2
B=-59- 1.9 h],2 + 6.6 log h]’2

6oy (GhI,Z) (“wn 2) dB

24

-6.6 - 0.013 h]’2 1.2
or when K],z.i 0.01

1.2 - 13.5 EA,Z + 15 log Eﬁ,Z if h
-6.5 - 1.67 Eﬁ,Z + 6.8 log h],2 if h

< 0.25

if Ay , > 0.25

r dB  (83)




Note that many of the variables used in (60) through (84) have values that are
dependent upon path parameters from (50) through (56), but are not identified with a
p subscript.

The formulation provi