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A3STRACT

A GEQETRIC OPTICS XCDEL FOR CALCULATING THE FIELD 3STRENGTHR OF ELECTRONAG-
NETIC WAVES IN THE PRESE:CE OF A TRCPOSFHERIC DUCT

-

Rzynond P. “lasky
University of Dayton, 1977

‘ajor Frofessor: Ir. 3. K. Schmidt

The theory and development of a geonetric optics nmodel for anzlyzins
the effects of anomalous atmospheric refraction on the field strength of
radio freguency emitters is presented. The model 1is derived from Fermat's
principle which defines the Zuler-Lagrange equations of a ray and the ray
ontical path lenzth. This model is applicable to radio propagation above
30 ¥Hz where lonosvheric effects are generally negligible. Given an iso-
tropic emitter of known frequency, polarization, pulse width, and alti-
tude, the free space normalized power density and fileld strength are cal-
culated as a function of altitude and distance alonz the earth's surface.
Computations are made by constructing a ray trace and utilizing the Jacob-
izn of the transformation betieen rar ssace coordinates and wavefront
surface coordinztes to solve for the time-averaged free space normalized
Foynting vector. )

The atmosphere is treated as 2 non-mzagnetic inhomogeneous mediun
which is otherwise linear (u and € are independent of the fields) and
isotropic (I' and % are scalars). The atmospheric refractive index is
noleled es 2 function of 2ltitude above a spherical earth surface by
either a standard Central Radio Propecation Laboratory (CiFl) exponentizal

111




iv
function or by measured profiles obiained from meteorologiczl soundinzs

(horizontal nomogeneity in the refractive index mzy be assumed over

4

elatively large distances)., Fields that are incident upon the ezrth's
surface are s»pecularly reflected znd attenuzted by a Fresnel reflection
coefficient 22d z surface roughness factor wiich is dependent upon the
anzle of incldence and standard deviation of the surfzce about a mean
nz2icht.

esults obtained with this model are compared to experimentzl and
wzveguide mode theory field strength czlculztions for z low zltitude
superrefractive aimospheric layer, or tropospheric duct, lying alonz 2
220C nautical mile pzth off the California coast between 5an Diezo and
Cuzdalupe Island. Field strength calculations are mesented at 45, 17C,
522, =nd 3300 ¥MHz first using the average measured refractive index pro-
file for the Guzdalupe Island duct and then z trilinez> approximztion to
tnet profile, The results show z fzir amount of azreexment with the ex-
oDerinentzl and waveguide data at the lower frequencies, with good to
excellent comparisons at 520 and 3300 MHz especially when the Guadalupe
Islznd refractive index profile is used., Cz2lculations are restricted
to tae region within the duct because of limitations in the geometric

ontics method, which are discussed at length.
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A

CHAPTER I
INTRODUCTION AND DISCUSSION OF THE THESIS

Background
The beginning of large scale research in electromagnetic wave prop-

agation over the surface of the earth was prompted by Marconi's demon-
stration in 1901 that signals could be transmitted across the Atlantic
Ocean. luch of the work concentrated on providing a description of four
mechanisms that had been proposed to account for over-the-horizon trans-
missions diffraction by the earth, reflection from an elevated layer of
jonized gases (i.e., the lonosphere), atmospheric refraction, and sur-
face waves at the boundary between differing dielectric media.l Papers
by Zenneck, Sommerfeld, and Watson concluded that long distance propaga-
tion up to 30 MHz was explainable in terms of all of these mechanisms
except atmospheric refraction, which was found to have a negligible ef-
fect.lr 2

During the period immediately preceding and following World War II,
the useable radio spectrum was extended from 30 lHz to approximately
300 GHz. In this region the effects of surface waves, earth diffraction,
and ionospheric reflection are generally absent, while refraction by the
lower atmosphere or troposphere, becomes the central mechanism which en-
ables long distance signal transmission.3 As will be shown in Chapters
IT and IV, it is not the absolute value of the refractive index of air
that is important in describing radio propagation at these wavelengths,
but rather its rate of change.
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Under “standaxd” conditions the atmospheric index of refraction
remains essentially constant in horizontzl directions while decreasing
exponentizlly with increzsingz altitude.l' 4 From Snell's law of op-
tics (Chzpter III) this negetive gradient in the refractive index nor-
mzlly bends horizontally launched rzdio waves around the cuwrvature of
the earth so that the radio horizon is about 4/3 the distance to the
ceonetric herizon., If the gradient has a greater than normal magznitude
the waves will be refracted even further around the earth's surface,
thus extendinz the radar horizon. ‘hen the gradient becomes suffici-
ently larze, the waves may hzve the same curveture zs thzt of the eartn
ani follow the earth's surface indefinitely, a2 condition referred to as
superrefraction, trzpping, or ducting. Conversely, a smaller than usual
change in the refractive index results in substandard propagation or
subrefraction.l

The refractive index of air zat radio frequencies is a function of
totzl atmospheric tressure, water vapor conten:, and temperature (Chzp-
ter II) and is therefore subject to local meteorological conditions.
Grezter than normzl refraction generally occurs when the teamperature in-
creases or the humidity decreases raridly with height, such as when a
vwarn dry alr mess from the land is blown out over a cooler sea suriace,

)

Y

when heat is radiated from the earth's surface at night and the ground
is moist. 3uch conditions zre called temperature and hunidity in;er:
sions, with hunidity inversions usually being the dominant factor in de-
terzining atnospheric refraction properties. As a result, superrefract-
ive and nezrly superrefractive propagating conditions are more prevalent
€, 7

over oceans than over land surfaces.s' Superrefractive conditions,
when they do exist over land, tend to exhibit more pronounced daily var-

iztions than over the sea, since land nmasses change temperature more
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rapidly than do sea bodies. In either case, superrefraction occurs most

frequently under fair weather conditlons when the atmosphere is verti-
I cally stratified and there is little or no air mixing due to turbulence.
: Propagation is more nearly normal when the atmosphere is cold or stormy
or when very rough terrain and high winds contribute to the mixing proc-
i oss.”

Long distance propagation due to superrefraction is possible with

only a relatively small change in the refractive lndex. A mere gradient
of (<1.57)10"7 parts per meter in altitude for the index will result in
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ducting. However, as Skolnik7 1llustrates, the results may be dramatic,

v

as in the case of a ground based 200 MHz radar in Bombay, India, which

,{.";',,
SRV I

¥
)

frequently received target echoes from points in Arabia at ranges of
1000 to 1500 miles during World War II. Such extremely long distance
operation is possible since the atmospheric duct behaves like a leaky
waveguide, with the ground plus the thermal or humidity inversion layers
acting as lossy waveguide walls. While most ducts are bounded by the

earth on the bottom and an upper inversion layer usually not more than

several hundred feet high, elevated earth-detached ducts have been re-
ported up to altitudes of several thousand feet.7' 8,9

As an example of subrefractive conditions, Skolnik7 cites an in-
stance when radars off Fisher's Island, New York, were unable to see
Block Island only 22 miles away, although it was optically visible, This
occﬁred because the refractive index gradient, rather than bending the
8ignals around the earth's curvature, refracted the signals away from
the earth, thus reducing the range to the radar horizon. Under certain
circumstances subrefraction may result from a low flying fog for which
part of the water in the air changes from a gaseous to a liquid state.

Although the total amount of water in the air remains unchanged, only the
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water in 2 vapor form contributes significantly to the air's refractive
index, making the index lower than normal at the surface, and conse=-

quently yielding substandard propagation conditions.?

Statement of the Problem

Yhile surveying the literature for the effects of refraction on
propagation at radio frequencies, 1t becomes evident that the vast ma-
jority of analytical work in this area has been conducted by using prop-
agation models that are either extremely simplistic or exceedingly com-
plex and specialized. The simpler approaches generally assume some form

10, 11 such as a constant

of "standard" vertical refractive index profile
gradient index or "4/3 effective earth radius" model (Chapter II), which
is not representative of superrefractive or sutwefractive atmospheric
comiitions. The more complex methods, which use waveguide mode theory

12, 13 are generally limited to

to solve for tropospheric refraction,
atmospheric structures having only one or two inversion layers since the
difficulty of solution increases rapidly with the number of changes in
the vertical profile. In either case, measured refractive index data

is usually replaced by approximate profile models which, as Chapter VI
indicates, may have a noticeable effect on results,

The purpose of this thesis is to present the theory and development
of an accurate yet practical model for analyzing the effects of atmos-
pheric refraction on the field strength of radio frequency emitters in
the 30 Mz to 100 GHz spectrum. Results obtained from this model are
compared with theoretical and experimental data recently reported by Pap-

pert and Goodhartl¥

for a ground-based tropospheric duct lying along a
280 nautical mile path between San Diego and Guadalupe Island. Field

strength calculations are made at 65, 170, 520, and 3300 MHz using the

DRI TP DI W)



measured refractive index profile and 2 trilinear approximation to that

orofile.

Since this is 2 study of refraction effects, no attempt is made to
include signal attenuation due to preclipitation scattering or gaseous
absorption, both of which are widely discussed in the literature. Fur-
thermore, the choice of frequency range in this study eliminates the
problem of partial penetration and reflection from ionized layers in the
atmosphere. Consequently, the atmosphere is treated as an isotropic and
linear medium (i.e., the permeability and permittivity are scalar quan-
tities that are independent of the fields in the medium) which would not

be the case if ilonospheric effects were present.

Method of Approach

One of the major concerns that arose early in this study regarded
the selection of a suitable approach for modeling propagation through a
refractive medium., Classically the solutions for radio propagation
oroblems fall into two general categories:; geometric optics or ray the-
ory, and physical optics or wave theory. Each has its advantages and
limitations, depending on the type of problem being addressed.

Geometric optics is usually a simpler approach than physical optics
since it describes the propagation of waves along rays according to ele-
mentary geometric laws without regard to wavelengths or phases, The rays
are defined as normals to the surfaces of constant phase of the wave-
front. 'hen the medium is isotropic, the index of refraction may be re-
garded to be a real quantity, and the rays are found to lie along the
direction of energy propagation. For anisotropic media, however, the re-
fractive index becomes complex and the rays may not follow the direction

of energy flow.15




% The attractiveness of geometric optics is that it retains its sim-
:E plicity even for complicated refractive index structures, while genera-
!I ting easily interpreted ray patterns which show the effect of refraction

on an emitter's radiation pattern. However its main drawbacks are that
it is not valid for diffraction or complex scattering problems, nor is

it suitable in regions of rapid refractive index changes (within a wave-
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length of distance) or rapid ray divergence, such as near sources or
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focal points. Any use of ray optics must therefore include careful con-
sideration of its limitations, with the knowledge that it is only a lim-
iting form of physical optics.l' 15

Physical optics, by contrast, results from a solution of the wave

equation, and introduces wavelengths, phases, and mode concepts. It is

valid for all diffraction and scattering problems and is unaffected by
rapid changes in the refractive index or by the presence of sources or
focal points. ® Unfortunately this method rapidly becomes unmanageable
for complicated atmospheric structwres to the point where it is nearly
useless. Furthermore, while presenting "exact" solutions to propagation
problems, its accuracy generally exceeds that of available measured re-
fractivity data. Even for complex scattering problems it becomes so
difficult an approach that many analytic methods still rely on the ap-
proximations of ray theory whenever feasible.l' 17
Considering the applicability of ray versus wave theory, the former

was selected for use in this study because of its inherent simplicity.

