r——————STS————
[

AU No.

Report No. FAA-RD-77-129 ‘ \

=
- -

-0 FILE copY

)

N R st — - e e

. rnTay. W LAY r
11 "TY \-*;-i-"-’-‘}“'% ..
'Z'p T ot oY \h'.:‘ngl B

BN ot 1 2 M 3 E BRI P Rt st et B S

1y PROPAGATION MODEL (0.1 to 20 GHz)

EXTENSIONS
FOR 1977 COMPUTER PROGRAMS

L T A ATt o NI R 2 s S el

G.D. Gierhart and M.E. Johnson

3 AN s

ADAOS5S60

U.S. DEPARTMENT OF COMMERCE
NATIONAL TELECOMMUNICATIONS AND INFORMATION ADMINISTRATION
INSTITUTE FOR TELECOMMUNICATION SCIENCES
BOULDER, COLORADC 80303

b AP B B

Il o e b LA I3 S bttt AP o T et e  IVAEVR Kl

a1

o ATHREANEL Pl lotvmE R AN P AR 1 - e %2 e LN Y

MAY 1978

o ot e e by

(P s o STRTIFENT A

Appiaved for poll. reiease;
Distribution Unhimited

Document is available to the public through the
National Technical Information Service,
Springfield, Virginia 22151 .

O B S 21 A, 2 ol ek A W s

Prepared for

U.S. DEPARTMENT OF TRANSPGRTATION

FEDERAL AVIATION ADMINISTRATION
Systems Research & Development Service
Washington, D.C. 20590

FHEEE ol ey WA YRt

E
’f;
2
2
]
Z
i
3
3
B
,
%
i
K
A




&

ENELE TR

R A P

TR

oo

FRR

:;g ‘

AT

TR

N ey A P T R R R S,

f
e:
v
NOTICE

This document is disseminated under the sponsorship of the

Department of Transportation in the interest of information

exchange. The United States Government assumes no liability

for its contents or use thereof.
i

e,

vy daan E T

ar

Skt 48 4 eddmr A

AN




RN T

£

(

Mo A 978 I e
w"y,‘;'v :lya ch 0 ‘f‘ pad

B LT SO Y TRER

&

LAY YO S g I HPTS Sp PRXRIIE,  LE0

il

TR PR TR

Rkt

S PR e L i e L

g I D 1 TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No, Swvdinme 3. Recipient’s Cetolog No.

FAA-RD-77-129

et

4. Title Subtivie T ; ’ﬁfk‘won Da
(O opagation Model (0/.1 to 26 GHz) Extensions ( (-
for 1977 Computer Programs, = v © ) TR ORI on Code

Authosiy m————— N 8. Performing Orgenization Report No.
v "G.D.]ﬁierhart - M.E.ZJohnson j] :
Ll X

9. Perterming Orgenizetion Nome end Address \ ‘\ 10. Work Unit No.
U.S. Department of Commerce

Office of Telecommunications — I, G Ggant No.
Institute for Telecommunication Sciences §6§¥?§$ax%f-4g4,wv~J

Boulder, Colorado 80302 13. Tyoe of Report ond Period Covered

12, Spensoring Agency Name ond Address

U.S. Department of Transportation lﬁ
Federal Aviation Administration

Systems Research and Development Service + Sponsoring Agency Code
Washington, D.C. 20591 ARD-60

15. Supplementery Notes
Performed £ the Spect:

cunManageneii-Staif-ATC-Spestrum-Brgingering
XBranch. 01’;,#/ rI‘HI! ﬁi_l‘,z H; Ed_.é &M &J ..j m‘

".b\k'"uoj' ]

This report describes methods used in the 1977 extensions of the
propagation model incorporated into computei programs for propagation
and interference analysis (0.1 to 20 GHz). These extensions to the
1973 Model allow the programs to be used for a wider variety of prob-
lems such as those involving air/air or air/satellite propagation.
Method descriptions are confined to mathematical formulations for
modifications to the 1973 Model, and do not include program listings
or flow charts. A detailed description of the 1973 Model, including
program listings, is provided in DOT Report FAA-RD-73-103. Capabil-
ities of the 1977 computer programs are mentioned, but not discussed
in detail. These capabilities are covered in DOT Report FAA-RD-77-60

which is an APPLICATIONS GUIDE for the programs.4(4q\\

i
pe

- AN
\ \

)

17. Key Words Air/air, air/ground computer 18, Distribution Stetement

program, DME, earth/satellite: frequency| Document is available to the public
sharing, ILS, interference, navigation
aids, propag;tion nodel, TACAN, trans- Service, Springfield, Virginia 22151,
mission loss, VOR, .

through the National Technical Informatio

|

19. Security Clessif. (of this repert) 2, Security Classif. (of this page) 2). No. of Peges | 22, Price

L

Unclassified Unclassified 91

Form DOT F 1700.7 (s-s9) - "M ‘ [},03 137/71, ) -, o JSQJ/




M e 3 ks et = T r— - o P ey oo n. —WF'\W R
P R T R S S AN S S R e e S TR e R s B R R R e R

ENGLISH/METRIC CONVERSION FACTORS

LENGTH
) ;
From Cm m Xm in ft s ui n mi !
K3 :
Cn 1 0.1 1x10 0.3937] 0.0328| 6.21x18% | 5.39x10°
b 100 1 0.001 39,37 { 3.281 | 0.0006 0,0005 N
i kn 100,000 | 1000 |1 39370 | 3281 | 0.6214 0.5395
tn 2,540 | 0.0254 | 2.56x18° |1 0,083 1.58x18° | 1,37016°
i fe 30.48 | 0.3048 | 3.05x16° |12 1 1.89x28° | 1.64x16% N
o i 160,900 | 1609 | 1.609 63360 [ 5280 |1 0.8688
¢ nt 185,200 | 1852 | 1.852 72930 | 6076 | 1.151 1
.
H
:
AREA
To 2 2 F] 2 7 F] 2
3 xom [H.) M L] in ft S mi nmi R
10 R
w2 1 0.0001 | 1x10 0.1550 | owon | 3,86x8%Y| s.11x18M!
W' H10,000 | 1 1x18® 1550 10.76 3.86x107 | 5.11x15
ka?  fix10'® | 1x10° 1 1.5sx10° | 1.0ex107| o.3861 | 0.2914
1 Jl6.452 0.0006 | 6.45x15"| 1 0.0069 .| 2.49x18"% 1.88x15"°
£e? L [290 o | 002 |02 Jue s 1 a.50x108 | 2,710%
s mi? J2.5910 | 2,598 | 2.590 010 | 2.75md ] 1 10,7548 |¢
7
o wi? f3.63x18° | 3,438 | 30032 518 | 370010 | 1.325 1
VOLUME
To 3 3 3 3 3
Tom Ca Liter |m in ft yd fl oz | fl pt {fl qt | sal
-0 - - -
Lo 1 0.002 | 1x10 0.0610 |3.53x10° |1.31x10%]0.0338] 0.0021]0.0010{ 0.0002
hiter 1000 1 0,001 61,02 |0.0353 {0,0013 133,81 | 2,113 {1,057 | G.2642
= 0% |1000 |, s 61,000 135,31 1,308 |33,800] 2113 {1057 | 264.2
o’ 16.39 | 0.0163 | 1.64x18° |1 0,0006 {2.14x10°}0,5541f 0,0346/2113 | 0,0043
fe? 28,300 |28.32 |0.0263 [1728 |1 0.0370 [957.5 | 59.84 {0.0173) 7,481
yad 765,000 { 764.5 o.mss 46700 {27 1 szsooo 1616 |807.9 | 202.0
f1 oz 29,57 | 0.2957 | 2,96x10° |1.805 [0.0010 [3,87x16°|1 0,0625[0,0312 | 0,0078 .
F1 pt 473,2 | 0.4732 [0,0005 |28.88 [0.0167 [0,0006 |16 1 1.5000 | 0,1250 : ’
1 qt 948,64 |0.9463 ]0.0009 |57.75 [0.0334 jo.0012 [32 2 1 0,2500
pal 3785 3.785 |0,0038 }231,0 [0.1337 (0,0050 |128 8 " |4 1
: .
MASS
§ To s Kg oz 1b ton :
Prow N
{ —— 5 ) ;
H s 1 0.001 0.0353 0.0022 1.10x10 :
§_ Xg 1000 1 35,27 2,208 0,0011 ;
¥ or 28,35 0.0283 | 1 0.0625 | 3.12x10° , :
£ 1b 453.6 0.4536 16 1. 0.0005
g%, tn 907,000 | 907.2 32,000 | 2000 1 i
o3 g(
TENPERATURE 5
& N - . H
£ ° = 509 (% -32)
15 o¢ = §/5 (°F) + 32 :
. $
ii
J
: :
%
i‘?

-

,
&
.

b

f

s i it - = xirsences &




e

FEDERAL -AVIATION ADMINISTRATION
SYSTEMS RESEARCH AND DEVELOPMENT SERVICE
SPECTRUM MANAGEMENT STAFF

TR e B OB T,

Statement of Mission
The mission of the Spectrum Management Staff is to assist the De-
partment of State, National Telecommunications and Information
Administration, and the Federal Communications Commission in as-
suring the FAA's and the nation's aviation interests with sufficient
protected electromagnetic telecommunications resources throughout
the world to prOV1de for the safe conduct of aeronautical flight by
fostering effective and efficient use of a natural resourc:--the
electromagnetic radio frequency spectrum.
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This object is achieved through the following" serV16és.

GRS

. Planning and defending the acquisition and retention
of sufficient radio frequency spectrum to support the
aeronautical.interests of the nation, -at home and a-

broad, .and. spectrum standardlzatlon for the world'
av1at10n community: -+ ti

R L b
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. Providing research, analysis, engineering, and evalu-
ation in the development of spectrum related policy,
planning, standards, criteria, measurement equipment,
and measurement techniques.

. Conducting electromagnetic compatibility analyses to
determine intra/inter-system viability and design
parameters, to assure certification of adequate spec-
trum to support system operational use and projected
growth patterns, to defend aeronautical services spec-
trum from encroachment by others, and to provide for
the efficient use of the aeronautical spectrum.
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Developing automated frequency selection comvuter
programs/routines to provide fréquency planning, fre-
quency assignment, and spectrum analysis capabilities

in the spectrum supporting the National A1rspace Sys— WA
) tem, .

%
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. Providing spectrum management consultation, .assis-
tance, and guidance to all aviatiom intérest, use¥s),
and providers of equipment and services, both na-
tional and international. L
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= PROPAGATION MODEL (0.1 to 20 GHz) EXTENSIONS :
£ FOR 1977 COMPUTER PROGRAMS o
E G. D. GIERHART and M. E. JOHNSON! : r
1. INTRODUCTION L
5 Assignments for aeronautical radio in the radio frequency f §
§¢ spectrum must be made so as to provide reliable services for an Co
%i increasing air traffic density [19]2. Potential interference be- :

eSS
A

tween facilities operating on the same or on adjacent channels
must be considered in expanding present services to meet future
demands. Service quality depends on many factors, including the
desired-to-undesired signal ratio at the receiver. This ratio
varies with receiver location and time even when other parameters,
such as antenna gain and radiated powers, are fixed.