1 Since earth diffraction is not regarded as a significant contributor to
ﬁ; long range propagation at the wavelengths being considered, it may be
elimimted as an obstacle to the use of geometric optics. Scattering in
this paper is limited to specular reflection from the earth, since dif-
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fuse reflection becomes an extremely complicated function of incidence

T T T
!‘r\ a N A

AT AP Y PN WP G W W P W )




T
.

ancle, wavelength, polarization, surface roughness, and surface electri-

cal properties. The problem of modeling diffuse scattering from rough

!’ su-faces is so difficult that many authors choose to describe it in

3 terms of a summation of specular reflections from randomly oriented
olane facet surfaces, 7" 18 Specular reflection on the other hand, may

.. ve included in the geometric optics approach by assigning complex spec-

ti; ular scattering coefficients to the reflected signal, as shown in Chap-
ter V.

iumerous geometric optics models exist which use a variety of tech-
niques to compute field strength from the ray tra jectories of a refract-

ed field,19722

Each of these, however, has considerable limitations
either in the selection of atmospheric models, method of field strength
calculation, absence of a reasonable earth reflection model, or general
lack of versatility. Consequently it was necessary to develop a new com-
puter program for this thesis (Chapter V) which solves the ray trajectory
equations derived in Chapter III and calculates emitter field strength as
a function of height and distance along the earth's surface. While this
simulation represents original work, portions of the field strength and
numerical integration algorithms were obtained from a computer program

described in Reference 21,
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CHAPTER II

» s
..

RADIO REFRACTIVITY OF AIR

- .o
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As previously mentioned, long range propagation at radio frequen-
cies above 30 Miz is mainly attributable to vertical changes in the re-
fractive index of air. Refractive index is defined as the ratio of the
velocity of 1light in free space ¢ to the phase velocity vp of a field

traveling through a given medium. Thus the refractive index of air is

n=3-= (1)
p

where y and € are the permeability and permittivity of air, and Hoe Eo
are the respective gquantities in free space.

For good dielectric and non-magnetic media such as air

o= ¥R (2)

€=€c. (3)
where i and € are the relative permeability and permittivity. Eq. (1)
then may be written |

ne & o Yo =\ E = \fE (&)
v .\/;;E:‘ rr r

Since n » 1 for air, Eq. (4) may be approximated by the binomial series

2 3
m_l+§_§_+%-... j -1<x=1 (5)




g W Ty Ty T W T T e e . -
L s en s et et sk i e RN T . . .
g - PPt AN D, Pl i . . o e
et A A S P P P PR
‘‘ e R
.

- e v
L] i P
Y . PR
P Lttt

¥ s AY A XS
v ""n'-“r' A
S

._I I‘. .* 3 . T T

’

v
"

l:f'_
¢
EQ

-----

such that

c -1
n= \N1+( -1) ~1+5 (6,

7

Zaq. (£ is generally rewritten to define the refractivity i of air as

= (a-1).10° (7)
“he use of I is widespread in radio meteorology since it reflects the
difference between the refractive indices of air and vacuum in units
that range from zero to several hundreds. At sea level the value of n
is approximately n = 1.00031, which corresponds to an N value of 310.

Other commonly used units include the "modified indices" given by

3=(n-1 +-2;)-106 (8)
and

hy .5

H=(n-1+3).10 (9)

where h is height above the earth's surface and a is the radius of the
earth. Ag will Ye shown in Chapter IV, the radius of curvature of a
nezrly horizontal traveling wave is inversely proportional to the verti-
cal gradient dn/dh of the air's refractive index. Since -1/4a is close
to the observed gradient of n at low altitudes under standard atmospheric
conditions,23 the 3-unit serves to eliminate this standard decrease of N
by adding the guantity (h/ha)-lo6 to i, nus a positive, zero, or nega-
tive valued 3-gradient represents below standard, standard, or above
standard refractive conditions, respectively. For ducting, when a sig~
nal's radius of curvature is equal to that of the earth, dn/dh = -1/a.
Adding (h/a)-106 to IV yields the K unit, so that M-gradients are always
positive except for ducting conditions, when the gradients assume zero or

hecative values. The major advantage of using refractivity, or i-units,
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< lies in the fact that N 1s not modified by any altitude term and there-

fore reflects the true distribution of the refractive index n with re-

spect to altitude. The gradient of N is generally negative even for
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some conditions of subrefraction. For ducting the gradient must sat-
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g - l = e
& S-T =157y units/km (10)

The refractivity of air is a function of atmospheric temperature,
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pressure, and water vapor content. While N varies with frequency in
general, it is essentially frequency independent over the radio spectrun
being considered (30 Mz to 100 GHz). Numerous studies have been con-
ducted to accurately describe the radio refractivity of air in terms of
atmospheric properties. The generally used expression for N comes from
the work by Smith and Veintraub®” and is given by
| Pd e 5e

N=77.6 7 +72% +(3.75):10 =z (11)

where P, is the pressure of dry air in millibars (mbar), T is the tem-

perature in degrees Kelvin (°k), and e is the partial pressure of water

LA
N

vapor in mbar. According to Smith and Weintraub, Eq. (11) has an over-
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all accuracy of 3 0.5 percent of N for frequencies up to 30 GHz (exclud-
ing refractivity dispersion at the 22 GHz water vapor resonance lines)
and for normally encountered ranges of pressure, temperature, and humid-
ity. This accuracy also includes errors due to rounding the constants
to three significant figures. The constants of Eq. (11) are in basic
agreement with the results of many experimenters whose work extends up

to approximately 100 GHz.23

Under most conditions the total atmospheric pressure P is

TR e T,

« 03

P=P, +P;, +e~Py +e (12)
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where P 1s the partial pressure of carbon dioxide,?’ Eq. (11) may be

written

- 2. e 100 &
N=77.6%~ 56 +(3.75):10 2 (13)

wnich for T = 273 %k (= 0° C) may be simplified to

N =77.6 % + (3.73).10° 53 (14)
or
N = Z%é (P + 4810 %) (15)

Ideally the refractive index is directly measurable by using radio

refractometers which are sensitive to the velocity of propagation through
the air. Howeve; refractometers are expensive and often difficult to
maintain and are therefore not in general use. The bulk of refractive
index measurements are made indirectly from meteorological observations
of atmospheric pressure, temperature, and humidity, which are then con-
verted to units of refractivity through Eqs. (14) or (15). These meas-
urements are typically made by radiosondes which are sent aloft on

weather balloons at thousands of weather stations around the world, usu

ally at six- or twelve-hour intervals.

Radiosondes, which carry sensors that detect changes in pressure,
temperature, and humidity, transmit their data to the ground as they
rise with what is usually assumed to be a constant rate of ascent. Un-
fortunately the radiosonde sensors suffer from response lags and some-
times rapid component aging, which can adversely affect the accuracy of
their data. Furthermore, the problem of refractivity measurement is
complicated by the fact that three sets of data are required, each of

which contains its own sensor errors. Thus the errors in the data
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: generally outweigh any discrepancies in the constants used in Egs. (14)
2
or (15). 3

Numerous models of "standard" or mean atmospheres exist. They

LN

range in complexity from the often used "4/3 earth radius" model to ex-
ponential and bi-exponential models. Each has its inherent strengths
Ii and weaknesses and its range of applications. For example, the 4/3
earth radius model {named because it uses an effective earth whose ra-
dius is 4/3 the normal earth radius) assumes an atmosphere of constant
!I N-gradient with respect to altitude. This model is convenient because
of its computational simplicity and because 1t allows signals to propa-~
gate along straight instead of curved lines. However a major disadvan-
tage is that the model becomes highly inaccurate at altitudes above one
or two kilometers, a fact that is often overlooked by many of its users.
The model which most generally and accurately represents standard

atmospheric refractivity is the exponential function

NeN_ e ~Leg(h - n )] (16)

where Ns is the refractivity at the earth’'s surface, Cq is the exponen-
tial decay rate of N, h is height above sea level, and hs is the surface
altitude above sea level at which Ns is measured. This model has beean
adopted for use by the National Bureau of Standards Central Radio Propa-
gatlion Laboratory (CRPL) along with a table of values for N_ and ce.25
This model and its associated constants from the CRPL Exponential Refer-
ence Atmosphere (1958) is in agreement with data collected by the Rocket

26

Fanel™™ and the Air Force Research and Development Command.27 Using the

mean values of ¥_, c,, and h_ for the United States, Eq. (16) becomes

where h is in kilometers. Eq. (17) is the model used to represent a

T T L
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] 13
; standard reference atmosphere in this paper. A variant of Zq. (17) is
the bi-exponential model which has a humidity dependent term and a pres-

sure and temperature dependent term. The bi-exponential model while

i; providing some additional modeling flexibility especially in regions of

; significant humidity changes, does not differ appreciably from the

i. single term model for most general cases.?? 1In any event, Eq. (17)

;i merely serves as a useful analytic standard since 1t cannot represent

4 the structure of N for any glven location, season, or time of day. Thus

to realistically study the effects of atmospheric refraction on an emit-

ter's field distribution for a given set of meteorological conditions,

it becomes necessary to use measured N profiles.28
Finally, the discusslon of refractivity structure has centered upon

the relationship of N to altitude, and has neglected changes in the hor-

izontal direction. An examination of climatic data indicates that this

is reasonable since the horizontal changes in refractivity are slow as

compared to the vertical changes. Bea.n23 indicates that it would be

necessary to compare sea level meteorological stations located 500 kil-

F.

ometers apart in order to detect a difference in refractivity values

that would be comparable to ascending merely one kilometer above the
location of either station. There are, as Bean reports, several special
cases where the horizontal gradient of N may become large, and these
aust be treated on an individual basis. However the data available in-
dicates that the effect of horizontal changes in N is generally small

and can usually be omitted from consideration.
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CHAPTER III

THEQRY OF GEOMETRIC OPTICS

The most common approach to developing the theory of geometric op-
tics is from the use of Snell's law. However, considerable insight may
be gained by following Kelso's15 derivation of the differential ray
equations (Euler-Lagrange equations) from Fermat's principle in optics.
This approach directly presents solutions for the optical path length
of a ray, the time of propagation along a ray, and the relationship of
ray height to its projected distance along the earth's surface, as well

as deriving Snell'é law,

zuler-lagrange Equations of a Ray

Consider a curve C joining two points A and 3 as shown in Fig. (1).
The time t required for a wave surface of constant phase, or phase front,
to travel along C with phase velocity vP is

B
t = J(1/v,) ds (18)
A

Fig. 1. Variation of a curve C between two points
14
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15
where ds 1s an increment of arc length. 5Substituting vP = ¢/n from Zq.
(1) for a given medium into Zg. (18) gives
3
t = (1/c) .Jznds (19)
A
The distance that the phase front would travel in the medium is called
the optical path length L, and is given as
3

L=ct= Jnds (20)
A

Fermat's principle is stated as follows: iihen light travels from
a point A to a point 3, it travels along a path for which the optical
path length has a stationary value. From the calculus of variations
this "stationary value" is usually expressed as a variation 6 of the

path length integral, which 1s taken to be a minimum. Thus Fermat's

principle may be given by

3
6L =08,/ nds =0 (21)
A

Suppose the curve C Joining points A and 3 is defined by
x(g), y(&), z(g) (22)

where g is some parameter along the curve. The element of arc length
ds along C is then
2 2 291/2
N - - VA
- (@ @ @]
1/2

=x?4y2 4] g (23)
where the prime denotes differentistion with respect to g. Substitut-
ing Zq. (23) into Eq. (20) gives

3

L =Jwdg (24)
A
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where

2 1/2

] ) ] Nt 2 '2
w o= w(x,y,z,%x,y',2') = n(x,y,2)(x’° +y'< +z2'°]

(25)

Consider now a neighboring curve C' having the same end points »

and T, which is also defined in terms of & as shown in Fig. (1). The

variation of w in passing from a point P on the curve U to a point P'

on curve C' which corresponds to the same value of g is

oW oW .
i * Bxi 6xi (26)
i=1

where the notation Zys oy x3, xi, xé, xé is used to denote x, y, z, x',
¥', z' respectively. Taking the variation of Eq. (24), noting that the
H

j integral sign and variational symbol 8 are commutable, and substituting
4

A

Iq. (26), &L becomes

oL

3 3
6 S wag = J (ow)dg

3 A
.
o, * i M &y | ag (27)
=i *

Since the derivative d and the variation § are likewise commutable, then

&) = 6(dx,/ag) = (a/ag)(8x,) (28)

bt o 4 Ol Aen
i
H—\
ol
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[

Substituting Eq. (28) into Eq. (27) giv es

3 3
= -aﬂ -al _d \
& J x, %17 Z ox) 3g (1) [ (29)
a = i=1

Integrating the second term on the right hand side of the equation by
ﬁ! parts ylelds
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3
Z d§ (g:') &, dg (30)
171

Since the curves C and C' have common end points 4 and B, then the vari-

ations &, vanish at the end points. Thus the first term on the right

hand side of Zq . (30) vanishes, which results in Zq. (29) being wvritten
as
5 3
oL =IE a“' 5“,)] &x,; dg (31)
X5 =1
A i=1

Termat’s principle requires that this variation must be zero if
curve C is the path along which light travels from point A to point B.
That is, Eq. (21) must be satisfied for curve C to be a ray. Setting

Eq. (31) equal to zero and reversing the terms gives

3
w AW -
6L -J ax V) - axi] &, dg = 0 (32)
A i=l
Since all éxi were introduced as completely generalized functions, the
integrand of Eq. (32) must vanish to avoid trivial solutions in which

all dxi = 0 or dg = 0. Thus the component differential eguations

d ,ov m\
a-g (axt) =0 ' (333')
d (oW IW \
Gyl -5 =0 (33v;

S @E)-E=o (33¢)
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must be satisfied by a ray, which are also known as the zuler-Lagrange

equations.

Zgs. (33) are valid for propagation over short distances where the
effects of earth and atmospheric curvature are nili. However for longer
ranges (> 100 nautical miles) it is necessary to consider the more gen-
eral case of a spherical earth and a spherically stratified atmosphere.

Let two points in space P and P' be located a short distance apart.

The axc 1ength ds between the points is given in spherical coordinates as

is = [9‘42 (2y2 o @‘i)z]l/ ‘
= [(z)2 + (ze")? + (¢ )22 ag (34)
Letting
w = nl(z, 0,)[(z")? + (x6')? + (o¢ )2 T2 (35)

then following the previous development, the Buler-Lagrange equations of

a ray in spherical cocrdinates are

(@) -E-o0 (36a)
5 Gg) - %0 (36¢)

Algorithm Development

Having derived the general equations of a ray in a spherically strat-
ified medium, it is now desirable to solve for ray height versus distance.
For the sake of simplicity in computational as wéll as graphical represent-

ation of the ray, consider any arbitrary ¢ = constant plane in the atmos-

phere as shown in Fig. (2). Let the ray lie in the ¢ = constant plane and
b* let the refractive index vary as a function of radial distance r for r >
E? a, vhere a is the earth's radius.
L
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Fig. 2. Ray geometry in polar coordinates.

Substituting g = r imto Eqs. (34) and (35) gives

"'[1*(’6‘?62]1/2" (%)
211
% = n(r) [1 + (r %%) J /2 (38)
Inserting Bq. (38) into Eqs. (36) gives
o = L(%)] *
N From the geometry of Fig. (2) it should be moted that
r =x(0) (40e.)
0 = o(x) (40v)
However, Eq. (38) is an expliocit function only of r and d6/dr, or
v = w(z,0') ()

()
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g yhere the prime denotes differentiation with respect to r (or &). The
‘ derivative of w is written
I-.,' “ ﬂ
M av = Ear + 3 ae (42)

Thus while the total derivative dw/de may exist for Eq. (42), the pertial
derivative 3w/00 does not. Therefore

w

‘-?_":1 ; Combining Eqs. (39) and (43) yields an Euler-lagrange equation in polar
L‘ coordinates given by

2 2o (“')

Similarly letting g = 6 in Eqs. (34) and (35) gives

ds = [(‘-i“%)2 + r2] Y2 de (45)

1
W n(r)[ %)2 + rz] /2 (46)
Substituting Eq. (46) into Eqs. (36) ylelds

d! )

In this case Eq. (46) is an explicit function only of r and dr/de,

or .
w = w(r, ') (48)
where the prime indicates differemtiation with respect to & (or g). The
ﬁ' derivative then becomes
E an=Par + 2 ar (49)
Since both dw/dr and aw/dr exist far Eq. (49), then Eq. (47) remains un-
L! changed, thus providing a second Euler-lagrange equation.
L
- |
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Eq. (l4) is useful since it produces a form of 3nell's law for
spherically concentric refractive media, and EZq. (47) is important be-
cause it results in a second order differential equation which defines

the trajectory of z ray in a polar coordinzte system.,

Substituting Bq. (38) into Eq. (44) and integrating Eq. (44) gives
- 2 1/2
- i déy"~ = i )
; a(Qﬁ\ a(r)1 + (r dr) ] X (50

dr}

p which becomes
-
fif rzn(r) %%
- - Y (3
L+ ]

where K is a constant of integration. From Fig. (2) it may be seen that

- rdeé
P @) + o) iR
as
= i dr /2 (52)

21
dé
-+ -
O +(rg)]
where f is the angle between the ray and the radius vector r. 3Substitut-
ing Bq. (52) into Eq. (51) gives

rn(r) sin B = K (53)

which is Snell's law for spherically concentric media. Evaluating K at

some known point (e.g., the emitter) yields

T
R Er PR TRPRTER

rn(r) sin f = ron(ro) sin B (54)
where the zero subscript refers to known values at the emitter.
;3 Substituting Eq. (5%) into Eq. (52), solving for dé/dr, and inte-
Ei grating gives
g
.
-

= P
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r

\ dr
e ron(ro/ sin SOI r[(rn(r))z B (ron(ro) . 50)231/5 (55)

r
0

Zq. (55) could be used to calculate the ray trajectory except for the
fact that, as Fig. (3) illustrates, € may become a double valued func-

tion of r.

TO CENTER
OF THE EARRTH

Fig. 3. Ray trajectory for a double valued solution to Eq. (55).
An initially rising ray is refracted downward toward the earth resulting
in two possible values of § (61 and ei) for a single value of r = Ty.

4 more satisfactory approach to determining the ray trajectory is to
expand Zq. (47) since it permits the solution of r as a function of 6.

Substituting Zq. (46) into Eq. (47) gives

2 1/2
- ﬁ[n(r)[(%) + %] ]‘ 0 (56)




‘>~._--“. -_.- .. .~ - . - .
. .
: ying out the differentiation and rearranging the terms ylelds

s 2n)® o L alnn)] [(l &) ., 1]2 +x (57)

£ = 5% S
u ge? T dae n(r r dé |
o Substituting the relationship |
- 1 3u |
R 5 OnI= 55 (8) |

into Zq. (57) gives
2

2 2
".. Z_e_g. = % (g—le‘—) + r2 'é-ra' (ln[n(r)]) [ T de) + lJ +tr (59)

Eq. (59) is more useful when it is changed from polar coordinates
(r, ©) to the coordinates of distance over the earth's surface and alti-

tude above the earth's surface (x, h), Letting

v
PR

_:, i r=3 +h (60a)
=3 - X
Y 0 == (60b)

Z. (59) may be written
2=a+h 2| ( a )9.22
2 a +h! d&x
a
2 2

+(a +b) 52 (aln(n)]) [(;i—h> %’;—] s1] +1fce)

[N
=

§‘I\)

Eq., (61) forms the basis for all ray trajectory computations through-

out this paper, and is in agreement with the ray equations developed by

Zartree et a122 for use on an analog differential analyzer. The results
r- presented in this thesis are obtained by numerically integrating Eq. (61)
» on a digital computer by using a standard fourth order Runge-Kutta inte-
;. gration algorithm.
;'! #ow that the ray trajectory may be found, it is useful to derive a

~ solution for the time of propagation along the ray path. Eq. (19) gives
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the time it takes for a wave front to travel between two points along a

specified curve C. If C is the ray path which satisfies the Euler-
Lagrange equations in a polar coordinate system (Egs. (36) for a ¢ =
constant plane) then substituting Eqs. (37) amd (45) inmto Eq. (19) yields

gl n(r)[l + (zgg)z:] 2 (62)
rO
and
e 2 1/2
t =g ) J [&%) +r2] % a (63)

o
where (r_, 6_) are the emitter coardinates and (r, 6) are the coordine
ates of a point on the ray. Both solutions are valid although as in the
case of Eq. (55), Bq. (62) may be double valued for some ray trajectories.

Differentiating Eq. (63) and substituting the coardinate relation-
ships of Eqs. (60) gives

2 211/2
£ =lawm) [(%) + (2 21h) ] / (64)

Eq. (64) is useful since it provides the phase information necessary to
calculate the total field in regions of signal interference. It is in-
tegrated with Eq. (61) to provide the position and time coordinates (x,
h, t) of each ray.
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CHAPTER IV
PROPERTIES OF GEOIETRIC OPTICS

"hile the method of geometric optics is a simple technique for
solvins many propagation problems, there exist a2 number of conditions
which 1irit its useage. One way of presenting these restrictions and
other related properties is to exanine the wave equation and i.ts solu=-

1z
tion in both homogensous and inhomogeneous media.l’ =7

+ave znd -i%tonzl Zaustlions

Consider z nearly perfect dielectric medium that is charge-free (no
sources exist), unbounded (infinite in extent), linear (the permeability
it and vernittivity € of the medium are independent of the fields), homo-
geneous (u and € are independent of position), and isotropic (p and €

are scalar). The wave equation is then given as
V2 g 23
ZT+k°E=0 (65)
where § i1s the electric field intensity vector and k is the propagation

constant of the mediun., From elementary electromagnetic theory it is

known that for a nearly perfect dielectric medium
k =21/ = w/vp= w'\/ué (66)

where A is the wavelength, () is the radian freguency, and vp is the

-

phase velocity of the field in the medium. The free space propagation

constant is

k, = 2n/h = W/e = w~\[i (67)
25
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where the zero subscript denotes free space values a2nd c is the speed of
lizht in vacuum,
Substituting Zgs. (2) and (3) for a non-magnetic medium into Eq.