In 1973, an air/ground propagation model developed at the i
Department of Commerce Boulder Laboratories (DOC-BL) by the Insti-
tute for Telecommunication Sciences (ITS) for the Federal Aviation
Admindstration (FAA) was documented in detail. This IF-73 (ITS-
FAA-1973) propagation model has evolved into the IF-77 model,
which is applicable to air/air, air/ground, air/satellite, ground/
ground, and ground/satellite paths. The IF-77 has been incorpor-
ated ir.to 10 computer programs that are useful in estimating the
service coverage of radio systems operating 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. A plotting capa-
bility summary is provided in table 1, and program input para-
meters are summarized in tables 2 through 4. These tables were
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1The authors are with the Institute for Telecommunication Su1ences,
National Telecommunications and Information Adm1ntstrat1on, Uu. S.
. Department of Commerce, Boulder, Colorado 80303.
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2References are listed alphabetically by author at the end of the

report so that reference numbers do not appear sequentially in
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: Table 1. Plotting Capability Guide [21, table 1] i
: D S e it ¥
Capability Figure(s)* _Program . P Remarks .
; lohing** 6 LOBING Tramasission loss versus path distance. §
eflection coefficientAs 7 LOBING Cffective specular reflection coefficient versus path .
distance. i
: Path length differencc*® 8 LOBING Difference in reflected ad direct ray lengths versus ' é
; path distance. :
i Time lag** 9 LOBING Same as above with path length difference expressed as \
time delay. . z
Lobing froquency 1% 10 LOBING Normalized distance lobing frequency versus path dis- 3
tance. b
lobing frequency-HA® 11 LOBING Norzalized height lobing frequency versus path distance. :
Reflection point*# 12 LOBING Distance to reflection point versus path distance, :
Elevation angleof® 13 LOBING Direct ray elevation angle versus path distance.
Flevation angle Jifference** u LOBING Angle by which the direct ray exceeds the reflected ray i
{ versus path distance.
i Spectral plog#e 15 LOBING

Amplitude versus frequency responsc curves for various
path distances.

i
Power available 16

o e RIRTE o ST

ATOA Power available at receiving antenna versus path dis-

tance or central angle for time avsilabilities S, 50, H
and 95 percent. 3
l'ower density 17-19 ATOA Similar to above, but with power density ordinate. j
Transmission loss 20 ATOA Similar to above, but with transmission loss ordinate. :
%
Power available curves 21 ATLAS Power available curves versus distance are provided i
for several aircraft altitudes with a selected time 3
availability, and a fixed lower antemna height.
Power density curves 2 ATLAS Similar to above, but with power density as ordinate. j
Iransmission loss curves 23 NTLAS Similar to ahove, but with transmission loss as ordinate. :
F'ower available volume 4 nIroD Fixed power svailable contours in the altitude versus *
distance plane for time availabilitics of 5, S0, and 3
95 percent.
Power density volume 25 nron Similar to above, but with fixed power density contours. Z 3
g
Iransnission loss volume 2 HIPOD Similar to above, but with fixed transmission loss ‘ z
contours. } 3
. PR contours 27-20 APODS Contours for several FIRP levels nceded to mcet a par- i %
I ticular power density requirement are shown in the al- ’ 3
titude versus distance plane.for a.single time avsils- 3
1 bility. K H
iower availuable contours 30 APODS Similar to above, but with power available contours for ;
: a single EIRP, i
E
Power density contours R APODS Similar to above, but with power density contours, ' -
H .;,3=

Uransmission loss contours 32 APODS Similsr to above, but with transmission 1oss contours. \

. R . . {

Signal ratio-S 35 ATADU Desired-to-undesired, D/U, signal ratio versus station ’

separation for a fixed desired facility-to-receiver :

distance; and time availabilities of 5, 50, and 95
percent.
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Table 1. Plotting Capability Guide (con't)

IETERETNE TV XNV TR Py
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Capability rigure(s)* Program Remarks

teaanassveaes

o Pl kR s B S

Signal ratio-Dh u o Similar to ahove, but abscissa is desired r:u:ility-fb—

receiver distance and the station scparation. is fixed.
Urientation 35 TWIRL Undesired station antenna orientation with respect to
the desired to undcsired station line versus required
facility separation curves arc plotted for several de-
sired station antenna oricntations. These curves show
the maxism separation required to obtain a specificd
D/U signel ratio value at several aircraft locations
(i.e., protection points).
Service volume 36-37 SRVLIM Fixed D/U contours arc shown in the altitude versus
distance plane for a fixed station scparation and time
avajlabilitics of 5, 50, and 95 percent.
Signal ratio contours 38-39 DURATA Contours for several D/U values arc shown in the alti-
tude versus distance plane for a fixed station sepera-
tion and time availability.

Mditionsl discussion, by capebility, is provided in APPLICATIONS GUIDE (21, sec. 3..2]. . .

*x  Applicable only to the line-of-sight region for spherical earth geometry. Variability with time and
horizon effects are neglected and the counterpoise option is not availshle. The phase change asso-

ciated with surface reflection in the lobing region is taken as 0 or 180° to avoid missing lobe nulls.
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taken from an APPLICATIONS GUIDEL [21, tables 1, 2, 3, and 4] where

the capabilities and input rcquirements are discussed in detail.
The figure numbers in table 1 refer to sample capability graphs
contained in the APPLICATICNS GUIDE. Hence, the APPLICATIONS
GUIDE contains onc or more sample graphs per capability. Even
though an idea of the capabilities available and the input re-
quirements can be obtained fror these tables, anyone seriously
considering using the czpahilltics <hould obtain and read a copy
of the APPLICATIONS GUIDE 277.

This repoit covers cxtewn=1ion: ithat were made to IF-73 in the
process cf develoring the 12977 capabilities of table 1. These
extensions allow the prog* - '~ to be used for a wider variety of
probisms such 4s vhose ir.. :2ving air/air or air,/satellite propa-
gation. A Urie description of the prcpagation model provided in
section 2 is followad by detailed discussions of specific model
extensions. Miuos~ change- made +n IF-73 and errata for the 1973
report [17) ave covercd ir Ay p.dix A,

Except where otherwise indicated, all equations provided
herc are dimensionally coasistent. e.g., all lengths in a partic-
uiar equation are expressed in the same units. Calculations are
made in the computer programs with all lengths expressed in kilo-
meters. Braces are used around parameter dimensions when partic-
ular units are called for or when a pctential dimension diffi-
culty exists. A list of symbols is provided in Appendix B.

2. PROPAGATION MODEL

The IF-77 propagation model is applicable to air/ground,
air/air, ground/satellite, and air/satellite paths. It can also
be used for ground/ground paths‘that are line-of-sight or smooth
carth. Model applications are restricted to telecommunication
links operating at radio frequencies from about 0.1 to 20 GHz
with antenna ncights greater than 1.5 ft (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
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taken either as a common horizon with the lower antenna or as a
smooth earth horizon with the same elevation as the lower antenna
effective reflecting plane [17, sec. A.4.1} 21, sec., 4.1]. Ran-
ges for other parameters associated with the model are given in
table 2.

At 0.1 to 20 GHz, propagation of radio energy is affected
by the lower, nonionized atmosphere (troposphere), specifically
by variations in the refractive index of the atmosphere [2, 3, 4,
8, 12, 20, 23, 35, 36]. Atmospheric absorption and attenuation
or scattering due to rain become important at SHF [17, sec. A.4.5;
23, ch. 7; 36, ch. 3; 42]. 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 them-
selves readily to statistical description [20; 28; 31; 36, 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 calcula-
ted for the (a) line-of-sight [17, sec. A.4.2], (b) diffraction
{17, sec. A.4.3], and (c) scatter (sec. 5) regions are blended
together to obtain values in transition regions. In addition, the
Longley-Rice relationships involving the terrain parameter aAh
are used to estimate radio-horizon parameters when such informa-
tion is not available from facility siting data [17, sec. A.4.1].
The model includes allowance for

(a) average ray bending [4, (3.44), (3.43), (4.30); 5; 17,

p. 44; 36, sec. 4; 44]3,
(b) horizon effects [17, sec. A.4.1],
(c) long-term fading [17, sec. A.4; 36, sec. 10],

(d) facility antennarpatterns [17, sec. A.4.2; 21, sec.
4.1],

3The numbers in parentheses aré equation numbers for the g1ven
reference; e.g. [4]. :
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surface reflection multipath [6; 7; 16, p. 17; 17, sec.

A.6; 18, sec. CI-D.7],

tropospheric multipath [3; 12, sec. 3.1; 17, sec. A.7;
20; 25, pp. 60, B-2, 119],

atmospheric absorption [15, sec. A.3; 17, sec. A.4.5;
36, fig. 3.1],

ionospheric scintillations [1; 16, sec. 2.5; 18, sec.
CVII; 32; 47], and

rain atteﬁuation [11, 27]. i

IF-77 model is an extended version of the IF-73 model
A}. These extensions include provisions for

sea state (discussion of this extension follows in sec.
3.1),

a divergence factor (sec. 3.2),

a ray length factor for situations where the free-space
loss associated with a surface reflected ray may be sig-
nificantly greater than. that associated with the direct
ray (sec. 3.3),

an antenna pattern at each terminal (sec. 3.4), - - .

circular polarization (sec. 3.5), . -
frequency and temperature variations of the complex di-
electric constant for water (sec. 3.5),.

long-term power fading as a function of time block (sec.
4.2) or radio climatic region (sec. 4.3),

rain attenuation (sec. 4.4),

ioﬁospheric scintillation (sec. 4.5),

an improved method for calculating the transmission

loss associated with tropospheric scatter (sec. 5).,

an improved estimate of the dlstance where hor1zon ef-
fects can be neglected (sec. 7), ’
a free- -space loss formulation that is applzcable to very
high antennas (sec. 8}, i

a formylation for facility horiZon determ1nat1ons that
includes ray trac1ng (9. 2),
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ray elevation angle adjustment factors to allow for ray
tracing (sec. 10.2), '

(o) antenna tracking options (sec. 10.3), and

(p) additional antenna pattern options [21, pp. 85-88].

3. EFFECTIVE REFLECTION COEFFICIENT

The formulations used previously [17, pp. 52-57 and 77-79]

for effective reflection coefficient were extended to permit

(a) surface roughness to be specified by sea state (sec. 3.1),
(b) both antennas to be high (e.g., both aircraft) by incor-
porating allowances for a divergence factor (sec. 3.2)

and a ray length factor (sec. 3.3),

(c) both terminals to have a vertical antenna pattern asso-
ciated with them by using a gain factor (sec. 3.4), and
(d) circular polarization (sec. 3.5) as an option.

3.1 Sea State

The 1977 computer programs allow water surface roughness to
be specified by sea state or the root-mean-square (rms) deviation,
ah; of surface excursions within the limits of the first Fresnel
zone in thé dominant reflecting plane [17, p. 53; 26, p. 3-23;

36, sec. 5.2.2]. Table 5 provides the relationship between sea
staﬁ§ and Bh that is used-in the model. 7

“Values for o provided in table 5 were estimated using sig-
nificant wave height, H1/3’ estimates from Sheets and Boatwright

[41, table 1] with a formulation given by Moskowitz [29, (1)];
ioe\ ’

ah‘=0..25 Hl’/s (1)
where o, and Hx/s have the ‘same upits:

Once obtaingd, values of o, are used as they were in IF-73
to calculate "reflection reduction factors" Foh:[;]h (66):)., and
Fdoh 117, g}gﬁ) as ;q?ggcged ;n Appendix A of this rgggg;}, Lom-
parisons of these reflection reduction factor formulations with
other formulations and -data have been made [18, sec. CI-D.7].
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Table: §,. Estimates of o for Sea States 18, p. CI=81],

Sea (a) . Average Wave 1/3 o (;:)
State - '(a) Height Range g
Code Descriptive Terms m m = M
(£t} (ft) (£t
0 Calm (glassy) 0 < 0 .0
(0) (0 (0)
i Calm (rippled) C o 0-01 - 0,09 . 0.00
\ (0 - 0.33) 0:3)  (0.08)
2 Smooth (Wavelets) - - 0.1 -0.5 0.43 0.11
. (0.33 - 1.6) (1.4) B (0.35)
3 Slight 0.5 - 1,25 1 0.25
, (1.6 -~ 4.0) (3.3) (0.82) .
4 Moderate - 1,25 - 2.5 1.9 0:46
(4 -8 (6.1) (1.5)
5 Rough 2.5 - 4 3 0.76 -
(8 - 13) (10) (2.5)
6 Very rough 4 -6 4,6 1.2
. (13 - 20) (15) (3.8) N
7 High 6 -9 7.9 2
: (20 - 30) (26) 6.9
8 Very high 9 - 14 12 ¢ 3
(30 - 46) © (40) ~ (0.
9 Phenomenal ’ >i4 >14 3.3
: ' ' +(>46) (>45) A(11)
. (@) T L
Based on international nneteorolog:.cal code [30, code 3700].
®)
. Estnnates _significant wave he1gh£s -(average -of h1ghest one-third,
H /5 [41, table 1]).
(©)
Estimated using a formulation pmnded by Moskowitz [29, (1)]
witn H, /3 estimates. ;
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3.2 Divergence Factor
The divergence factor, D, is used to allow for the divergence
of energy reflected from a curved surface in the effective reflec-
tion coefficient formulation. It is defined by Reed and Russell
[35, p. 103] "as the ratio of the field strength obtained after

reflection from a spherical surface to that obtained after reflec-

ting from a plane surface, the radiated power; total axial dis-

tance, and type of surface being the same .n both cases, and the
solid angle being a small elemental angle approaching zero in mag-
nitude." ‘
Figure 1 illustrates the geometry for reflecticn from a plane
_earth and a spherical earth where the relative locatiun of the
source reflecting point and reference plane are identical. It

also shows the relative size of the ray bundle on the raference

plane for each case (see fig. 1. caption). The divergence factor

is related to the reference plane area associated with the spher-
ical earth reflection, Ase’ and the plane earth reflection, A

. pe’
by ’

D = pe A - (2)
Derivations of expressions for D are beyond the scope of this
text, but such developments are available [7, sec. 11.3; &, pp.
85-97; 23, sec. 5.2; 35, sec. 4.27; 36]. An exact expression for
D that is very similar to the formula provided by Beckmann and
Spizzichino {7, p. 223] may be developed by extending tke Riblet

and Barker formulation [37, (13)] to the special case whcre prin-

cipal radii of curvature of the reflecting surface at the rcflec-
tion poiint are within, ap, and- normal, a_, to the planc of inci-

. dence. This expression is
_ ~1/2\ 1/2
2r.r 21T siny 2
. . 1’ 1 172
D= ¥ <
' = a (rl ¥ r2f51nw] +-aﬂtt + r:j ’ 3
J )
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- Figure 1. Sketch illustrating divergence. Line length AB
indicates ray bundle size at the reference plané -
for reflection from .a plane: surfacc and AC- corres-
ponds to reflectlon from the curved surface.
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where the ray lengths ry and r, along with the grazing angle ¢ are
shown in figure 2. Here the rl 2 and a_ must be expressed in
the same units; e.g., kilometers. For the spherical earth case,
ap= a =a,, so that (3) may be expressed as

a
-1/2
2R_(1 + sin® y) 2R\ 2 /
D=1]1+ - A\— (4)
a siny a
a a
where
R, = rlrz/(rl+r2) . (5)
Values for y are obtained as in IF-73 {17, p. 58], and values for
r, , are calculated using

. ~ an®
H1,2 if vy = 90

1,2 = (6)
Dl 2/(:os Yy otherwise
4

where Hl 2 and D, , are defined by figure 2. A formula for D
? »
is included ia IF-73 [17, p. 51].
Divergence, as calculated using (4), is used in IF-77., It

is incorporated into IF-73 as a factor multipiying the left-hand
side of equation [17, (68)].