(85) gives

k =W\ 1S5 = 5NV S (68)

-

where EI_ is the relative permittivity. The wave equation may now be
written as

2T 412 € T =
FE+rle 3 0 (69)

Tinally, substituting Bo. (4) into Eq. (68) yields

k=kn (70)
ani Zq. (65) becomes

v2§+k§n2§-o | (71)

Thus Zas. (65), (69), and (71) give three forms of the wave equation

-
-
for =

in terms of the propagatlion constant, relative permittivity, and
index of iefraction of the medium.,

Eg. (71) is particularly interesting since it explicitly contains
the refractive index. Using rectangular coordinates to simplify the

treatment of plane waves, Eq. (71) may be expressed in terms of its

scalar component fields

-——

2 271" -
v E +k n“Z =0 (72a)
2 2
VzEy + ko n Ey 0 (72v)
o 2 .2 -
> E, +k;n"E, =0 (72¢)

For a homogeneous medium where n is constant, the plane wave solution

for 3gs. (72) will have the form
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£ = ae”J(kR)eT

-jkon(ﬁ-;)

(73)

;- = Ae
:’: Wwhere ;o is the free space propagation vector which is normal to +he
wavefront and pointed in the direction of motion of i..e planes of con-~

l stant phase, fi 1s the unit vector in the direction of k,, and T is the

: position vectar of the point in space at which the field is to be cal-
culated.

‘ In reality, atmospheric refractive index is not a constant but

varies slightly with position so that Eq. (73) is no longer valid. How-
ever a solution to the wave equation does exist in a form very similar
to Eq. (73). Replacing A and n by Q and S, which are real functions of
} position, the solution becomes
E= @-jkos (7“)
Substituting Eq. (74) into any of the component fields of Egs. (72)
Yields
[q - k2Q(v8)? -3k a¥s - g2k Q-vsde™F0S + kinfqe™ S w0 (75)

Rearranging the teras, dividing by Qkoz. and dropping the exponent, this

bacomes

o2 - ()% = (¥/x,)[Vs + 2%-w/Q] - Vo/ak 2 (76)

Now if k o is sufficiently large such that the following two conditions

AALS S ¢ il - i Na RO
Ta 000

are satisfied:
1;3 << of (77)
2 % @
b,
3 s + 3%-‘7—5- <«<k, (78)
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then Eq. (76) reduces to

. n2 - (VS)Z (?9)
o which is called the equation of the eikonal, While Eq. (?79) may be used

directly to construct the ray peths of geometric optics,l

it will be
;- used here to derive the relationship of ray density to the power density

of the field and to present the limitations of ray optics.

‘; The Jacoblan and Power Density

’.“ | Consider the transformation of a point in space between the coor-
dinates (x, y, z) and (u, v, w). Let the coordinates (x, y, z) be de-
fingble in terms of (u, v, w) such that

. x = x(u, v, w) (80a)
x | y=y(u v, w) (80b)
g=¢z (u, v, ¥) (80c)

If at & given point P where (xo, Yoo zo) - (uo, Vo uo) the Jacobian
of the transformation

ax ax 3x

\ du v ow

IR R

' J au,v,w- du dv aw (81)
2 3 3
u v ow

is not gero, and if all the partial derivatives in Bq. (81) are contin-
uous throughout some region which includes P, then Egs. (80) may be

solved uniquely for u, v, and v in teras of x, y, and £ in this region.

Holding each of the variables u, v, and w constant in tumm gives three

)
.

: g SO0 S 4 dix 4 ADPUEN L
b e B et e e

Parametric, or coordinate, surfaces through a point in space. Further-
more, holding any pair of the variables constant yields a parametric, or
coordimte, curve passing through the point.Z?

Consider next a volume element dy bounded by a bundle or "pencil" of




rays and surfaces of constant phase as shown in Fig. (4).1 let the vol-

ume be defined by the surfaces u = U, u=u +du, v= Vs V=V +dv,
ji ¥ =W, and w = Wy + dw, where the variables u, v, and w are solvable
E' within the volume such that :
E;' u=ux, vy, z) (82a) |
N | ve=v(x,y 2) (82b)
wo=wlx, ¥, z) (82¢)
If the surfaces of constant phase are glven by
Wy =S (83)
and
W= W +dw = S1 + ds (84)

where §1and dS represent the phase angle and phase angle increment for
2q. (74), then Eqs. (82b) and (B2c) produce two families of surfaces
whose intersections are the rays between Sland dS. It should be noted
that these famillies are not uniquely determined by the ray pattern since
it is possible to construct an infinite number of families having the
same intersections as Eqs. (82b) and (82c).

Equating the imaginary part of Eq. (76) to zero yields
s + 2(92:95) B - o (85)
Combining Eq. (85) with the vector relationship
v.(Q?vS) = 2q(VQ-vs) + &&¥%s (86)
glives

v.(d2vs) = 0 (87)
Since Q?VS is solenoidal (i.e., its divergence is zero), there exists a

vector ﬁ such that

v - Y -
-‘uvnf"l‘-'n" s e 12 ..
oo A

Pvs =vxU (88)
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Fig. 4. The volu;ne element dy bounded by rays and surfaces of con-
stant phase, The face abcd lies on the surface w = S,,.and the face efgh
lies on the surface w = +dS, Similarly abfe and dcgh are portions of
the surfaces v = v,, and v = v. + dv, respectively. The remaining two
faces idhe and bcg? lie on the surfaces u = W, and u = o + du, respect-
ively.
where the curl of U lies in the direction of VS. By correctly choosing
5", the surfaces u and v may be found which satisfy the wave equation and
the rays within d y, although surface families other than those of u and
v may also exist.

It was stated in Chapter I that rays are perpendicular to the wave-
Sronts, or surfaces of constant phase, which are propagating in an iso-
‘ropic nec!fl.u.r.z.l6 Since V3 defines the normal to a wavefront, then for
the surfaces of u and v to intersect along the ray paths, Wu and Vv must
Le normel to V3, and the vector Vu x v must be parallel to VS, This
latter vector is used in the identity

vx (uWv) = Wux W +u[vx (W)]
=% x W ' (89)
vhere the term ulV x (Vv)] vanishes since, from vector calculus, the curl

ol a gradient is zero when continuous mixed partial derivatives are as-

suned so that the order of differentiation is immaterial. Allowing u amd

;;;;;




A
v to be well behaved functions with continuous derivatives, 5. (89)
cives
U= uvv (90)
vhere tne curl of U lies in the direction of VS, Substituting Eq. (90)

into Eq. (88) ylelds

Vs = Ux (uW) = W x W (91)-
Taking the dot product of each side of Sq. (91) with ¥S and substitut~
inz 3q. (79) gives

Q2 - KVL‘I X ;v)-VS (92)

n

for which the numerator mey be written

wxov)vs= | | auvw) 1 (
(mxvv)vs = | Ao, vl 1 (53)
o oW W
8x Qy 3z

Where J is the Jacobian of X, ¥, and 2z with respect to u, v, and w,
Thus Zq. (92) may be written

&=L (94)
Jn'

The volume increment of dy may be expressed in terms of the Jacob-
ian by '
dy = J(u, v, w) dudvds (95)
Let dA be the element of area on the surface w = Si which is bounded by
the surfaces u = constant and v = constant as shown in Fig. (4). Since
the rays are normal to their respective wavefronts, Zq. (95) may be ep-
sroxinated by '

- . . [P - P S
c e - R S LA Y Sy
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- - 2 7\
dy = dade (25,

vhore dC is uzed to denote tne zc len:th 2loac a rzy.

combining igs.

2) yields

)

(95 and

. . . _GAde o
7 ©  Gudvis (97)
o
i i oz the definition of the gradient of 2 scalar function
: i -d:s- = "3 = o2
¢ =" Jtsl =n (933
i
i “hus Zq. (97) becones
3 - _CA o
% J = Rdudv (99)
Turning monmentarily to ..zxwell's equations for time-varying fields
i in 2 source-iree mediur,
1 vxE=-3 (160a)
' 4
’ . T3 .
i v X as= S:E (lOOb,
4
i v.2=0 (100c¢)
§ v.3=0 (1004)

waere E and H are the electric and magnetic field intensitiy vectors, and

-’

D

and 5 are the electric and magnetic flux density vectors, respectively.
In simple linear medis

: D= €X (101a) -~
-p -l \
B=pH (101b)
i; f, Tor a plane sinusoidal wave propagating through an infinite homogeneous
b or inhomogeneous medium, Zaos. (100) dictate that E and H ave transverse
\ ‘ ’
.
" :
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or perpendicular to the propagation vector k of the field, and normal

to each other. From Egs. (100) and (101) this relationship is written

H = \/-E/—u A x T (102)
where ﬁ is the unit vector in the direction of E
The density of the outward flux of energy, or power density, for a
time-varying field passing through a closed surface is given by the
Poynting vector P where

-—p

-—p
P=EX

[
»'4'

(103)
Following the standard convention that physically meaningful electric

and magnetic fields are represented by the real part of complex quanti-
ties (i.e., cost = Re[eje:]), the time-averaged Poynting vector for sin-

usoidal fields is written

;av SR eL.r 3 = -' ke[B x H*] * o (104)

where }-{.* denotes the complex conjugate of : and the operator e means

"the real part” of the complex Poynting vector Pc = P x I¥%, Substitut-

ing Zq. (102) into Eq. (104) gives
Pv-%\/e/u 15]23 (105)

which mey be integrated to determine the average outward energy flux or

average power p through a closed surface S', such that

-

P Fav-d;' (106)
I~

Substituting Zq. (99) into Zq. (94) and using n® = V5+VS from Eq.
(79) yields

dudv = Qz

ndA = Q2vs.(V3/n) ar = QPvs-Baa (107)
vhere V3/n = ﬁ is the unit vector normal to the wavefront at the surface

element di. Integrating Eq. (107) over a closed surface 3' which includes

R ISP P WL WAV S WA WA WOV SRR 7
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the wavefront surface S1 gives
2 A
§Pdudv = ¢F Q“VS-nda
s S'.
2 -
= P Q°Vs.ds (108)
s!
Noting from Eq. (74) thatlQ?VSlis proportional to |E|2 and lies in the
direction of ﬁ, then a comparison of Eqs. (105), (106), and (108) indi~
cates that@udv is the total outward power radiated through the surface
sl
S', Thus the element dudv, which is bounded by the ray bundle of Fig.
(4), is the time-averaged energy flux of the Poynting vector Pav = QZVS

through the wavefront surface increment dA, or

2. A < A
dudv = QVS:ndA = P_ enda (109)

It is this relationship of the ray bundle element dudv to the average
power density at the wavefront which is used in the power density and

field strength calculations presented in Chapter VI of the thesis.

Restrictions of Ray Theory
The restrictions in the use of geometric optics result from the in-

equality of Eq. (77). Using the vector identity

V2

V'( Y " m W V( (110)

Eq. (77) may be written

2
K2n2q = Eo" v (;-35) kln (_Y_n_) (k nQ) +( nQ) (¢ nQ) <1 (111)
(o]

Taking the square root of Eq. (94) and substituting it into VQ/konQ gives

) p(g1/2 L1 W
--—-‘-—73- = 112
konQ kon(Jl 2) kon n ( )

Combining Eqs. (111) and (112) yields
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- which is satisfied only when

1 Ivl
£ n <«<1 (14)

/2
k_1;_£7—L|‘(7Ji12) ' <«<1 (115)

Furthermore, Eq. (113) requires that (1/k°n)(Vn/n) and (1/k°n)[V(Jl/ 2)/
(Jl/z)] be smooth so that their divergences are likewise small.

Eqs. (114) and (115) specify the conditions governing the use of
Tay optics. Recalling that k = 21:/).0 and n = ko/k - Ao/).. Eq. (114) may
be written

Eﬂf.:.(%) - 2®) «<1 (116)
which states that the relative change in the refractive index over a dis-
tance approximately equal to a wavelength of radiation must be small com-
vered with unity. Thus Bq. (114) becomes a better approximation as wave-
length decreases, and is perfectly satisfied in a homogeneous medium
vhere Vn = 0, On the other hand, a medium with sharp discontinuities in
the refractive index violates Eq. (114) at the discontinuities. Therefore

while rays obey Snell's law on either side of a discontinuity in the re-

L fractive index (e.g., either side of the boundary between two dielectric
r! ' media), the region at the discontinuity itself cannot be described by

: eometric optics, but instead must be treated by the more general wave
['j::: :

=
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or physical optics theory.

Zq. (114) also implies that the radius of curvature of 2 ray must
be nmuch greater than a wavelength of radiztion. Consider a ray passing
from point 4 to point A' as shown in Fiz. (5). Let the refractive in-
dex &ary as a function of radial distance r fror the center of the
earth, and let f) be the radius of ray cwrvature between 4 and 4°'.
Jext consider a smzll wavefront increment AB which is normal to the »ay
at voint A at time to. The wavefront arrives at 4'3' when the time is
to +t. ZSince the wavefront must travel from 4 to &' in the same amount
ol time t that it tclies to travel froz 53 to 3', the arc lenzths between

the two pzths may be writien as

o= vt (117)

¢ +do= (v +adv)t (112)

~

there v 1s the phase velocity between 4 znd A'. Thus the angle '41 be-

tween the two wavefront positions becomes

w.E'g_d.ﬂE
P pTip
=‘X§=(£;1£§Q$ 1
P P dp (29)

or sinsly

- dv ~
P v (2207
Substituting
o]

ve< (121)

fron Zg. (1) and
dv = - °—2 dv (122)

n
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: torizontzl rlane (i.e., the plane normzl to ;3 drawn at point A, Solv=-
1 4

ool ins fox df) in Zg. (124) and substituting into Eg. (123) yields

‘_-,::j‘ [-15= -z %—n: cost (125)

C

|
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b
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To CEwnTER
OF TWE ERRTH
Tis. 5. Ceonmetry for rzy curvature in polar coordinztes
into Zq. {120) cives

Qf% =4

(5) it ==y be seen that the incremental radial displacement

(123)

=]

Zr of ths ray 25 mezsured from the center of the earth is approximately

dr = df)- cosQ (124)
ihere ¢ is the zngle between the eartna radius vector :-.: ani the wave- -
frent. « is 21so the angle of ray elevation with respect to the local

.......
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Since the refractive index is a Fuaction only of r, dn/dr may be re-

tleced By Tn so vhot

N 2 n ryo20
. = = - == Cos (& <3
P n \ /
. Thus the requirement or Zg. (114) thzt Un/n be smzll as compared to a

v

wavelencth of distznce forces the radius of ray curvature in Zq. (126)
to be large over the same distance. Furthermore, Z¢. (125 cleaxly in-
dicates that ray bending is dependent uson the relaiive chanre in the
refractive index of the nmediun. Foxr a razy to follow tae curvztiure of
the earth as in the case of wave trappins or ducting, o, {12%) ryields

the condition

(127,

3
"

1
® -

where f) = a is the earth's radius, n & 1 for air, and « = 0, 1In fre
space where Yn = 0, then
p = e {125,
which enables the reys to travel in strzizht lines.
ZJeturning to the second mz jor condition of geometric optics, Ia.
(92) indicates thzt . is directly prozoriionzl to the cross section da
1/2

of the ray bundle, thus implying that C is relzted to the spacing be-

tueen neighboring zays. Therefore Ig. (115, siztes that the fractionzl

{

chenze in the =paciny between neichbvorin; rays over a iavelensth of dis-~

B

tance nust zlso be snall compared with unity., This condition is violeated
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where rays either converge or diverse rzpidly as is often the case zlong

the edze of s reflected or refrzcted envelone of rzys., 3Such a rezion,

f:.f

»
L

Zznoun as a caustic, is senerzlly cnarzcterized by z rzy cdensity which in-

-
LR % WY

>
.

creases steadily un to the edge of the ray envelcpe znd then shzrply de-

. Tr

e

creases to zero Meyonl the envelope voundary, ITurtheriore, Zg. (115, is

violzted whenever the cross czection of z rzy »encil vanishes as it does
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vwhen the pencll emerges from a point source or passes through a focal

point or caustic. Thus point source regiomns, focal points, and caustics
must be excluded from any meaningful consideration in ray optics, ale-
though like discontinuities in the medium, they may be handled by wave

theary,t* 12 15

Finally, since ray curvature 1is affected only by the relative change
in the refractive index and the angle of ray elevation in the medium,
there is no mechanism within classical geometric optics to account for
the phenomenon of wavefront diffraction around the edges, corners, or
vertices of boundary surfaces. Modifications to the theory, which are
generally referred to as the Geometrical Theory of Diffraction (GID),
have been made in recent years to overcome this deﬁciency."w While the
GID lies beyond the scope of the thesis, it is worth noting that this
extension of ordimary ray optics is also based upon Fermat's principle
and the equation of the eikonal in modified form,
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CHAPTER V

COMPUTZR SIMULATION DESCRIPTION

General Characteristics

The previous discussion of refrzctivity and geometric optics the-
ory provides a model of radio wave propagation through a non-ionized
and time invariant ztnmospheric medium that is radially stratified with
respect to the earth's center., The model follows the polar coordinate
convention of Tig. (2), which assumes azimuthal symmetry in the atmos-
phere zbout the emitter. 4 computer nrosram which uses this model was
developned for tne thesis io serve zs an analytic tool in comparing the
field czlculated from ray theory, with available experimentzl data for
an isotropic emitter. 4 description of the trogran and its alcgorithns
is presented here, with specific details regarding program useage given
in the Appendices.

Program ATREF (zimospheric refractivity) is written in Zxtended
FCRTRAN language for the CZC 5500 digital computer system., It requires
approximately 65,000 octal words of memory and 15 seconds of central pro-
cessor time for execution of a run., OJutput is provided by a standard
132 colunn line printer and an on-line CALCOMP plotter.

Given the following input in card image form:

a,) Atmospheric refractivity versus altitude

b) ZImitter parameters (frequency, polarization, pulse width, beznm

unper and lower angle limits, altitude)

¢) Zarth surface parameters (land or sea, surface height variation)

4o

he . .
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the program calculates the ray trajectories and the time of propagation

along each ray path from Eqs. (61) and (64), respectively., The rays are
ﬂ launched in the vertical (i.e., elevation) plane with a 0.02 degree angu-
laxr separation to ensure a reasonmable ray density at long ranges. The

program allows the rays to be launched within a bean whose total angular
' width is a maximum of one degree, although this beam width may be enlarged
by increasing the array dimensions and thus the computer memory require-
ment.

The coordinates of distance along the earth's surface, height above
the surface, and time of propagation (x, h, t) are stored for each ray at
regular intervals of dx. These coordinates are then employed in an algo-~
rithm based upon Eq. (109) which computes the given emitter's relative
power density and field strength, normalized to free space (vacuum) values,

Each ray that intersects the earth is reflected in the specular direction
and 1s assigned a complex scattering coefficient which is a function of
the incidence angle, emitter frequency and polarigation, terrain type, and
surface roughness. The scattering coefficients of each ray are then en-
tered into the power density and field calculations to model the attenun-
tion and phase change of earth reflected signals.

The computer simulation provides the user the option to select any or

all of the following items for output in either printed or plotted form,
or bothi

a) Profile of refractivity N versus altitude

P WG W

’““ b) Profile of the vertical gradient of N versus altitude

- ¢) Ray trajectories (plotted only)

‘ d) Relative field strength versus altitule ani distance along the
)

:‘“ earth's surface

e) Relative power density versus altitude and distance along the
o

1 @

=
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b -
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earth's surface,

The plotted output of options (d) and (e) shows the relative field
strength (or power density) of the total E field in space, whereas the
printed output permits a more detailed breakout of the total field and
each of its components, as in the case of multipath interference where
the field in space 1s the resultant of the fields from the main propa-
gating wave plus a wave-cbmponent which has been reflected from the
earth. The program also prints the time difference of arrival between
the main and multipath wavefronts (which is useful in some radar prob-
lems) and the number of wave components in the field strength and power

density calculations,

Refractivity liodels

While the simulation is generally used with card input refractivity
profiles, the user may select either of two reference refractivity mod-
els which are stored in the simulation. BEoth are based on the Central
Radio Propagation Laboratory (CHPL) model given by Eq. (16). Since all
calculations in the simulation are in the units of feet, the constants
in Eq. (16) become

N, = 313.0 (129a)
c, = 0,0000438 L (129b)

for the stored exponential refractivity model and

Ny = 0.0 (1302)

1

cy = 0.0 ft~ (130v)

for the stored free space model. If the program is used with an input
refractivity profile, a curve fit is made to Eqs. (16) and (129) to model

atmospheric refractivity for altitudes which lie above the highest point

___________________
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in the profile,

Ray Algorithms
The simulation uses a standard fourth order Runge-Kutta integration

algorithm to solve the ray trajectory and time of propagation equations
given in Chapter III by Eqs. (61) and (64), respectively. The integrat-
ion step size used in the Runge-Kutta algorithm is equal to one tenth
the distance along the earth's surface that the user has specified for
printing or plotting output data. For example, if the user wants data
printed or plotted every X nautical miles, then the step size becomes
X/10 nmautical miles.