1,2

3.3 Ray Length Factor
The ray length factor, Fr’ is used to allow for situations
where the free-space path loss associated with the reflected ray

may ‘be significantly gr.ater than that\assoc1ated with the direct
ray. It is detcirmined using

Fp= 2 (7)

. o

“This notation, Ty 2» is used to imply rorr
, ;
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1,27 %%,2
d = d, +d,
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Spher1cal earth geometry (not drawn to scaI€T”“mRé1a-{i
tionships between the various geometric parameters -
ashown-shere were: preV1ously provxded 1n ‘:IF~73 [17, sec.

A.4.2).
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where r is the direct ray length and 2P is the reflectec ray

length (r1 + rz) as illustrated in figure 2. Incorporation into

IF-73 is accomplished by using it as a multiplying factor to the
left-hand side of equation [17, (68)].

3.4 Gain Factors
The antenna gain factors gD R and th are used to allow
for situations where the antenna gains effectlve for the direct
ray path differ from those for the reflected ray path. Figure 3
illustrates the two-ray path and indicates the gains involved.
These are the relative voltage anienna gains (volts/volt or V/V)

associated with the direct ray at terminal one or two, ng 29 and

those associated with the reflected ray, gr1.2° They are measured
’

relative to the main beam of their respective terminal antenna;
i.e., for main beam conditions 8p,R™ 81,2 ~ 1 V/V. This conven-
tion is consistent with usage in IF¥-73 [17, p. 39]. However, it
is NOT CONSISTENT with usage in the Multipath Handbook [18, sec.

CI-D.3] where ident:ical symbols are used, but the gains are mea-
sured relative to an isotropic antenna.

In general, these gains are complex quantities, but IF-77 in-
cludes previsions for scalar gains only. In many practical appli-
cations the direct and reflected rays w111 leave (or arrlve) a

8h1’2 and 6
horizontal at each terminal.

are measured from the — '

Angles
above the herizontal are positive.

L e . S - P

2.

L NP : ..:;{J‘.
: = 1
Figuré 3. Sketch- 111ustrat1ng antenna gain- notatlon (not
drawn to scale).
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elevation 'angles where the relative phase is either expected to
be near zero or is unknown, so that the complex nature of these
gains is largely academic. They are called voltage gains .since
they are -a voltage ratio that could be. considered dimensionless
(volt/volt), but :are different from gains expressed -as power ra-

tios (watt/watt) that could also be considered dimensionless. De-

cibel gains above main beam values are related to these gains by .-
formulas such as - N f

= ‘ (8)
GRl’z(dB] 20 log IgRl,Zl

and
I8 ! vV 1= 10(R1, 27200, (9)

The formulations for g, p are ST
; ’

8py 8pz for linear polarization

Epiv/vi Y ‘ ‘ (10)
0.5[8,p1 Znpz * Bvp1 Svp2) lfg‘l‘a;;’z'g‘&g;

and

1 for omn1d1rect10na1 antennas
and/or circular polarization|

BRiV/V] = (see text below) (11)

8r1 BR2 otherwise

where. omnidirectional implies that, .for the radlatlon)angled of-
interest, gp, = 8py and gr2 * Ep2° In problems involving clrcular
polarization, horizontally polarized (gth 2- and BhR1, 2) and
vertically :polarized (gvD' 2 and ngl 2) components are used.
Linear polarization is cons1dered to be either vertical or hor1-k
zontal with the polarization associated with .gp, SR selected . A
accordingly. Def1n1ng 8p 28 1 for c1rcular polar1zat10n gs eone'E i
to allow the antenna gains to be 1nc1uded 1n the reflectlon i
coeff1c1ent formulat1on of IE-77 in a s1mp1e way “for hor1zontal or,
vertical polarlzatxon. ‘The circular polar1zation case

will be discussed in the next section.

21

TR T AR Wi LAk S AR LA

b i) B

bt ot pelen” e vt A ple et T P

L ———————— o

&
k)
£l
bt
2
E e
j
4
3
=
,
“
2




S o S iy
R AR A e I P U PR T R AR Y

The IF-73 was extended to include R by incorporating it -as
a replacement for the multiplying factor g in left-hand side.of
two eqpatlons [17, (68); (69)]. For special cases where .only the
i antenna patterns of IF-73 are used (i.e., isotropic aircrdft an- :
tenna pattern and specific facility antenna patterns), gr reduces

R

”l :&;W:J\-!"”wcmv:u e

3 to g [17, (67)]. The effects of g, are included in IF-73 [17, "
§ (81), (82)] with a variable named gp» but since gp can now be
i complex, it is necessary to use IgDI in one of the IF-73 equations :

[17, (82)]. 1In addition, it should be realized that the aircraft : ;
antenna gain is not necessarily 0 dBi as it was in IF-73 [17,
p. 37].

The gain factor grv is similar to g except that gRV involves
gains gvR1, 2 i.e.,

g

%
Ak
5
=

ot AT

A

1 for omnidirectional anterinas

Ry

| Bpy [V/V] = . (12)
EvR1 8vRr2 otherwise
Also
1 for omnidirectional antennas
BrulV/vl = { (13)
8hr1 Shr2 otherwise
where th is for horizontal polarization. These factors will be
used in the formulation of complex plane earth reflection cc-
efficients for circular polarization that is given in ‘thé next
sectidn.

3.5 Plane Earth Reflection Coefficient ,
Values for the coipleéx plane earth reflection coéfficient, ° ’
R exp(-j¢), used in IF=73 [17, pp. 52, 53] depend ‘on the reld- ~
t1ve d1e1ectr1c constant, e, and conductivity, o, along with -~ -
wavelength A, grazing angle, y, and polarlzat1on [7, ps 21973
18, sec. CI-D.8; 23, p. 396; 35, p. 88; 36, sec, IfI.i]. For’
Verticdl polarization (electric field in thé plané of incidence)

22°
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or horizontal polarization (electric field normal to plane of [
incidence) R exp(-j¢) is given by

. e 51n(w) Y - - - :
4 R, exp[ jlm-c ﬂ Ecaln(W)*Yé Er (14) :
2 i
E or

. . sin(y)-Y,

‘ Rh exp[-J (1r - Ch)] = m—: gR’ (15)

respectively, where

‘,"—" 7 \
Y_ =ye. - cos"¥ (16)

is complex, the complex relative dielectric constant, €
fined as

s

¢ is de-
‘e =e-j 60A 0 Coan
and gp is from (11).
In IF-77, linear polarization gain factors (sec. 3.4) and re-
flection coefficients are combined to obtain a reflectlon coeffi-
cient formulation for circular polarlzatlon, i.e.,

Re ekp[-‘j (n-cc)]-o.s[gm‘ R, :;c};[-'j (ﬂich):l (18)

+ngRv expEj(n—cvﬂ] .

‘This formulation is used only for antennas with' the same polari- ;
zation sense (e.g., both right-handed).

For a perfect dielectric (o =0 so that ¢ =¢), the numerator
of (14) will go to zero when y =y, where

b = Sin"" Vl/(e?—"il (19

so that R, =0. This critical angle is calléd thé Brewster angle
and a s1m11ar angle associated with reflection from a surface
that has non-zero conductivity is called the pseudo-~Brewster angle
[36, sec. III.1]. Equation (19) may be used to estimate the
pseudo Brewster angle when ¢ > 60Ag. Figure 4 shows the dip

23
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in the reflection coefficient for vertical polarization associa-
ted with the pseudo-Brewster angle along with the abrupt chéngé
in phaee that occurs as y goes through its critical value. This
change in phase, which does not occur for horlzontal polarization,
will change the rotation sense of circularly polarized waves that
are reflected from the surface; i.e., when a circularly polarlzed
wave is reflected, its rotation sense will remain unchanged only
if the grazing angle is less than the pseudo-Brewster angle.

In IF-77, ¢ and ¢ for water may be estimated with

€E_re¢

= _S o) 26 .
& S — + €5 - (20)
1+ (27£T)
and
o [mho/m] = £2T(c - ¢ )/2865 + o, (21)

where €g is the static dielectric constant, €o = 4,9 is the di-
electric constant representing the sum of electronic and atomic
polarizations, f[MHz] is frequency, T[us] is relaxation time, and
oi(mho/m] is the ionic conductivity. Values of Egs T, and o. ob=
tained using Saxton and Lane [40] are provided in table 6 for
fresh water and sea water,

Figure 4 provides a comparison of reflection coefficients cal-
culated using the fixed values (table 6) of surface constant given
by Rice et al. [36, p. III-7] for sea water (sclid lines) with
those determined via calculated surface constants (dashed lines).
More such comparisons are available [18, sec. CI-D.8].

4. VARIABILITY
Model exten51ons that are concerned directly with transmls-
sion loss (or received signal level) var1ab111ty -are discussed" 1n“
this section. These extensions incliidé provisions for (1) mlxihg_
distributions (sec. 4.1), (2) computing long-term var1ab111ty for

various time blocks (sec. 4.2) or c¢limates (sec. 4. 3);, and 3y :
estimating the effects of rain attenudtion (sec. #,4) ‘and’ 1ono-li;
spheric scintillation: (sec. 4.5)% o S = LR
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Table 6. Surface Types and Nominal Constants %

Surface Type € o [mho/m] 'i %

Poor Ground(a) 4 0.001 :
Average Ground(a) 15 0.005 ) %

Good Ground ¢2) 25 0.02 :

Frésh Water (3) 81 ' 0.01 :

Sea Water(a) 81 5 %

{b)

Concrete 5 0.01 :

i Metal(c) 10 107 | ?
% For Fresh Water %
|

0°C 10°C 20°C :

e (D 88 84 80 §
T{us] (4 1.87 x 105 1.36 x 10-5  1.01 x 10°5 A
o, [mho/m] () 0.01 0.01 " 0.01 , %

. For Sea Water(®) :

0°C 10°C 20°C o

b

e 75 72 69 |
Tus] 1.69 x 10°5 1.21 x 10°5 9.2 x 10-6 i
oy [mho/m] 3.0 4,1 5.2 ’o. %
(élFrqm Longley and Rice [26, table 2]. e §
(B)Estimated [23, p. 398]. . | .
(gstimated [34, p. 235, p. 240]. . 3
(d)From Saxton -and Lane for 0% salinity [40, table 1]. g
(&) Erom Saxton and Lane for 3.6% salinity [40,. table 1].. é
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4,1 Mixing Distributions
Subroutines have been incorporated into the computer programs
to allow the distributions that c¢hatractérize portions of the vari:
ability associated with a particular model componént to be mixed:
in order to obtain the total variability for that component. Fors
. example, different fractions of thé time may be characterized by
signal level distributions associated with different ‘ionospheric
. scintillation groups, and, with these subroutines, they can be
weighted and combined (mixed) to obtain the total variability as-
su,ciated with ionospheric scintillations (sec. 4.5).

The process of mixing N cumulative variability distributions ,
may be summarized as follows: ) L

1) Select M (ten or more) levels of variability ‘
Vis cens Vin cuny Vy that cover the entire .
.range of the transmission loss (or power available, etc,)

, values involved. - B N

2) Determine the fraction of time (weighting
factor) for which each distribution is
applicable; i.e., Wl, ooy Wj, ey WN.

3) Determine the time -availability (fraction of
time during which a distribution is appli-
cable that a specific level of transmission
loss is not exceeded) for each distribution
at the selected levels; i.e., dy1s -

T LR LR I LAV N

Ajjo s Ay :
Calculate time availabilities for thé mixed : = ?
distribution that corresponds to thé variability -
levels selected, i.e.,

qléqllwlf ee Ay Wit L *qlN'WN

L ] of

o 2 O A 1 Ay oy 0

J

U =31 Wyt eoe * Qi Wyt ceorayy Wy @)

L4

[ 4 «r

Y R ORI T

qM=qM1W1+ eee "'qu Wjj"‘ e s +qMNWN.
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This process is the ‘'same as the one used by Rice et al.
[36, sec. II1.7.2] to combine transmission loss distributipns
for time blocks (sec. 4.2) to obtain distributions for summer
and winter. It is also essentially the same as the method
recommended by Whitney <t al. [46, p. 1099; 47, sec. 6] to com-
bine distributions of fading associated with various ionospheric
scintillation index groups (sec. 4.5). ‘

When this process is used to mix distributions of long-term
variability, the required variability functions are obtained from

V.(q) =V(0.5) +Y(a) |, (23)

where |C indicates that the V(0.5) and Y(q) are appropriate for
the conditions (time block or climate) associated with a particu-
lar value of the subscript c. For example, V(0.5) and Y(q) values
for different climates can be obtained with the information sup-
plied in section 4.3, and mixing can be used to estimate variability
for areas near a border between two different climate types. Af-
ter mixing, Y(q) values needed for later calculations may be ob-
tained from using

Y(q) =V(q) - V(0.5) - (24)
where all variables in (24) are associated with the resulting
mixed distribution. Similarly, when mixing vatriabilities associ-
ated with ionospheric scintillation,

YIC(q) =YI(Q)IC, (25)
and the distribution resulting from the mixing is taken as YI(q)
for later calculations.

4.2 Time Blocks

The long-term variability portion of IF-73 [17, sec. 4.5]
has been extended to allow the variability associated with speci-
fic time blocks or a combination of time blocks (sec. 4.1) to be
used. Table 7 shows. the months and hours of the day that cor-
respond to the various time blocks. These blocks afnd season
groupings are used to describe the diurnal and season.ul varia-
bility in a continental temperate climate [36, sec. III.7.1].
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- Table 7. Time Block Ranges [36, sec. III.7.1],

AR

No. Months Hours ' ?
3 . 1 Nov. - Apr. 0600 - 1300 -
3 2 Nov. - Apr. 1300 - 1800 f f
3 Nov. - Apr. 1800 - 2400 .
£ 4 May - Cct. 0600 - 1300 - .
- 5 - May - Oct. 1300. - 1800 o
6 May - Oct. 1800 - 2400 :
1 7 May - Oct. 0000 - 0600
@ 8 Nov. - Apr. 0000- - 0600 o
5 Summer May - Oct. all-hours ; ‘ip

Winter Nov. - Apr. all-hours

4
=,
>
2%
fas
ol
&3
=
=

Variability associated with the time blocks and seasons given in
table 4 were incorporated into IF-77 by -allowing the constants
given by Rice et al. [36, tables III.2, III.3, and III.4] to be
used in .an equation of IF-73 [17, (178)].
4.3 Climates . .
The IF-<77 includes extensions that allow the use of long-term
power fading (variability) .applicable to various climates., 6 How--
ever, the long-term variability of IF-73 [17, sec. A.5] is
normally used in IF-77 except when another climate, time block,:
(sec. 4.2) or combination (sec. 4.1) of climates (or'time blocks)
is specifically requested. The ability to ‘mix distributions
(se¢. 4.1) that characterize long-term power fading to obtain
. combinations of climates or ‘time blocks [36, sec. III.7.2] -adds.: -
flexibility to the model. . For -example, (a) more meaningful . >
comparisons can be made with data in cases where the data col-
lected do not represent all hours of the day or all months of
the year [14, sec. 4.3], and (b) variability formulations’

that may become available for propagation via specific mechanisms:
29
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(forward scatter, diffraction, partial reflections, ducting, etc.) §

can be combined in accordance with the fraction of the total time :
; that they are effective.

The various climate types are listed in table 8 , including
supplemenéary data to aid in the selection of the appropriat:
type for a specific radio link. Table 8 (Samson and Hart, DOC-BL,
informal communication) is based primarily on the annex to CCIR ?
Report 244-2 [10], and is presented here as the best available " :
information in lieu of maps. If a path is near a border between

.
pe:
03
s
3
23
<
3

T Y

N

BRI AN e

two different climate types, calculations can be made for each
climate or mixing (sec. 4.1) can be performed to combine the ;- :
variabilities associated with the climates involved. §
The formulation for long-term variability given here as a S ?
function of etfective distance, d, [17, (177) on p. 75, is based .
on curves provided in CCIR Report 244-2 [10]. Algebraic expres-
sions fitted to the modified versions of the CCIR curves are used
(Hufford and Longley, DOC-BL, informal communication). It was felt
that the CCIR estimates for Climates 3, 7a, and 7b are not typical
for longer distances and values of time availability of 1 percent
or less; i.e., time fraction of q<0.01. The near free-space values
shown by the CCIR curves for paths with d_>400 km require that
the signal be carried within a duct, and thle this could océur, :i
it is not considered typical enough to be included in a general
variability formulation. Thus, curves developed from the formu-
lation provided here would differ somewhat from the applicable
CCIR recommendations and reports, but they are thought to be im-
proved estimates. A more complete discussion of this formulation

T o T

:
[N LA

that includes graphs for various climates has been prepared for .
publication in a Military Handbook (MIL HDBK 417) titled "Facility i
Design Handbook for Transhorizon Communications". o

The formulation is incorporated into computer programs via

30
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V(0.5)

2
(d./by) . ¢
Y (0.1)) = e 1 L 2 > (26)
1"'(de/b1)b 1"'[(de'b2)/b3] .
-Y,(0.9)
Y(0.1) = Y _(0.1) g(0.1,f) (27
and .
o Y(0.9) = Y _(0.9) g(0.9,f) (28)

where values obtained are used as in IF-73 for V(0.5) [17, (190)],
Y(0.1)[17, (180)], and Y(0.9)[17, (181)]. uffective distance,

de’ is determined as it was in IF-73 [17, (177)]; values for the
constants bl’ bz, bS’ Cqo and <, to be used for each climate are
provided in table 9 and the factors g(0.1,f) and g(0.9,f) are
calculated as follows:

B e T Cn———

—— ——. = - s sy L

1 for all climates except 2,4, and 6, W ‘
0.18 sin S loglo(f/200)+ 1.06

for 60 <f < 1500 MHz in Climates 2 and 6,
£(0.1,f) =<1 suggested for 60 < f <200 MHz in Climate 4, » (29)
0.10 sin 5 log,o(£/200)+ 1,02,

for 200 <f <1500 MHz in Climate 4,
L0.93 for £ >1500 MHz in Climates 2,4, and 6

and
1 for all climates except 6,
0.13 sin[5 log,,(£/200)]+ 1,04
g(0.9,f) = 10 o ' (30
tor §0 < f < 1500 MHz irn Climate 6, ,
0.92 for £>1500 MHz in Climate 6
Note that the above formulation is incompleote in some respects, .

but that approximations are suggested to fill the gaps; i.e.,
(a) g(0.1,f) in (29) is approximated by 1 for 60 <£<200 MHz
in Climate 4, and (b) the constants for Climate 8 (table 9)
are approximated with those of Climate 6.

32

,
i




Table 9. Constants Used to Calculate V(0,5), YQ (0.1), and YO.(O.Q)

“m

Climate Parameter bl b, by < c,
1. Equatorial V(0.5) 144,9 190,3 133.8 -9,67 12,7
Y (6.1) 636.9 134,8 95,6 2,70 131.1 ?
Y_(0.9) 762.2 123.6  94.5 -2,73 -204.4
2. Continental  V(0.5) 228.9 205.2 143.6 -0.62 9.19
subtropical  y (9,1)  138.7 1437 98.6 8.8  19.9
Y_(0.9) 100.4 1725 136.4 -7.41  -9.83
3. Maritime V(0.5) 62,6 185.2 99.8 1.26  15.5
subtropical 'y (9,1)  165.3 225.7 1297 12.9 123
Y_(0.9) 138.2 242.2 178.6 -7.83  -8,52
4. Desert V(0.5) 84.1 101.1 98.6 -9.21 9.05
Y_(0.1) 464.4 93,1 94,2 4,72 204.2
Y_(0.9) 139.1 132.7 193.5 -2.54 -16.8
5. ™editerranean  .-o-o-c eemen cmeee cmene mcmee meee-
6. Continental  V(0.5) 228.9 205.2 143.6 -0.62 9.19
temperate Y_(0.1) 93.2 135.9 113.4 6,04 10,4 ‘
5
Y (0.9) 93,7 186.8 133.5 -3.43  -9,17 ;
7a. Maritime V(0.5) 141,7 315.9 167.4 -0.39 2.86 :
temperate  y (0.1)  216.0 1520 122.7 1.0 17.9 i
overland Y (0.9) 187.8 169.6 108.9 -8.79 -13,3 i
' 7b. Maritime V(0.5)  2222.0 164.8 116,3  3.15 857.9 :
temperate  y (0.1)  13%6.2 1885 122.9 10.8  10.5 §
; oversea ¥_(0.9) 609.8 1199 106.6 -10.9 -217.6 :
8. *Polar Use climate 6 'j
} %
N - 4
*# For climates numbers 5 and -8, Mediterranean and Polar,values are not }
available; a substitute for Polar is suggested for use -unless more 1
definite information is available from other sources. . 3
7
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After Y(0.1) and Y(0.9) have been obtained with (27) and
(28), other levels of the distribution are calculated using

=
<3
e

Y(q) = cY(0.1) for q < 0.5 (31)

TR E PR

i
:
!
H
i
;
'

and
Y(q) = ¢Y(0.9) for q » 0.5 (32)

s e 1 e e A D e BT

where the values for ¢ are obtained from tables 10 and 11. These T ?H
¢ values have been extended to include those asssciated with the

long-term variability formulation of IF-73 so that (31) and (32) )
can be used with it.

P TR ST

T

Table 10, The Factor c for g<0.1 to be used in (31) T

o e LR g T 95T

SR
Climate J
Number q=0.01 q=10.001 q=0.001 :
i 1, 6 § 8* 1.95 2.73 3.33 ?
- 2 1.79 2.27 2.66 ;

z 3 2.20 3.30 3.70 ?
g 4 1.82 2,41 2.90 . :

g* 2ol - ----

7a § 7b 2.15 3.05 3.80 :

4 ¥See table 6. .
> |

R u e e . —

‘ Table 11. The Factor c for q >0.9 to be Used in 32). |

% q . ck g

E 0.95 1.28 §

: 0.99 1.82 ' o

0.995 2.01 % 1

0.999 2.4 R

0.9995 2,57 P

0.9999 2.90 , ;

*For @0.9 c values follow a log-normal distribution for all climates. '%
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4,4 Rain Attenuation

ERan

)
i

3 The rain attenuation model used in IF-77 is largely based on
3 material in informal papers by C. A. Samson (DOC-BL) on "Radio
propagation through precipitation'" and "Rain rate distribution

; curves'". Only those portions of these papers that are directly

- related to IF-77 are repeated here. However, an attempt has been
r made to cite references on which his work is based. f
. S Two options for rain attenuation are available in IF-77. The %

first is for use in a '"worse case'" type analysis where a particu-
lar rainfall attenuation rate is assumed for the in-storm path
length, and the additional path attenuation associated with rain
is simply taken as the product of this attenuation rate (in dB/km)
and the in-storm ray length. This ray length is determined in ac-
cordance with the method discussed as step 4 of option two.

Option two involves computer Eﬁpﬁtg of rain zone (which de-
termines a rainfall rate distribution) and storm size. Rain zones %
may be estimated using figure 5 or 6, and the storm size (diameter N
or long dimension) is assumed to be one of three options: 5, 10,
T or 20 km (corresponding approximately to a relatively small, aver-
age, or very large thunderstorm). The maximum distance used in

R e R A TR e e e s

e

LR ET I e IR

LA

o G M ¥ T Rt

f; calculating path attenuation with this option is the storm size

‘i since it is assumed that only one storm is on the path at a time. :
% The process used to include rain attenuation estimates in IF-77 é
é for this option may be summarized as follows: ! é
;é 1) Determiile point rain rates. Point rain rates §
2 (rate at a particular point of observation) 3
%ﬁ 1 not exceeded for specific fractions of the g
“ b time are determined from table 12 for the %

rgin zone of interest. Values listed in this
table were taken from estimated distributions
[22; 38; 39; 45].
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Table 12. Point Rain Rates (mm/hr) not Exceeded for a Fraction of Time, q.