Eqs. (61) and (64) axe written in state variable notation for num-
erical integration. Letting the ray altitude above mean sea level be
given in state notation, then h = by, dh/dx = hi, and ¢’n/ax? = b " =
h). The second order differential equation of Eq. (61) becomes a pair
of first order state equations which are given by

a.+h1
2

hy = [zt(,—-‘;tf,-l-) n;] :

*(a +u1>a—h;<1n|:nuﬁ)3 [ W n +1] ¢ +1] am)

hi =h, (132)
where n(h1) - N(hl)-l()'é + 1 is described by either a plece-wlise linear
function comnecting the imput refractivity profile data points, or the
stored function of Eq. (16). Similarly, Eq. (64) becones

1
= aty) [04)? + (37 /2 139)

e a e oo




where the values of hl and hi are obtained from the integration of Zgs.
(131) and (132).

Power Density and Field Strength Algorithms

The calculation of the power density of a field is based upon Eq.
(109) which states that the power density is directly related to the
element of flux dudv bounded by a ray bundle through an incremental
area dA on the wavefront surface. While Eq. (109) was developed for
propagating plane waves, it is possible to arrive at the same result
for spherical waves from an isotropic emitter by making plane wave ap-
proximations over small elements on the wavefront surface.

Let the volume element dy in Fig. (6) be bounded by surfaces r =
Sl’ r-Sl +ds, € -El, € -El +dE, v= Vi ad v = v + dv, where
(r, € V) is amalogous to the spherical coordinate system (z, 6, ¢ )
centered at the emitter. If d€ anmd Qv are sufficiently small, then the
spherical wavefront elements S:l and S1 + dS may be approximated by
Plane wave elements. Following the development in Chapter Iv, Eq. (109)
may be written

ad

A
dedv = P__.n dA (134)

Wwhere d€dv is the element of energy flux of the time-averaged Poynting
vector 3av at the wavefront surface dA.

The program calculates relative power density (i.e. , normalized to
the power density in free space with no earth surface present) by taking
the ratio of d€dv in the atmosphere to d€ odvo in vacuum. Since the at-
mosphere generally has a refractive index gradient which varies with al-
titude, Eq. (126) predicts that the rays will have differing radii of
curvature depending upon the local values of ray slope and Vn/n. This

variation in ray curvature cuuses the rays to converge and diverge




Fig. 6. The volume element dy bounded by rays and surfaces of
constant phase for a spherical wavefront element radiated from an iso-
tropic emitter at point 0. The face abcd lies on the surface r = S
and the face efgh lies on the surface r = S, *+dS, Faces abfe and &cgh
are poertions of the surfaces € = €, and € = 61 + d€, respectively. The
remaining two faces adhe and begf 1ie on the Surfaces v = v and v = 21
+ dv, respectively.
throughout the atmosphere, resulting in d€dv ¥ d€ dv, for a given wave-
front element dA. However since the atmosphere is assumed to have azi-
muthal symmetry about the emitter, then Vn = 0 in the v direction, which
yields dv = dyo. Thus the surface element dA contributes to the flux

A
ratio only in the € direction. Replacing dA with its projection d1

A
along €, the flux ratio then becomes

= A
13 - Pav'"dl
€ "3 3 (135)
o avo-ndl

Eq. (35) is solved by the following process, part of which has been
adapted from a ray tracing program developed by the MITRE COrporation.9
At regular intervals along the earth's surface, which are selected by
the user, the simulation divides the altitude difference between the

highest and lowest rays into 100 slightly overlapping vertical segments,
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A u6
Ji each of which is used to calculate the relative power density. Fig. (7)
shows one such vertical (i.e., radial from the center of the earth at a

s PPy €

y ‘ distance x from the transmitter) segment whose length is dl . The
angular subtense of the ray bundle which passes through dl_ in free

1 ’ space is d€ , while the subtense of the ray bundle through dl, in a re-
i' : fractive medium is d€. Stated differently, deo and d€ represent the

-
o A i

angular subtense of the element t'J.‘.I.v as seen &y the emitter at point 0

A3

both in free space and in a refractive atmosphere, respectively.

. ey

oy ™
Pz g | AR
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E S, w8

Rl (2) (b,

Fig. 7. The angular subtense of a line segment d1_ at the emitter
0 as seen in free space and in a refractive atmosphere.’ Fig, (7a) shows
d€  and d€ above s spherical earth surface, and Fig. (7b) gives an en-
view at segment d.lv.

A
Replacing ndl in Bq. (135)with the line vecter A &1 , Eives the flux

ratio as
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= A
€ . Pa.v'nvdlv . Pa.vdlv cos € ) Pav cos € (136)
de€ = A P dl cos € P cos €
:u o Pavo'nvdlv avo v o] avo o
L
¥

where gv is the unit vector normal to dlv which defines the local hori-
zontal reference axis, and €° and € are the respective elevat.on angles
of the Poynting vectors Povo ad B at dl_. Solving Eq, (136) for the

average relative power density gives

P cos €
d€ 0
avr Pavo d€° cos €

The angles d€ and €, in Eq. (137) are obtained from the free space
geometry of Fig, (8), where a 1s the radius of the earth, h, and h are
the known respective altitudes above the earth's surface of the emitter
and a given ray, x, and r are the radial distances to the emitter and
ray (::o a2 *+h and r =a +h), x is the distance along the earth's
surface, and 6 = x/a is the angle subtended by x at the center of the
earth. A right triangle is constructed having the sides b and ¢ such

that
b= tang (138)
and
o
¢ = Sosp (139)

where side b forms the local horizontal reference axis at the emitter,
The distance d between the ray and emitter is given by the law of co-
sines as
d = [r,2 +2? - 2rr_cose}/2 (140)
Sirilarly
£=[0% +a? - 20 cos [€ | T2 mic - x (141)
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where < . 1s the free space elevation angle of the ray with respect to

ol
norizontal at the emit ter (i.e., the initial or

[}

launch" elevztion

angle at the emitter. 3Squaring both sides of zg. (141 and solving

for |Eoi| sives

2 2 2
-1-0° 442 - (¢ - x)? \
s [ Zbdi Ly (142)

'E .I = co
oi
where Pig. (8) indicates that €,y 1s negative for ¢ >r and positive

for » » c.

Fig, 8. Geonmetry for the free space ray elevation angle Eoi

“he upper and lower ray angle limits GUo and ELo of the free space

flux angle element d€ are calculated from iq. (142) by alternstely
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setting h = hU and h = hL’ where hU and hL are the known upper znd lower
neicht limits of the vertical line segment dlv in Fig., (7). Thus

4, = S50 T 1o (143)

"o
, g A . . . .

ine angle €o between o and n, is found by reversing the posi-
tions of the emitter and ray in Fig. (8) (i.e., by interchanging hy
¥ith h and r  with r), and replacing eoi with € . Since the waves witn-

in the flux anszuler element dEo are approximately plane, the Poynting

L d

vector ?__ in Fig. (7) points radially outward from the emitter and

through the center of the wavefront surface element within déo. Thus
setting h = h, in Eq. (142) where h, is the known height of the center
of dlv, Yields

2

NEE a2 - (c - r0)2 1/2
Go = cos >od (144)

where b and ¢ are given by Egs. (138) and (139) with r replacing T
and d remaining unchanged. ‘ith the reversal of the emitter and ray
positions in Fig. (8), the line b now lies in the direction of av’
vhile line d lies along Egvo' Thus 2q. (144) gives the angle between
the two vectors, both of which are pointing to the left in Fig. (8).

The problem of obtzining the flux angle increment df in 2q. (137)
is different from that of finling d€o, where the elevation angles are
conputed directly from the ray altitudes passing through the upper and
lover limits of dlv. Here a simple geometric transformation between
altitude and ray angle is not possible since ray curvature is not easily
nodeled along each ray path. Instead a linear interpolation is made
Setiween the known initial elevation ansles of the rays which pass through

and on either side of the line segment dlv'
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Fir. 9. Zzy geometry at the vertical line segmeni dlv within a
refractive atmosphere

Consider the set of four rays shown in Fig. (9) which have initial
elevation angles of Eli’

altitudes at the segment dlv are hl' h2, h3, and h4, and the local ray

(N

21 631, and 541 at the emitter. The ray

elevation angles are 51, 52, 63, and 64, respectively. The angles EUi
and €Li denote the launch angles of rzys passing through the limits of
dlv at heights hU and hL' Soth EUi and eLi are approximated by lin-
early interpolating between the launch angles of the rays which lie
immediately above and below hy (rays 1 and 2) and those which lie im-
rmediately above and below hL (rays 3 and 4), respectively. The inter-

Polation uses the relative spacing between the rays and the line seg-

nent limits according to the relationships

th
€. =8, - &5 —
Ji 11 dhl2

By - hy)
11 - Ac W (145)
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51
and
c o !
Li T 31 - 4% ES;A
=z, - Ac (.h° Y (145)
31 n3 - hu

where A% (= 0.02 degree) is the equal angular separation between the
initial ray elevation angles, and th/dh12 and dhL/ah34 are the frac-
tional differences in altitude between the rays and the limits of dlv'
The flux angle for the refractive atmospheric medium is then computed
from Eqs. (145) and (146) by

dc = €, - €, | (147)

It should be noted that Eqs. (145) and (145) are valid regerdless
of the number of rays passing through a1, in Fig. (9). For instance if

. . -
rays 2 and 3 were absent, the ratios for U and eLi would be €Ui

€1 - 8¢(dhy/dhy,) and €, = € - AG(dhL/d_hlu) where dh; = h) - hy,
dhL = h1 - hL’ and dhlb = hl- hu. The presence of rays 2 and 3 merely
adds to the accuracy of the interpolations in regions where the ray al-
titudes are not equally spaced.

Finally, the angle € between E;v and ﬁv is obtained by taking the
nean value of the anzles €l, EZ' 53, and Eu, since the Poynting vector
is 2zain assumed to be pointing radially outward from the emitter alonz
the direction of the rays and through the center of the flux element df.
“hat is, the nean elevation ancle € defines the elevation angle of ;;v

at the segment dlv.

The elevation angle Eray of a ray in polar coordinates is obiained

“rom Tiz. (2), where

<
o
]
1)
n
-

30 (148)
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Substituting ¢ = x/2 from Zg. (60b) and solving Zq. (148) for e,ay

gives

z - ’1 E -(L': = = -l ———-—a QE (o]
“ray = tan [rdx] tan [a T dx] (1435)

vhere n a2nd dh/dx are solved in the computer program by integrating
Zqs. (131) and (132) along the ray path., Using Eq. (149) to find the
elevation angles of the rays at dlv, the mean value of £ becomes

€, +5 +E, +¢
€= 1 241 o (150)

which, like 4€, improves in accuracy as the number of rays passing

throuch A1 v increases.