: Rain Zone
- 1 2 3 4 5 6
<.98 0 0 0 0 0o - 0
.99 0.17 0.25 0.31 0.54 0.75 1.0
. 995 0.62 0.98 1.54 2.07 2.7 3.35
.998 1.8 3.1 4.8 6.2 7.8 9.4
.999 3.2 5.4 8.8 11.7 14.0 17.0
.9995 5.1 9.6 4.5 19.0 23.5 28.5
.9998 8.2 17.0 25.0 33.0 40.0 48.0
| .9999 11.3 22.8 34.0 44.5 54.0 67,0
i .99995 14.6 29.5 43,0 57.0 68.0 84,0
: .99998 18.8 37.8 56.0 73.0 91.0 112,0
.99999 24.0 44,0 64.0 86.0 110.0 160, 0

2) Determine path average rain rates. Each point rain
rate resulting from step 1 is converted to a path
average rain rate by using linear interpolation to

f E obtain a multiplying factor from the values provided

- : in table 13. These values were taken from curves

fitted to data collected in Florida [22].

Determine attenuation rate. For each path average

rain rate resulting from step 2, an attenuation rate

Arr(q)[dB/km] is determined using linear interpolation

between the values provided in table 14. These are

theoretical values [27] that were determined for a

Laws and Parsons [24] drop size distribution.

Determine the in-storm ray length. First the

length of the direct ray Tos that is within Tes

of the earth's surface is determined using the

methods described in 1973 for the calculation
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Table 13. Path Average-to-Point Rain Rate Ratio |
- Based on Measurements in Florida [22].

Point Rain Storm Size Estimated
Rate in mm/hr 5 km 10 T 20 km

10 1.0 1,0 1.0
15 0.96 0,916 0.835
18 0.94 0.865 0.73
20 0.93 0.85 0.70
23 0,915 0.83 0.66
27 0.899 0,797 0.61
30 0.888 0,775 0,58
33 0.878 0.755 0.564
37 0.865 0.730 0.54
40 0.860 0.720 0.53
44 0.850 0.704 0.51
50 0.840 0.683 0.493
55 0.833 0.670 0.480
60 0.824 0.650 0.470
65 0.818 0.640 0.452
70 0.813 0.627 0.440
80 0.805 0.610 0.422
90 0.798 0.592 0.408
100 0.790 0.575 0.392
115 0.780 0.565 0.378
140 0.770 0.550 0.357
155 0.765 0.540 0.350

4o b oo 4 e

.
LSy g e

i

oo ¢ ax T v et 0 v A ol il &
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185 0.760 0.528 0.325
200 0.758 0.520 0.310
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6)

— [ T S,

of reo,w (17, fig. 21 on p. 72, replace reo,w

with Teo,s,w and Teo,w with Teo,s,w]' Here, Tes'
is taken as the storm size; i.e., storm height is
assumed to be equivalent to storm diameter [9, p.
98]. Then the final in-storm ray length, T, is
calculated using
T ifr > T
rs[km]= es es- 'es . (33)

r_ . otherwise
€3

For transhorizon paths, the storm is assumed to be
between the facility and its horizon so that Tes is
not increased because of ray lengths within Tes of the
surface that occur beyond the facility horizon.
Determine rain attenuation values. Values for the
attenuation, Ar(q) for a particular fraction of time
are calculated using

0 for q<0.98
A.(a)[dB] = A_.(q)r, otherwise 34)

where Arr(q) values come from step 3 and the value
for rg is from step 4. Note that table 12 yields
distributions of rain attenuation that are zero for
q<0.98,

Combine rain attenuation variability with other
variabilities. Variability for rain attenuation

Yr(q) is related to the distribution of rain attenu-
ation from (34) by

Y.(a) =-A(q) . (35)
It is combined with the long-term power fading vari-
ability, Ye(q) {17, sec. A.5], and multipath variability,
Yn(q) [17, p. ;gl, byt;gglgding er(q) in an equation

of IF-73 [17, (5)]; i.€.»
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i Yp(@) = £ /Y 2(a) +Yp2(a) + Y 2(q) +Y12(q) dB  (36)
& ;
% + for q< 0,5 .
- - otherwise B
; where Y (q) is the total variability and YI(q) is a . g
1, variability included in IF-77 to allow for ionospheric ' %
: scintillation (sec. 4.5). :
% N 3
5 4.5 TIonospheric Scintillation %
i Variability associated with ionospheric scintillation [1; 46] : %
2 for paths that pass through the ionosphere (i.e., on earth/satel- I é
lite paths) at an altitude of about 350 km [32, p. 4] is included ' :
! :
in IF-77, This variability, YI(q) dB, is determined using figure | :
7 {46; 47, fig. 6] directly if calculations are to be for a spe- 3

cific scintillation index group (see fig. 7 inset) or using a

% | weighted mixture of the figure 7 distributions (sec. 4.1) where
the weighting factors are estimated for specific problems. For
example, a computer program available at NTIA/ITS [33] that is an
extension of the Fremouw model [13] can be used to estimate weight-
ing factors for frequencies up to 400 MHz [32]. An equation given
previously in section 4.4, (36), is used to add YI(q) to IF-77.

Provisions exist (table 2, index group 6) to allow YI(q)
to change with earth facility latitude when a geostationary
satellite is involved and the earth facility locations are along
the subsatellite meridian. Figure 8 shows the distributions cur-
rently used when this option is selected. These distributions
were developed by mixing distributions for particular scintilla-
tion index groups in accordance with the estimated time for which ;
they would b~ present at a frequency of 136 MHz so that the fre- ‘
quency scaling factor discussed below should be used with these )
distributions {43, table 5].
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When the distributions of figure 8 are used for a frequency
other than 136 Mliz, an optional frequency scaling factor should
be used, It relates YI(q) to Y136(q) from figure 8 by

Y;(q) = 136 1) Y 5 (Q) (37)
where n varies with earth facility latitude, 0, [43, (27)1; i.e.,
1 for g < 17° or 8p; > 52° |
1+ (op - 17)/7 for 17°<9FL<24° (38)
" 2 for 24°<9FL<45°

Other scaling factors could be used with minor program modifica-
tions. '

—— . et et ot 5

5. TROPOSPHERIC SCATTTR

The Rice et al. [36, sec. 9] method, which is used to calcu-

late attenuation for tropospheric scatter in IF-73 [17, sec. A.4.4],
is not applicable to paths that involve a very high antenna such

as a satellite. This method was reformulated by Dr. George A. Huf-

ford (DOC-BL, informal communication) to include geometric para-
meters associated with very high antennas where these parameters
are determined using ray tracing techniques. The resulting formu-
lation has been incorporated into IF-77 and is presented here.

It was developed using kilometers as a measure of length so that
all lengths in the formulas of this section are in kilometers.

Frequency and the basic geometric configuration for the
tropospheric scatter path are assumed to be known so that valués
for the following parameters are available where

h1,2 [km-ms1] = antenna elevations above mean seca
level (msl),

hrs [km-ms1] = effective reflecting surface elevation
above ms1,
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and

where hr is also taken a:

%4 2[km] = antenna to common volume ray lengths,
-y

i average terrain elevation,

= common volume elevation. above hoo»

[km-hrs]

N [N-units] = surface refractivity at h
o[rad] = scattering angle,

A [km] = wavelength.

The scatterlng eff1c1ency term, S, 15 calculated as follows:

and

The scattering volume term, S

v =0.1424{1%c exp[- (0 25h ) ]},

= 0.051-2.32(10 *)N_+5, 67(10 ®)n 2, (39)

(40)
) = 0. 002N52-0 06N_+6.6, (41)
€
S=01.1- —+——
¢ 1+0.7716h,,
+20 log[ (0. 1424/y) exp(Yh ). (42)

v? is calculated as follows:

where 8 is the modules of asymmetry,

where 2 is the total ray lengtl,

where « is the wave number,

L
s = -.1'12 (43)
*14%2
A= (1-sH)? (44)
= 45
2= 0%0, (45)
=vy08/2, (46)
xy = (1+5)%n, " (47)
Xy = (1-5)"n, (48)
k=2n/x (49)
Py,2° ZKO(hl’Z-hrs), © (50)
ql,z = (X1’2+f€)2+pi,2’ (51)
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B =6+ 852 ) T
2
*8(1+5)2X 2p12/qh'
2 72 2
o2 2
N Y L /;"
+2(1-<)2[1+2 2/ )1+2 2/ )
: Xl ql XZ q2 ’
+/7 2 +/7 2 +
C = 12(pl ) (pz ) i (53)
' oy Py P1tP2t2/Z
and
2
SV =10 log (Anz"‘Bﬂ)qlq +C}l . (54)

; P1 P2

Finally, the attcnuation for scatter, AS, relative to free
space is calculated using

. 3
= +S _+10 log ©

(55)

6. CONDITIONAL ADJUSTMENT FACTOR

- e —. o —

LY

A A— -~ ——————d, ok ST

The condiiional adjustment factor, Ay, is used in IF-73

to prevent available signal powers from exceeding levels
expected for free-space propagation bv unrealistic amounts when
the variability is large and the calculated reference level is

near its free-space value. This is accomplished by adding AY

to calculated reference basic transmission loss, Lbr’ in the

computation of median basic transmission loss, Lb (0.5) (17, pp.

40, 41)}. However, the resulting increase in transmission loss

can be too large for frequencies near 400 MHz when climates or
time blocks with large variabilities are used. For example,

the use of Time Block 7 (sec. 4.2) can result in an AY of 20 dB.

To prevent excessive loss increases associated with AY’ a ‘
formulation to keep AYilo dB has been incorporated into IF-77, :
This formulation may be summarized as follows:

feh =

bf

elevation angle correction factor (17, (179)],

L = basic transmission loss for free space

(17, (15)1,
47
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ba51c transm1551on loss calculate? reference
level [17, (17)],
YT = a parameter from IF-73 [17, (182)],

'
;
}
;
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<
~
L
N
]

a long-term variability parameter which is
calculated using (31) and (32) with c values
; from tables 10 and 11,

g 0 if lobing option [17, sec. 3.1.1] is
used and the aircraft is within 10 lobes (57)
)of its radlo horizon

‘“bf [Lbr‘ Y ;(0.1] otherwise ,
L0 1f Ayp <0 ) - : e e e e
otherw1se , i
| (@) :
lesser of Og for lobing ;
1 |
Y, (q<0.1) = |
) Y, (q) |
lesser of )o%! otherwise . (59) ; !
Lpr*Ay - (g - cy) o

Where ¢y is 6, 5,8, and 5 dB for q values of 0.001, 0.001, and
0.01 respectively,

Lyp - Lyg* 10 if A, > 10

br “bf

Ye(Q'0~1) = Yor (0.1) otherwise

and

Y (q > 90.1) = Y (). (60)

T
R A O R R S

These equatlons renlace 51mllar equations in IF 73 [17, sec., A.5].

e - —

. 7. TRANSITION DISTANCE I
The transition distance d  is used in blending attenuation, ‘
valid within line-of-sight, with the radio horizon value. It
is the largest distance in the line-of-sight region at which
48
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diffraction effects associated with terrain arc considered ncgli-
gible. Values estimated for d0 in IF-73 [17, (140)] have been

found to be too small when low antennas are used for both antennas.

To correct this dlfflculty, d0 estimates in IF 77 are made using

P e T P - e e

dLl when g2 dg

d = dx/6 when d, /¢ >d;; and d; (61)

dd otherwise

- - - PRI S S

t
P

where dL1 is the horizon distance for the lower terminal (sec.9.2),

d)/ﬁ is the distance at which the path length difference, AT
[17, (56)], is equal to A/6 (A is wave length), and dd is the

do of IF-73 [17, (140)]. The distance d)‘/6 is the largest distance

at which a free-space value is obtained in a two ré} model of

reflection from a smooth earth with a reflection coefficient
of -1.