Zqs. (142) througn (150) are used in the simulation to solve for
the relative average power density in Zg. (137) for each of the 100
verticzl line segments of length dl_ . Similarly, the program calcu-
lates the mzgnitude of the relative field strength by means of the re-
lationship between power density and field strength shown in Zg. (105).
Substitutinz Zgs. (2), (3j, (4#), and (105) (where €, €, and € denote
vermittivities) into Eq. (137) gives

o -
= d‘o. cost (13)

“aere n is the mean refractive index of air teken at the center of d.lv,
and T and &, are the amplitudes of the electric field intensity vectors

in the refractive atmosphere and in free space, respectively. Solving
for lE/Eol gives
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. olE L d€ cos€ 1/2
r E n d€ cos€-
o] [}

a€ cos€_ 1/2
o
dEo cos€

(152)

where Er is the magnitude of the relative field stirength and “sz'k 1l
in alr.

r  If more than one wavefront from a given emitter arrives at dlv
because of strong atmospheric refraction or reflection from the earth,
the program computes the relative power density and field strength for
the resultant field and for the field of each component wavefront at
dlv. Furthermore, if the emitter radiates pulsed rather than continu-
ous waves (as in the case of most radars) the calculations for the re-
sultant field include only those component waves whose pulses overlap
in time with the pulses of the direct (1ine-of-sight) propagating wave.
Since the optical path length, amd hence the time of propagation, from
the emitter to dlv is generally different for each component wave, this
overlap will not extend over the full pulse width of the line-of-sight
wave, given that the pulse widths of each wave are equal. Therefore
all calculations for the resultant field at dlv denote maximum values
of Pavr and Qr when all pulses overlap with the pulse of the line-of-
sight wave.

Consider the case of M waves originating from the same emitter
which arrive at the vertical line segment dlv at some time t. Let the
enitter be linearly polarized so that the electric field of each wave
will be polarized in the same direction (to eliminate elliptical amd
¢ircular polarizations). Since Egs. (151) and (152) apply to those

“leld components whose Poynting vectors are perpendicular to dlv. the

_ -»”‘* e . N . - B P TR R - A




3 >

;Ei ‘ resultant or total field which is propagating normally to dlv may be
t\':j written as

: ' K

;E ' ETe-jeT - 2% Eme-jem (153)
N m=1

where Em and em are the amplitude and phase of each field component
, propagating normally to dlv.
| For the purpose of simulation, all field magnitudes and phases are

represented by

—-——
t
n

o By (154)

and

{ o, =8 + ¢ (155)

where Pm is the reflection coefficient of the earth's surface, Em' is

the field strength due to atmospheric refraction, ém is the wavefront

vhase at dl_, and ¢m is the phase shift due to reflection. The wave-

front phase is computed from

BAGURIIary. ven = A=

8, = 2, - (kn)(et,) (156)

where the optical path length Lm between the emitter and d.lV is obtained
by multiplying the speed of 1light ¢ in vacuum times the total wavefront
rropagation time t as given by Eq. (133).

In the simulation Pm = ] and ¢m = 0 for each wavefront until

it is reflected from the earth's surface, at which point Pm and ¢m

i are calculated as functions of emitter frequency and polarization, ter-

rain composition, surface roughness, and wave incidence angle at the

r—
A .

S PG00

. ground, 1In the case.of multiple reflections, both terms are altered
' ‘
§ accordingly, with Pm equal to the product of the reflection coeffici-

ent magnitudes at each reflection point and ¢m equal to the sum of the
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rzflection ohase shifis.,
! Takins the ratio of the total electric field in Zg. (153) to the
EE free gpace electric field (vithout the earth's surface, gives the total
o relative field

where f% =1 and % = 0 for the free space field., Substituting Zq.

(152) for En'/Eo in Bo. (157) zives

I‘i z z 1/2 .
r - m | d€  cos%
o om
M

1/2 1/2
cos% . 4< ./ s \
=[ e o] [‘33%] Pr [c—o‘sn—] It b | (15,
o] m
m_—.

Since L is the maznitude of the total relative field at dlv' the aver-

ace relative nower density may be found from Eq. (151) as

- _ 12,5 2 \
TTovy T 0 I;"l‘rl ¥ S (152,

ad
Zos. (152) and (159), which are merely extensions of Lgs. (152, and

(151), are used in the simulation for all relative field strength and

porier density calculations. The coefficients F%n’ ¢n1and 6m for each
reflected wave crossing dlv are found in much the same manner as the wave

elevation angle £ in Zq. (150). Consider the rays from a reflected wave-

\

front which pass through and on either side of d.lv as shown in Fig. (9).

Since the restriction of Zg. (115) in Chapter IV requirves that adjacent

e ey

TZ’s be nearly parallel (i.e., the relative spacing between adjacent rays
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nust not change appreciably over a wavelength of distance), the rays
through a small wavefront element may be expected to intersect the earth
at approximately the same angle of incidence. Thus the wavefront re-
flectiou coefficients 0 and ¢h' which are dependent upon the angle of
wave incidence, may be obtained by taking the mean of the reflection co-
efficients () and ¢mp which are calculated at the ray incidence
angles. For the four rays in Fig. (9), the magnitude of the wavefront

reflection coefficient fDm becomes

4
p. - Pry *'f%uz;: Prs * Prs | 5 lzgp

P=1l

(160)

with similar expressions existing for d&land the time of propagation t_
used in Eq. (156) to obtain the phase 6;. The reflection model which

computes the values of Pmp and ¢ p is presented in the following sec-
tion.

Earth Reflection lodel

Consider a uniform plane wave which is incident upon a plane bound-
ary between two media as shown in Fig. (10). Let the incident wave be
polarized so that its electric field vector is either parallel to or
perpendicular to the plane of incidence (i.e., the plane containing the
Wwave propagation vector k and the normal to the boundary). The ratio of
the reflected to the incident field gives the reflection coefficient y
which 1s derived in any standard electromagnetics text.jl' 32 For par-
allel polarization this becomes

E 77 cos ﬁ 77 cos ﬁl
e = G, " e B, R aey

and for perpendicular polarization

.......




y . (EE) } 77zsec%2 - 77lsec|:fl
pexp Byl opy  T)psech, * T)gsech

(162)

where 77 is the intrinsic impedance of each medium, and ¢ denotes the }
angle of incidence and transmission for media 1 and 2 as shown in Fig.

(10). For simple non-magnetic media the intrinsic impedance may be

s
E

por (ﬁ)P,,

perp

Fig. 10. Reflection of uniform plane waves at a plane boundary for
varallel and perpendicular polarlizations.

written as

3 . 1/2
- [-g-”&‘&—,z] : (163)

- where n, £, and ¢ are the permeability, permittivity, and comductivity of

the medium, and are treated as real quantities. Note that € is used here
as a material property, rather than an angular quantity as in the preced-
ing section,

For problems involving the reflection of a field from the surface of -
ine earth, Eqs. (161) and (162) are frequently written in a form which is

dependent only upon the angle of grazing incidence al where o = /2 - bl'
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and the complex permittivity Ec of the earth where €, which is also
called the "a-c¢ capacitivity” in some texts, is the real part of Ec. To
! derive these equations, which are known as Fresnel's equations for a
; smooth plane surface, it is necessary to give the relationships between
; the index of refraction, permittivity, and wave propagation constant of
ll : general non-magnetic media such as most land and sea surfaces of the

OR earth., These relationships are analogous to Egs. (%) and (68) for the

nearly perfect dielectric medium of air.

In general both the permittivity and permeability of a medium are
complex quantities., However for magnetically lossless media such as

land and sea bodies, these quantities may be given by
Be =H' = " ®p' =pu. ~p (164a)
Ec =€ - j&" = €°€r - jE" =€ - 36" (164b)

where the imaginary term €" is the dielectric loss factor. Substituting

Zgs. (164) into Eq. (&) gives the refractive index as

uo(ec - jeu) 1/2
quO

v . w 11/2
n=-L« .=€_%.1€_

©

'_ = ’\[ec/eo =\/ €er (165)

VNS
paTa e
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where ecr is the relative complex permittivity, or complex dielectric

RN

3

constant, and is merely the complex form of the relative permittivity Gr

.

;; or (real) dielectric constant of Eq. (4).

?t A similar relationship exists between the complex dielectric constant
Ef ani the wave propagation constant of Eq. (68). Koting that the general

g‘ Zorm of the wave constant is given by

k = \/~3n(o + %) (166)
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then taking the square of Eq. (70), solving for n, and substituting Zgs.
(67), (164), (165), and (166) yields

. €, & )2 WHE - Jwp,o

cxr €° ko wzuoeo
N NEE PR SES S (167)
O ) )

where €" = g/tJ . Eq. (167) is frequently expressed in mks units as
~ _E__ * = LI "
€ " e - 60 Ao = €_" - 5 (168)

where the wavelength A\ is in meters and the conductivity ¢ is in mhos/
neter.

Returning to the reflection coefficient for parallel polarized
fields and letting the subscripts 1 and 2 denote the air and earth media

in Zq, (1€1), the respective intrinsic impedances become

m 1/2 " 1/2
Nr = h=E1  ===] (169)
air 1 [Gl [eoerl
since Ga.ir = ol % 0, and

7 n swe, M2
: earth = 27 [02 + jwezj (170)
fiz Applying Snell's law for plane dielectric media at the earth swxface
r,! boundary and solving in terms of ﬁz gives
3 sin 6, = (2) sin (171)

) 2 n, B1 /

“tlch may be rewritten as

-

.83 . :
e W —— ) e Autssitistranimiivci
e tam et T .
.- R S L

* ' N - - N N N T
P DI S W T GPe S W M




1/2

2
cos f, = Ll - (::—12-) sin? B ] (172)

Substituting Zgs. (4) and (165), for media 1 and Z respectively, into Iq.

1/2

(173)

Tultiplying the numerstor and denominator of Zg. (161) by 7]1/ 7722 gives

the reflection coefficient for parallel polarized fields as

) (1),/7),) cos b, - (7]1/772)2 cos-:il

Y (174)
2
FE (M Mpdeos By + (T)y/M),)" cos
Joting that the impedance ratio at the earth surface boundary is
. q1/2
™ _ r-“c: g *IWE,
172 foerl Jw“o J
f- ~ s / . 1/2
1 2T QW _
| %3 z = Veera/$n (175)
L ol
then substituting Zgqs. (173) and (174) into Eq. (175) yields
1/2 €
[( ) - sin® ﬁl] - (ccrz) cos ﬁl
- xl
b [( 72 - st 5]1/2 + (2) o
. - Sin cOos
n G B

Following the same type of procedure for Eq. (162), the reflection coef-
Ticient for perpendicular polarized fields becomes

cos B - [ - sin? El] M2
o

pexrp cos ﬁl [(ec:-‘Z)_ in ﬁl] 1/2

cr2

(177)
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Table (1), which is taken from Kerr,1 gives typical values of the
real Ecr' and imaginary Gcr" terms of the complex dielectric constant
for various water and soil types at several different frequencies.
hile these values are not intended to be a complete set of earth para-
meters, they do represent values obtzined from a variety of sources
which serve as a useful guide for the complex dielectric constant of
earth surfaces.