————

8. FREE SPACE LOSS
The ray length, r, term of the free-space loss portion of
IF-73 [17, (15)] when computed via the IF-73 formulation
[17, T, from (54) for line-of-sight or path distance d for trans-
horizon paths] can give loss values that are much too low when
a very high (satellite) antenna is involved. To extend IF-73

to such cases in IF-77, a new formualtion for r was developed.
This formulation may be summarized as follows:

a, = actual earth radius (6370 km= 3440 n mi),
d = great-circle path distance,
dLl,Z = horizon distances,

h11 2 = horizon elevations (above msl) from (72) and

IF-73 (see eqn. 396 of App. A).

h1 2==antenna elevations (above msl),
’

=1ength of direct ray in IF-73 {17, (54)],
rWH"(h -h ) +4(h +a )(h +a )[51n(0 5d/a )] (62)

49
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where T, is the within-the-horizon ray length between antennas

above an air-less earth (i.e., bending neglected), i

2 ) 2 . ) 2 :
11,2 (hl,z hLl,Z) +4(h1’2+a0)(hL1’2+a°H51n (O’SdLl,Z/ao)] (63) ;

where rpq.p are antenna to horizon ray length for an airless
’ ‘
earth (no ray bending),

D = (d-dLl-sz) (64)
where Ds is the distance between horizons, :
gy = TL1*7L2*Ds (65)

where ToH is the total ray length for a beyond-the-horizon path,

T, OF Ty for within-the-horizon :
r =.greater of or ) (66)
d or TRl for beyond-the-horizon

Equations (62) and (63) are simply the application of the half-
angle law of cosines formulation where two sidgs (ao + elevation)
and an included angle (great-circle distance /ao) are known.

9. AIRBORNE FACILITY
The IF-77 version allows the facility (or lower) antenna to
be airborne; i.e., IF-73 was extended to cover air/air and air/
satellite cases. This extension involves the more extensive use
of parameters based on ray tracing in parts of the model associ-
ated with the facility antenna. For the most part, these para-
meters are similar to those used in IF-73 for the aircraft an-

tenna only.

9.1 Smooth Larth Horizons
Ray tracing is now used to determine the smooth earth hori-
zon distances associated with both terminals, dLol,Z’ that are
used in the calculations associated with long-term power fading
[17, sec. A.5]. These distances are determined by ray tracing
from the earth's surface to the respective antenna heights where
the initial take-off angle is 0° and the surface refractivity

50
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(Ns= 329 N-units) corresponds to a 9000 km (4860 n mi) effective
earth radius.

The IF-77 version uses ray tracing to determine smooth earth
horizon distances associated with both terminals, dle,Z’ that are
3 used in the calculation of effective antenna heights. These dis-
tances are determined by ray tracing from the reflecting surface
é elevation [17, fig. 13] of the earth's surface to the respective ;
. antenna heights. The initial take-off angle used is 0° and the t

surface refractivity, Ns, is calcualted from the No or effective
earth value specified for the path [17, (18), (20)]. Values for
dle’2 are used to determine effective antenna heights, hel,z’
and effective heights above reflecting plane, Hl,z’ as follows:

P

a = effective earth radius (17, 20].
a, = adjusted earth radius [17, (44)],
a, = actual earth radius (6370 km= 3440 n mi),
hal 2 = actual antenna elevations above reflecting
’ surface elevation
h. = height of facility counterpoise above ground
g at the facility site,
hfc = height of the facility antenna above its counter-
poise, :
4 -
051’2 [rad]-—dle’z/a (67) \
ha1,2
or 5 .
! hel , = lesser of ;0.5 dle,Z/a if 951’2 < 0.1 rad} , (68)
’ a[sec(esl’z)-ll otherwisec J ’
. Ahel,z 3 hal,z “hey 27 (69) 2
. Aha1,2 = Ahe1,2(aa_ao)/(a-ao)’ (70) :

hal' Ahalfor ground reflection

H = . . ’ (71)
1 hfc for counterpoise reflection

S N RS )
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haz-Ahazfor ground reflection

ja o
"

2 |n_,-ah :h__ £ i flecti (72)
aZ'A w cg or counterpoise reflection

These expressions are extensions of similar ones used in IF-73 -
[17; (34), (32), (45), (46), (48), (49)].

9.2 Facility Horizon

The IF-73 version allows 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) calcu-
lated for smooth earth conditions [17, fig. 14]. Some of this
flexibility must be sacrificed when the facility is high since the
accurate specification of more than one horizon parameter requires’
prior knowledge of ray tracing results.

The IF-" version was constructed to retain all facility ho-
rizon specification flexibility for low facility antennas and yet
allow ray tracing to be used for high facility antennas. This
method may be summarized as follows:

iy) v R

Determine horizon parameters as they were determined

in IF-73 [17, fig. 14], but consider the results as

initial values that may be changed if the facility

antenna is too high. The resulting parameters are ‘

011 = initial estimate of the horizon elevation angle
Oel’
hILl = initial estimate of the facility horizon
clevation hLl’ and . i

dILI = initial estimate of facility horizon distance

dyq-

2)

Facility antenna height, hl’ and effective antenna
height, h_,, from (68) are used to test the initial
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horizon parameters and 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

OIe1>0 and h1>hIL1

17 3 and T amd hy<h, |

Iel— 1111
This step is not used if smooth earth parameters were
selected in step 2. If Ahel from (69) is zero or

less the initial horizon parameter values from step 1

he

are used, otherwise ray tracing is used to determine
values for 001 and dLl; i.e.,

ey

and

The ray tracing referred to in the equations above is started at
the horizon elevation, hLl’ with a take-off angle of -0y, and
continues until the facility antenna height h1 is reached. Then
the great-circle distance traversed by the ray is taken as d
and the negative of the ray arrival angle is taken as 0aq- The
take-off angle used is calculated from

hy1 =P (73)

o 0167 if Ahgy <0

el otherwise use ray tracing (74)
= dppy if Ahgy <0 (75)

dpp =

otherwise use ray tracing} .

L1’

-0y, = - (Opeg*dyyp/a)- (76)

10. ANTENNA PATTERNS ’

This section deals with the use of vertical plane antenna ;
patterns in IF-77. These patterns give gain relative to the i
main beam gain in the vertical plane [17, sec. A,4.2; 21, figs.

45 and 45]. Azimuth patterns are used only in program TWIRL ;

53

e e ———— 1




ST s S i R e SR L Rt

(table 1) which is described in the APPLICATIONS GUIDE [21, sec.
3], but these patterns are considered to be more a part of that
particular program than part of the propagation model and are not
discussed here,

10.1 Aircraft Antenna

The aircraft (or higher terminal) antenna pattern in'IF-fS‘
was taken as isotropic, and modifications to allow for aircraft
antenna pattern effects are included in IF-77. This extension
involves the use of the gain factors which are discussed in
section 3.4.

Aircraft antenna pattern options currently built into the
IF-77 include an isotropic antenna and a JTAC [21, (11)] direc-
tional pattern where the half-power beamwidth and the tilt of
the antenna is an input in degrees. Program modifications can
easily be made to accommodate other patterns that are specified
in terms of gain versus elevation angle. Horizontal (or azimuth)
patterns for the aircraft antenna are not used in any of the
programs.,

Antenna pattern data as used in IF-77 is normalized to the

.main beam gain. The extent to which the main beam antenna gain

exceeds that of an isotropic antenna is considered as a separate
item for the receiving antenna and is included in the specifica-
tion of Equivalent Isotropically Radiated Power for the transmit-
ting antenna (EIRP); i.e.,

EIRP [dBW] = PTR{dBW]+ G T[dBi] (77)

where pTR is the total power radiated from the antenna and GT is
the main beam gain of the transmitting antenna relative to
isotropic.

10.2 Ray Blevat1on Angles

Incorporation of an a1rcraft antenna pattern 1nto the model

via antenna gain factors (sec. 3.4) requires that gain values be
obtained from the pattern for the direct ayd reflected rays at
appropriate elevation angles. In terms of the variables that
are similar to those of IF-73 [17, sec. A.4.2], direct ray

54

R T R T AR T D R B S o R R IR POpD

;
L
PN




) B — et oyt e O 7 i< ey TR i e F s DR TSNS RO U IR R
g %W%%@W@Wﬁﬁ%ﬁﬁ%ﬁw@W@me%@@ﬁﬁ%@mmmwmwm%fWﬂwth@%iwWW%ﬂ 3

VPR ko m o -

e A MRt fe  n Be ot - A A B S Lt e it Y T A g, AT A S 4

elevation angles © and ground reflected rays o are given
H1,2 gl,2

by
€ny,2 = 2o -01’2 (use + for 0,4), - (78)
1 1,2 " %n1,2 * OL1,2, (79)
. %g1,2 " %1,27¥° 91,20 (80)

where OLI,Z is a smooth horizon elevation angle adjustment term, |
and the remaining parameters are calculated as in IF-73; i.e., '
a [17, (53)], 01,2 [17, (50)], and ¢ [77, fig. 19]. Values for

9L1,z are obtained from

Wzt

|
= - a_-a
°L1,2 (eLkl,z @LEI,Z) (_g_aﬂ) (81)
0

where OLRI,Z are the eleyation angles of the smooth earth horizon
rays as determined with ray tracing, eLEl,Z are the elevation
angles of the horizon rays as determined using the effective

earth model, and the remaining pafameters are calculated as in
If-?S;i.e., a, (17, (44)1, ao [17, (19)], and a [17, (20)]. Values
for OLEI,Z are obtained from

PN Sy I e e

Ty
e

R R T S

opg1 2= Cos M/ (Hy ,+2)) (82)

where a[17,(20)] and H1,2 [(17,(47) (48 : are the effective earth

radius and antenna heights of IF-73. "ne effect of eLl,Z is to

force GHI,Z and Ogl,z to have the values obtained via ray tracing

at the smooth earth radio horizon, and prorate values obtained

elsewhere. The prorating factor (aa-ao)/(a-ao) used here is the
. same factor used to adjust Ahe [17, (46)] in IF-73,.

10.3 Tracking Options
) Tracking options are available for each terminal. When a
tracking option is used for a terminal, its antenna's main beam
is always pointed at the antenna of the other terminal or at
the radio horizon when the path is a transhorizon path. This {
is accomplished by setting the beam tilt of the antenna that is . P
tracking to the direct ray elevation angle where this angle
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becomes the horizon elevation angle for transhorizon paths. For
example, when the tracking option is used for both antennas the
full gain of both antennas will be included in the calculation
of transmission loss for free-space conditions.

10.4 TACAN Vertical Pattern

The TACAN RTA-Z vertical pattern used with IF-77 [21, fig.
45] is based on a statistical analysis of International Telephone
and Telegraph (ITT) production test data for 23 antennas. Each
of these antennas were tested at 3 or more frequencies so that
a total of 78 patterns were used. Of these, 37 were low band
(below 1088 MHz) and 41 were high band (above 1087 MHz). Gain
values at 3° intervals for elevation angles from -60° through
60° were used to obtain a distribution of gain at each elevation
angle. Gain values exceeded at each angle for 5, 50, and 95
percent of the data are shown on figure 9 along with the standard
deviation of the gain measurements. Also shown in figure 9 are
gain measurements for a single antenna in the above 60° and
below -60° range that were obtained from a military report with
limited distribution, and the piecewise linear approximation
used for the 50 percent in IF-77.

11. SUMMARY

This report covers extensions that were made to IF-73 [17]
in the process of developing the 1977 capabilities [21] of table
1. These extensions allow the programs to be used for a wider
variety of problems such as those involving air/air or air/
satellite propagation. A brief description of the propagation
model provided in section 2 is followed by detailed discussions
of specific model extensions. Minor changes to and errata for
IF-73 are provided in Appendix A.

The 1977 propagation model (IF-77) has been incorporated into
computer programs that are useful in estimating the service cover-
age of radio systems operating in the frequency band from 0.1 to
20 GHz. They may be used to obtain a wide variety of computer-
generated microfilm plots. A plotting cdpability summary is
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provided in table 1 ‘and program input parametcrs are summarized
in tables 2 through 4. These tables were taken from an APPLICA-
TIONS GUIDE [21] for the programs where these capabilities and
parameters are discussed in detail.

Potential users should 1) read the brief description of-the,
propagation model provided in section 2 to see if the model is ap-
plicable to his problem, 2) select the program(s) whose output(s)
are most appropriate from the information given in table 1 [21,
sec. 3], 3) determine values for the input parameters given in
tables 2 through 4 [21, sec. 4], 4) request a cost estimate for
appropriate computer runs, and 5) submit the formal request and/or
purchase order that may be required.

Requests to the FAA should be addressed to:

Federal Aviation Administration
Systems Research and Development Service
Spectrum Management Staff, ARD-60

2100 Second Street, S.W.
Washington, D. C. 20591

Attention: Navigation Specialist

Telephone contact is strongly encouraged, and Mr. Robert Smit.
can be reached at 426-3600 if the Federal Telecommunications Sys-
tem (FTS) is used, or (202) 426-3600 if commercial telephone is
used.

Other requests should be addressed to:

Department of Commerce

Spectrum Utilization Division, NTIA/ITS-1
325 Broadway

Boulder, CO 80303

Attention: Mary Ellen Johnson

Telephone contact is strongly encouraged, and Mrs. Johnson can be
reached at 323-3587 if FTS is uscd or (303) 499-1000 x 3587 if
commercial telephone is used. If extension 3587 can't be reached,
try extension 4162, which is the Spectrum Utilization Division
Office.
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APPENDIX A. CHANGES FOR FAA-RD-73-103

Computer Programs for Air/Ground Propagation
and Interference Analysis 0.1 to 20 GHz

G. D. Gierhart and M, E. Johnson

September 1973*
All changes (errata and minor modifications) recommended for the
above report by the authors as of May 1978 are listed below.
These changes do not include modifications associated with the
1977 extensions that are discussed in the text of the present re-
port, but do include some minor modific~tions that were made to
accommodate the extensions. Readers finding additional errata are
urged to contact an author at the U. S. Department of Commerce;
Spectrum Utilization Division, NTIA/ITS-1, Boulder, Colorado 80303.
Mrs. Johnson can be reached via commercial telephone at (303) 499-
1000 x 3587 or on the Federal Telecommunications System (FTS) at
323-3587. The changes are:

Page  Location Changes

5 End of first . . . Change the (fig. 3) to (fig. 5).
paragraph

15 Line 2 « +» +» » » Change the Ns to NS.

39 Line 1 « « « o+ +» Change "...Sa(q) available for a fra.-

tion of tht time > q ..." to "...Sa(q)
exceeded for a fraction of the time

q «..".

*This DOT report is now available from the National Technical
Information Service, Operations Division, Springfield, VA 22151.
Order using accession number AD 770 335.

60

ts

iﬁﬁr B O S 1)




Page Location Changes

Ly EATROIGINT

39 (8 . . . . . . . Change the 50 to 0.5.

41 (16) . . . . . . . Change"...if lobing..." to "...or if
lobing..." and delete "or path is be-
yond line of sight".

End of first . . . Change the (3) to (5).

paragraph

48 After (39) . . . . Insert: The aircraft horizon height %

HLZ km-msl, is calculated from f

Dg = d'dLl - szkm (39a)

and

- hy, if Ds.i 0

L2 h Otherwise | km. (39b)
Ts
51 (45) . « + + . . . Change the Aha to Ahe.
52 (58) . . . . . . . Change the y+8 to -(w#-el).
53 (68) and (62) . . Change the ¢p v O ¢.
’

54 (77 . . . . . . . Change the Vg'to Vc'
56 (7¢) . . . . . . . Change right-nand side to

3118 if d <0 l .

fg Rg otherwise
57 (81) . . . « « « Change the = RTg to +I?fs RTg‘
After (81) . . . . Insert: Where
1 if lobing option (sec. y
3.1) is used
Feo = )1 if Bpg< 0.5 A and |g +((81a) :
Ryg exp(-j ¢TG)| < 8p ;

0 otherwise. .

59 (86) ., . . . . . . Change to d, = d),, + 0.5 (278613 km.

PR R R S
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Pdge Location Changes i
60 (90) . . . . . . Change to_ _ ! i
05 = O.S(az/f)l/J/a rad (90a) f
=1.5(a%/£)Y3/4 raa (90b) |
H
62 Fig. 20 caption . Change the last heel to heeZ'
(108) . . . . . . Change the dKl to dKLl . :
63 (118) . . . . . . Change the sign of heel 2 to minus. :
EIeL1,2 }
64 (121) . . . . . . Change the 2.583 sin (ev) to
5.1658 sin (0.5 ev). \
65 (126) . . . . . . Change the right hand side to E
sig-l [{2S 1|
2 Sin 51658 \’dML/( L1 KLZ)J ;
‘ (128) . . . . . . Change the right hand side to i
-a tan(es) +J7(a tan 05) + ?a(hL1~h Z) ;
Line following %
(128) . . . . Insert "h52 is from (130)" between %
"’" and "and." :%
(133) . . . . Change the 2.583 sin (o) to }
5.1658 sin (0.5 66) }
66 (134) . . . . . . Change the 20 to -20.
(135) . . . . . . Insert "1" between "} " and '"+", E
i
Second line . f
after (135) . Change "... e path..." to "...K 1
pathouc"o ‘:;
70 (163) . . . . . . Change the right. hand side to %
H 2
(182) . . . . . . Change the right hand side to ; :
Lb(O.S)-[Lbf-Ve(O.S,de)-ZO log(RTG+RTC)]
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Page Location Changes |
76 Line 2 Change the (15) to (16).
(184) Change the Lb(O.S) to Lbr-+Ay.
78 Line 5 ., . . . . Change "Foh from (66)" to
¢ "ohsin(w)/x=6".
) (194) . .,

Change the right hand side to
0.01+946 6% if 6 < 0.00325
6.15 & if 0.00325 <5< 0.0739

0.45 +\/o.ooos43-(a-o.10262 if -y
0.0739 <s< 0.1237

0.601-1.06 § if 0.1237 < 6 < 0.3

0.01+ 0,875 exp (-3.888) otherwise

(196) . . . . ., Change the Rs2 + Rdz to Rsz'+ Rdz
S S

&p
First line Insert ", 8p is as defined for (s1)."
after (196)

between "(40)" and "and d".
86 From bottom

lines 3 § 4 . Change text for codes (0) and (3) to:
"(0) no parameters specified" and

"(3) both the angle and the elevation
are specified".

87 + Change "dB-W/sq mi" in text for PMIN, f
PMAX, and YC to "dB-W/sq m". . :
104 4th line after %
. statement 22  Change the USO to D50, :
3rd line after In READ 7 "HPRI" should be "HPFI" and .
. statement 25 . ., wnygee should be "KE", i
108 Statement 8 . . . Change the I2 to 212,
111 Line 5

*+ + + . . Change "Read 8..,IA" to "Read 8...1A,
JJr, :

T R R SR

63

AR Sn AU AER S e

L g v Lo Yoo e S dlios s

Y]
.
-

o
o . o,
- . ER § ;o s i

e - P ™

.. e R RAT - [ I A T T L T

.y L R T N

Lo o £ N A IR -

RN AT N 2.




et sl " - " T T A B A eyt TSR N LT T e
(o oz liitosie semppti S A I S e b R SR SRR SR S S R

Ay T ey

Page Location Changes !

114 From page bottom Change KE's in the two statements pre- i
3 lines 7 § 8 . . . cecding statement 73 (near page bottom) 2
: to JE's. |

120 Immediately after Replace the whole line with LE=11. ‘

128 first comment

135 statement. . . . . ‘

131 136. . . . . . . . GO TO 137", Attach statement numbers

138 138" and '"'139'" to the next two lines
! then skip a line and replace the next
; line with "IF(DZR.LT.0.) GO TO 145",

124 t After statement Insert "IF(SI.LE.SILIM,AND.ILB.LE.0.)

125 Statement 46 . . . Replace with '46 RST=((RGP*RSP+RDG*RDG)/
132 (GOD*GOD) ) +WA",
139

LT AR 2 T A R T P R B TS R A S A

125 Statement after Replace with "TLIM=+20.*ALOG10(GOD+REG+
o 133 statement 22 . REC)-GPD+(AD(18)*FTH)",
< 139
’%‘ ¥
§ ! 125 After statement 1137 WRL=CABS(GOD+AT2)
& ‘ 133 135 insert . . . . IF(WRL.LE.GOD) GO TO 138
% 140 WRL=CABS (GOD+AT1)
2 WR=WRL*WRL+(.0001*GOD)$GO TO 139.
b 125 Right before . Insert 145 DZR=0.
133 statement 148
140
142 Line 7 . . . . . . Replace ".193573364" with '".09679",

Lin: before
statement 30 . . . Delete

Two lines after

statement 30 . . . Replace with "TX=({A*A/F)**THIRD)/A
T3=0.5*TX $ 1.5*TX".

143 3rd line past ;

statement 45 . . . Replace with "TH=2.*ASINF (CU*SQRTF :
(D/F*DL1*DL2)))". ,

9th line after
statement 45 . . Replace "V5..." with
"V5=5.1658*SINF(0.5*TH5) ATM5",

144 Line 6 . . . . . . Change the DLK4 to D4.
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Page Locatiqg Changes
‘!\ 144 Line 11 L] * .

SRR AR

- - Replace "V4=,, " with -
V4=S.1657(SINF(0.S*TH)*TMZ)."

r;é y Nﬂfﬁf‘?ﬁf‘

146 Statement 24 .

- The symbol after CALB should be a "+,

o g,

_ Replace "PSWRB"

AL in title and first line
wit PWSRB", -

187 Statement 24 . . Insert g "+ just after THET.
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APPENDIX B. LIST OF SYMBOLS

This list includes most of thc abbreviations, acronyms, and
symbols used in this report except for those used only in Appen-

Many are similar to those previously used in other re-
ports (17, 18,

21, 26, 35, 44].

In the following list, the English alphabet precedes the Greek

alphabet, letters precede numbers, and lower-case letters precede
upper-case letters.

ven after the alphabetical items.

Effective earth radius as calculated in IF-73%

(17, (z0)1].
Appendix.

An adjusted effective earth radius shown in

figure 2 [17, (44)].

Principal radii of curvature of reflecting sur-
face of the reflecting point and within, a
normal, a, to the plane of incidence.

in (3).

Actual earth radius (6370 km= 3440 n mi).

A parameter used in tropospheric scatter calcu-

lations, from (44).

A program name (table 1).

Aviation Research and Development.

A program name (table 1).
A program name (table 1).

A program name (table 1).

The reference plane.ray bundle area (figure 1)
associated with plane earth reflection in (2).

66

The units given for symbols in
this list are ‘those required by or resulting from equations as

given in this report. Except where otherwise indicated, equations

are dimensionally consistent so that appropriate units can be se-
lected by the user.

Miscellaneous symbols and notations are gi-
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Ar(q) Attenuation [dB] due to rain calculated via (34)
for a fraction of time q.

Arr(q) Attenuation [dB] associated with rain rate and ‘
a fraction of time q (sec. 4.4, step 3).

B A P GO L R s

Terrain attenuation [dB] from (55) that is as-
S sociated with forward scatter.

vren g <o

4y o

e The reference plane ray bundle area (figure 1)
S associated with plane earth reflection in (2).

Y A conditional adjustment factor [dB] used to
prevent available signal powers from exceeding

levels expected for free-space propagation by
unrealistic amounts, from (58).

[ A s

e

>

YI An initial of value of Ay dB, from (57),

i St R ST AR AL L

1.2.3 Parameters with values from table 19 that are
» & used in (26).

A parameter used in tropospheric scatter cal-

culation, from (52). |

S R NL ¢ e SHERE O LD Y )

The c-factor from tables 10 and 11 that is used
in (31) and (32).

cm “Centimeters (10~ 2m).

kA a2 REE SAYS

Ce huv Phase (rad) of plane earth reflection coeffi-
i cient relative to n for circular (18), horizon-
tal (15), and vertical (14) polarization. The

total phase lag associated with the reflection
coefficient is (w-cc h v) rad.
P L ]

1.2 Parameters with values from table 19 that are
’ used in (26).

s astmE it A

GRT T Al

A parameter used in tropospheric scatter cal-
culations, from (53).

CCIR International Radio Consultative Committee.

CRPL Central Radio Propagation Laboratory.

Great circle distance between facility and air-

craft. For line-of-sight paths, it is calcula-
ted as indicated in figure 2.
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Decibels, 10 log (dimensionless ratio of
powers.

Antenna gain in decibels greater than isotropic.

Power in decibels greater than 1 watt.

Power density in decibels greater than 1 watt
per square meter.

Degrees.,

The d, of IF-73 [17, (140)] that is used in (61)
to caiculate d° for IF-77.

Effgctive distance [17, 177] that is used in
(26).

An initial estimate of facility horizon dis-
tance, made via IF-73 [17, fig. 14].

Smooth earth horizon distances determined via
ray tracing (sec. 9.1).

Horizon distances for facility and aircraft
respectively. Values for dLl are determined
as in IF-73 [17, (38)].

Smooth earth horizon distances determined via
ray tracing (sec. 9.1) over a 9000 km (4860
n mi) earth.

The largest distance in the line-of-sight region
at which diffraction effects associated with
terrain are considered negligible, from (61).

The largest distance at which a free-space
value of basic transmission loss is obtained in
a two ray model of reflection from a smooth
earth with an effective reflection coefficient
of -1. This occurs when the path length differ-
ence, Ar [17, (56)] is equal to A/6.

Divergence factor, from (4).

United States Departmeant of Ccmmerce, Boulder
Laboratories

United States De,artment of Transportation,

A program name (table 1),
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DURATA A program name (table 1).
; D/U Desired-to-undesired signal ratio [dB] avail-
: able at the terminals of an ideal (loss less)
B receiving antenna.
: DS Distance between radio horizons, from (64).
7 D, , Distance shown in figure 2 [17, (51)].
b
., eqn. Equation. 3
; exp(...) Exponential; e.g., exp(2) =e?
EIRP Equivalent Isotropically Radiated Power ;
TdBw] . |
ESSA Environmental Science Services Administration.
f Frequency.
fss Facility site surface (table 2).
ft Feet.
ft-fss Feet above facility site surface.
ft-msl Feet above mean sea level.
fsh Elevation angle correction factor [17, (179)].
FAA Federal Aviation Administration.
FTS Federal Telecommunications System
Fdoh Reflection reduction factor associated with
diffuse reflection and surface roughness
[17, (194)].
Fr Reflectinn reduction factor associated with
ray lengths, from (7).
F h Specular reflection reduction factor associated
o with surface roughness [17, (66)].
g Normalized voltage antenna gain used for the -
facility antenna in IF-73 (17, (67)].
g(g,f) Frequency gain factor from (29) or (30).
gp R Voltage gain [V/V] factors associated with
’ direct and reflected rays, from (10) and (}l).
‘ 69 )
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gp1.2 Voltage gain [V/V] of terminal antennas in the

direction of the direct ray (figure 3) relative
to main beam gain. :

I
e
S
3§
s
’é
2
5
2
=
L,

A
£2

g 01.2 Voltage gain [V/V] similar to g , but
hDl, specifically for horizontal olg}igation.
P

|

i 8hR1.2 Voltage gain [V/V] similar to 8r1.2? but

i ’ specifically for horizontal ’

§ 1 polarization.

: 2

% 4 ERrv Gain factor for the reflected ray and vertical
5 E polarization, from (12).

¢ f £xh Gain factor for the reflected ray and horizon- T
: - tal polarization, from (13).

%

% 8r1,2 Voltage gain [V/V] of terminal antennas in’ the

direction of the reflected ray (figure 3) rela-

e

¢ tive to main beam gain.
Q .. e o o — e ——
e g Voltage gain [V/V] similar to g but speci-
4 vD1,2 fically for vertical polarizatigﬁtz,
? 8yp1.2 Voltage gain [V/V] similar to gp , but speci-
G 43 il fically for vertical polarizatio&!
§ ;ﬁ GHz Gigahertz (10° Hz)
L )""‘,:- .
o GOES Geostationary Operational Environmental Satellite.
? GRl,Z %g;ns [dB] 8x1,2 expressed in decibels, from
S GT Main beam gain [dBi] of transmitting antenna.
: )
E hr Hours, b
: - !
G hai.2 Actual antenna elevations above reflecting sur- 2
. ’ face elevation. : :
E c Height of facility counterpoise above grcund S :
g at the facility site. K
el,2 Effective antenna height above hrs’ from‘(§8). ‘ P 1
heo Height of the facility antenna .above its ' N :
counterpoise. {4
L1 . I?1t1a1 value of hLl. : %
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hi1,2 Terminal horizon elevations. x
hrs Elevation of reflecting surface above msl. § %
hv Common volume elevation above average terrain. ‘
hy 2 Antenna elevations above msl. | %
HDBK Handbook.

HIPOD A program name (table 1). ‘
Hz Hertz. !
H1/3 Significant wave height (table 5). 5
Hi’z Antenna elevations shown in figure 2 [17, (52)]. z
i An index for specific transmission loss levels

used in the distribution mixing process (sec.
4.1). It has values from 1 to M.

in Inches. E
IEEE Institute of Electrical and Electronic Engineers. :
IS lﬁstifﬁ?é fd;-igzgéohmunicatién-§piéﬁces§' T
IRE Institute fér.gadio Engineers. ;
ITT International Telephone and Telegraph. é
IF-73 ITS-FAA-1973 propagation model. g
IF-77 ITS-FAA-1977 propagation model. E
j Y-1 or an index (1 to N) for specific trans-

mission loss distributions used in the dis-
tribution mixing process (sec. 4.1).

T A

RSN

JTAC Joint Technical Advisory Committee. ;
3

kin Kilometer (103m). ;
2 Total ray length, from (45). ;
log Common (base 10) logarithm. : %
£1 2 Terminal to common volume ray lengths. ; §
’ I <
LOBING A program néme (table 1). oo
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bf

br

mhos

min

mm

MIL

MHz

mi

nsec

NOAA

NTIA

NTIS

N-unit

Basic transmission loss [dB] for free space
[17, (15)1].

Basic transmission loss [1B] calculated refer-
ence level [17, (17)].

Meters.

Unit of conductance or siemens. 0
Minutes.

Millimeters (10~ 3m).

Mean sea level.

Number of transmission loss levels used in
mixing distributions which is also the final
value for the index i (sec. 4.1).

Military.

Megahertz (10® Hz).

A power used in the frequency scaling via (37).
Nautical miles.

Nanoseconds (10'9 sec).

Number of distributions to be mixed which is

also the final value for the index j (sec. 4.1),
or North latitude.

National Bureau of Standards.

National Oceanic and Atmospheric Administration.

National Telecommunications and Iniformation
Administration.

— . ——— ——— — . -

National Technical Information Service. -

Minimum monthly mean surface refractivity
(N-units) referred to mean sea level {17,
figure 3].

Kl

Minimum ‘monthly surface refractivity in N-units
(17, (18)1.

Units of refractivity [4, sec. 1.3] correspond-
ing to 108 (ref active index -1).
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Total power [dBW] radiated, used in (77). 7

Dimensionless fraction of time used in time :
availability specification; e.g. Yo (0.1)

where q=0.1 implies a time availability of

10 percent.

Parameters used in tropespheric scatter calcu-
1ations from (51).

Time availabilities for mixed distributions
that correspond to specific transmission loss
levels, from (22).

Time availabilities for each transmission loss
level (index i) of each transmission loss dis-
tribution (index j) involved in the distribu-
tion mixing process (sec. 4.1).

Rayﬂléngth used in the calculation of free
space loss, from (66).

Radians.

Root mean square.

%gg)length for beyond~thg-horizon paths, from

Effective ray lengths (sec. 4.4) for attenua-

tion associated with oxygen absorption, (Teq),
rain storm attenuation (reg), and water vapor

cosorption (rey).

Direct Ray length shown in figure 2 [17, (54)].

Antenna to horizon ray lengths for airless
earth, from (63).

In-storm ray length used in rain attenuation
calculation, from (33).

Within-the-horizon ray length for airless earth,
from (62). .

Segments of reflected ray path shown in figure
2 and components of Ti2

Reflected ray path length as shown in figure 2
(17, (55)].

ot %
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c,h,v
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sec
sqm

s @i

ocZF

N e - l
Sin
SRVLUM

Magnitude of complex plane earth reflection
coefficient.

A TACAN antenna type.

Magnitudes of complex plane earth reflection
coefficients for circular, horizontal, and
vertical polarizat.ion.

A parameter used in the calculation of the di-
vergence factor, from (5).

Modules of asymmetry used in tropospheric scat-
ter calculations, from (43).

Seconds.

Square meters.

Statute miles.

Super High Frequency (3 to 30 GHz).
Inverse sine with principal value,

A program name (table 1).

S
e

TACAN

TWIRL

€0,3,W

UHF

Scattering efficiency term [dB] used in tropo-
spheric scatter calculations, frum (42).

Scattering volume term [dB] of tropospheric
scatter calculatioas, from (54).

Relaxation time [us] used in the calculation
of surface constants for water (table 6).

TACtical Air Navigatioc.. an air navigation aid
used to provide aircraft with distance and
bearing information.

A program name (table 1).

Height or layer thickness (sec. 4.4) used in
attenuatlon calculetions for oxygen absorption

), rain storm attenuation (T ), or water
vap8r absorption (T ).

Ultra-High Frequency (300 to 3000 MHz).

Volts.
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4
i

vy

V. ()

"1,5,0

Y(q)

Y, (a)

Yor(a)
Y;(a)

Y. (@)

1,i,M

Variability for specific climate or time block,
from (23).

Variability levels (Vi,...Vi,...VM) used in
mixing process (sec. 4.1).
Watts.

Weighting factors (Wp,...Wj,...WN) used in
mixing process (sec. 4.1).

Variability (dB greater than median) of hourly
median received power about its median, from
(27), (28), (31) and (32).

A complex parameter used in the calculation of
the plane earth reflection coefficient, from
(16).

Effective variability (dB greatir than median)
of hourly median received power about its
median, from (59) and (60).

fnitial value Ye(q) from (56).

Variability [dB] associated with ionospheric
scintillation (figure 7).

Y.(q) for a particular distribution to be used
iﬁ the mixing process to obtain resultant YI(q),
from (25).

Variability (dB greater than median) associated
with rain attenuation, from (35).

A parameter from IF-73 [17, (182)].

A reference variability level used to calculate
Y(0.1), from (26).

A refererce variab*lity level used to calculate
Y(0.9), from (26).

Variability associatad with ionospheric scin-
tillation at 136 MHz.

Variability (dB greater than median) associated
with multipath [17, p. 38].

%otgl variability (dB greater than median), from
36).
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; o An angle shown in figure 2 [17, (53)].

é Y A parameter in tropospheric scatter calculations,

i from (40).

é Ah Terrain parameter used to characterize terrain

2 [17, sec. A.4.1; 26, sec. 2.2]. _

3 é Ah Adjusted effective altitude correction factors,

¢ | al,? from (70). |

2 | ah Effective altitude correction factors, from

: el,Z (69).

% AT Path length difference for rays shown in figure

9 2 [17, (56)1.

5

H ! € Dielectric constant from table 6 or calculated

% ; for water using (20). :

7 i \

< € Complex dielectric constant, from (17). %

ﬁ i

§ €g Dielectric constant representing the sum of i

s t electronic and atomic polarizations. For ﬁ

: ! water, eo=4.9. g

by , o

¥ € Static dielectric constant (table 6). %

§ €1.2 Parameters used in tropospheric scatter calcu- 4

< ’ lations, from (39) and (41). :

§ n A parameter used in tropospheric scatter calcu- ' t‘ )

£ lations, from (46). Yo

v i

§ 0 Scattering angle used in tropospheric scatter ;

4 calculations. It is the angle between trans- i

A mitter horizon to common volume ray and the "

: common volume to receiver horizen ray as both b
leave their crossover point. Lo

8 ?

Elevation angle of horizon from the facility, T
from (74). i :
Elevation angle of horizon from the aircraft . %
[17, (39)]. 4o
Latitude of earth facility for (38). E é
Elevation angies of the grouﬁd reflected rays :

'
at the terminal antennrs, from (80).

Parameter used to calculate epi 2 from (78).
ey
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Ilel

us

P1,2

AR T M et By

x‘.
B ittt i B e, B

e W B dT T

NDirect ray elevation angles at the terminal
antennas, from (79).

AP b A ok SRk

Initial estimate of 0 _,; i.e., © 1 s calcula-
ted in IF-73 [17, fighte 14]. ©

A ray tracing take-off angle at the facility
horizon, from (76).

Horizon elevation angle adjustment terms,
from (81).

e i g ST R o A LR Wk 4

Horizon elevation angles as determined with — =~~~
effective earth radius model, for (81).

ALK N ANTor

Horizon elevation angles as determined with
ray tracing, for (81).

Central angles below the smooth earth terminal to
horizon distances for the effective earth i
model, from (67).

Angle defined in figure 2.

ATt 1A e A 0 e 1 s

Angles shown in figure 2.
Wave number, from (49).
Wavelength.

Microseconds (1076 sec).

Parameters used in tropospheric scatter calcu-
lations, from (50).

Surface conductivity [mho/m] from (21) or
table 6. f

Root-mean-square deviation of surface excur-
sions within the limits of the first Fresnel
zone in the dominant reflecting plane [17,
(65)], from table 5 or (1).

A T LT AR, A0 A St e 0 A A i L 2 RO e A o A S A o e g e ok

Ionic conductivity [mho/m], from table 6.

S

Parameters used in tropospheric scatter calcu-
lations, from (47) and (48).

Grazing angle shown in figures 2 and 3.

Grazing angle associated with the pseudo Brew-
st r angle, from (19).
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°C
°F
(...)°
ce]

el

lo..l

e R e et e e

Degrees celsius.
Degrees fahrenheit.

Degrees; e.g. 12°.

Expression evaluatad for specific conditions
such as climate or time block in (23).

Expression evaluated for radio horizon conditions.

Magnitude of expression; e.g., |1-j| =vZ

-
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