TASLE 1

APPROXINATE ELECEROMAGNETICIPROPERTIES
OF SOIL AND WATER

L _— o G — ]
Hedium A ohn/n €er €or
Sea water 3m 4.3 30 774
o 20 cn 4,3 80 52
200 = 25° ¢ 10 cm 6.5 69 39
28° C o 3.2 cm 16 65 30.7
Distilled water, 23 C 3.2 cm 12 67 23
Fresh water lakes lm 0,001 80 0.06
lm 0.01 80 0.60
Very dry sandy loam 9 cm 0.03 2 1.62
Very wet sandy loam 9 cm 0.6 24 32.4
Very dry ground lm 0,0001 4 0.006
Foist ground lmn 0.01 30 0.6
Arizona soil 3.2 cm 0.10 3.2 0.19
Austin, Tex., soil, 3.2 cm 0.0074 2.8 0.014
very dry

As Table (1) indicates, the properties of sea water (ecr' and 0) are
independent of wavelength for wavelengths greater than 20 cm. Since Gcr"
= g/W €, ® 60 G\ from Bq. (168), then €., is found to vary only with
wavelength and not sea conductivity. However at shorter wavelengths ©

is dependent on wavelength, which affects the value of €_" as shown in

cr
Fig. (11). Furthermore, €., and Oare highly dependent on temperature

with Gcr' decreasing and © increasing with higher temperatures, Further

U . - . .
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62 1
. evidence of the temperature dependence of € cr' and € cr" for sea and |

fresh water is given by 3urrows and .M;'l:x-:ood.33 and by Sa.xton.%
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Fig. 11. ‘lavelenzth dependence of 6 ' and E " .fo:r sea water at
17° C, from Zurrows and A'l:‘l:.woocl.33 The dotte.a line for € " is for a
constant ¢ = 3.41 nho/m, while the solid € op CUTve results from the
dependence of ¢ on wavelength for wavelengths shorter than 20 cm.

For land surfaces both € cr' and O are much lower than for water,

with the smzller values associated with dry, rocky, or sandy soil, and
t2e nigher values occurring with moist and rich soll. As Xerr points _,
out in his discussion of the values in Table (1), the wide range in €
end O sroduces a considerable variation in € which in turn largely ef-
J{ects ithe reflection coefficient, especially for parallel polarization.
+% the other hand, the reflection coefficient for either polarization is
n0t cpreciadbly zffected even if medium 1 is assumed to be free space

\ :'rl = 1), since the mezn relative permittivity of air at sea level is




T T

- “12 = (1.00031)% = 1 (178)

= &
€r(a.ir) “rl

and |sw| >1 for extremely dry soil and 'IGQI >> 1 for all other soil
and water surfaces in Table (1).

Frequently the coefficient of reflection is described in terms of
the grazing incidence angle shown in Fig. (10) as @ = n/2 wfy, and the
polarization of the electric field with respect to the earth's surface

where the terms "vertical" and "horizontal"” polarization are synonymous

with parallel and perpendicular polarization. Taking note that 6:1 ®1,
Eqs. (176) and (177) may then be written as
2 1/2 .
s € - cos sin
Y, = Pve-J@, - L er2 01] 73 crz 01 (179)
(e cx2 = 08 c.l:ll +€pp Sin 0y
and
_th sin o, - [€err - cos? a1]1/2

sin o + [E - cos® a.ljl/z

where the subscripts v and h denote vertical (parallel) and horizontal

(perpendicular) polarizations, and p and ¢ are the magnitude and phase

of the reflection coefficients,

Figs. (12) through (17), which are taken from Long- and Povejsil,
Raven, and Waterman,36 show the amplitude and phase of the Fresnel re-
flection coefficient of Eqs. (179) and (180) for both vertical and hori-
zontal polarizations. Figs. (12) through (15) are for a smooth sea sur-
face at 10° ¢ with € cn:' and ¢ having values comparable to those of Table
(1). The most pronounced feature is the insensitivity of reflected hori-
zontally pola.rized‘fields to grazing angle as compared to vertically
polarized fields, For vertical polarizations, the reflection coefficient

magnitude is at a minimum when ¢v = n/2. The corresponding grazing
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: " angle o is known as 3rewster's angle which represents tne angle of in-

!! cidence for which transmission into the sez is maximized. 3ince the

impedance xratio of Zq. (175) is 771/77A 2 cr2 E ¥ \f€ oz &

-~

since I:

e } »~> 1 for sea water, the impedance mismateh at the air
and sea boundary will zlways result in wave reflections even at the

Zrewster angle.

As previously mentioned, the wvalues of £ ' and ¢ are nmuch smal-

ler for land swfzces than for sea or fresh water surfaces. Land is

generzlly 2 better dieleciric materizl than water and yields a consid-

erably improved impedance match at the surface. This is evident in

irs. (15) and (17) where the values fer =10 and c = C.001% nho/m

are used, Fig. (16) shows that f) is negrly zero for vertically polax-

ized fields incident on smooth averzge land at the 3rewster angle.

“nis contrasts with values of approximately P = 0.1 1o P = 0.4 at
the Zrewster ansle for smooth sea surfaces. Furthermore, the smzller
velue of Fcrl resulis in a2 general decrease in P for both hori-

zontal and vertical polarizations and a2 nearly instantaneous phase

chanze at Srewster's angle for vertically polarized fields.

Since the earth's electrical properties vary so considerably, sev-.

erzl surfaces are modeled in the simulation by using representative

velues of Scr' and G as shown in Table (2). The sea models are divided

into tiree wavelencth regions whereas the land nodels are relatively

indevendent of wavelensth but dependent upon the moisture content of

- a . -
. v:€ fround. all values are averages obtained from a number of sowurces

' ard are therefore only approximate.l’ 33, 34, 36

<n reality, the Fresnel coefficients are of limited use in describ-

reflected fields since few earth surfaces may de regarded as being

€il2er plzne or smooth, Consequently, a modification to Zgs. (172, and
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TABLE 2

ELECTROMAGNETIC PROPERTIES
OF SOIL AND WATER MODELS

o gs c .
redium A nho/n scr
Sea water 10m - 20 cm 4.3 80.0
20 cm - 6 cm 6.5 69.0

6em- 1cm 16.0 65.0

et ground 10m - 1 cm .01 30.0
Average ground 10m - 1 cm .0016 10.0
Jry sround 10m - loeocm .0001 4,0

{(180) is required for most applications. Kerr,1

o
17 and Bartonld present such a theory which is summarized in the

seckmann and Spizzi-
chino,

following discussion,

neflection from any generalized surface is usually described in
terms of specular and diffuse scattering, where "specular" scattering
means that the angle of incidence equals the angle of reflection and
“diffuse” scattering implies reflection in all other directions. Zow-
ever diffuse secattering is a highly complicated function of incidence

y- surface electrical properties, surface roushness, wavelencth, and

-~ [ A
Tonetry.

As such it does not lend itself to a simple expression which
is valid for all angles and wavelengths, and therefore lies beyond the
scope of this thesis. Specular reflection, on the other hand, is the

dominant type in most applications and is also readily solvable.

Tne coefficient of specular reflection for the earth's surface is

Tenerzlly given by

o)

Y =pe‘j¢= Yo, no" = Pon Re-‘jbv,h (121)

There Yo on ==f)v he-jd‘f,h is the Fresnel coefficient for vertical and
g -4 )

norizontal polarizations, D is a divergence factor which describes the

Teduction in reflection caused by the earth's curvature, and o is a2

. - T G G W .
L s el a
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factor of surface roughness. D has values which range between 1 and 0

which, depending on the geometry between the emitter, earth, and re-
ceiver, correspond to the cases in which the earth may be regarded as
flat or highly curved. The roughness factor i likewlise ranges from 1
to 0 depending on whether the surface is perfectly smooth or extremely

rough.

The geometric spreading of wavefronts due to reflection from a

spherical earth surface is illustrated in Fig. (18). This wave diver-
\ gence is already accounted for in the simulation since all ray trajec-
' tories are calculated in polar coordinates and are reflected from a

spherical earth. Thus the total specular reflection coefficient used
in the simulation becomes

y=pe‘j¢’= Pv’hRe-jQr,h‘ (182)

PERIMETER OF Q'

PERIMETER OF Q

TANGENT PLANE

EARTH'S SURFACE

rig, 18. Geometry of the divergence factor D, from Long.35 The
dotted perimeter 3 renresents the cone of rays having an initial angu-
lz2r separation of Q which are reflected from a tangent plane at the
cenier of the cone. The solid perimeter ' shows the additional ray
Civersence due to reflection from the curved earth surface.
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Unlike divergence, surfece smoothness is considerably more diffi-
cult to quantify. 1In general a smooth surface is defined as one which
satisfies the condition established by Lord Rayleigh given by17' 35

. 1 A
6h < Eom (183)

where Oh is the height of surface irregularities, A is the wevelength,
and a is the incident grazing angle between the ray and 2 plané surface
representing the average of the surface irresularities. Some authors
replace the factor 8 with 1% in Zq. (183) due to the difficulty of
clezxly defining snmooth versus rough surfaces. .ionetheless, the xzy-
leizh criterion states that the variations in height must become smal-
ler as wavelength decreases and grazing angle incredses, for a surface .

to be concidered smooth. For example, if A = 1 m then oh must be less

Lo

nzn epproximately 7.1 m at a grazing angzle of 1 degree, and less than

[ 3

1.4 n at a grezing anzgle of 5 degrees. If A = 1 cm then the maximunm
values of &h become 7.1 cm and 1.4 cm for grazing angles of 1 and 5 de-
cees respectively. Thus a calm sea might be expected to appezr as
nore oF z smooth surface than most land for wavelengths ranging from

he radlo spectrum to the microwave region.

In practice it is found that the earth's surface may usually be
described in terms of a Gsussian distribution of surface heights about.
2 Yocal nean helsnt.l”® 390 37 4inent>® and secikmenn and Spizzichinol?
fave calculeted the mean square value of the specular roughness factor

i for a Zaussian surface (neglecting shzadowing and sharp edge diffract-

lon effecis) as

<R’ > = e'(‘“’)z (184)




aQ = .L'_’L’@_;TS}_!E (185)

where < > denotes the mean value of a function, Ah is the standard devi-
ation of the Gaussian distribution of heights, o is the incident grazing
angle, and A is the wavelength of the incident field. Fig. (19) shows
the relationship of <R% > to A, with Zq. (184) plotted as a solid line
2nd experimental data from sex and land surfaces (both plane and hilly
conditions) represented by crosses. Spizzichino states that the corre-
lation of < Rz > with AQ) is good considering that the reflection data
were often given with little precision and the values used for Ah were
merely estimated.

Frequently land and sea surface profiles are reported only in terms
of the largest observed height variations, rather than as a distribution
of height measurements. The data in Tables (3) and (ll»),35 » 39 uhile rep-
resenting surface descriptions that can be regarded as loosely quantita-
tive at best, often provide the only basis available from which Ah may be
obtained. TFor example, the Douglas sea scale listed in Table (3) defines
wave height as the average of the peak-to-trough heights of the one-third
highest waves in a given observation. Even if the one-third highest waves
are predominant, there is rarely any statistical measure established for
smaller waves in most observations, thereby rendering an accurate meas-
urement of Ah impossible.

Similar difficulty exists in establishing Ah for land surfaces where

the irregularities easily become an order of magnitude greater than those

of the roughest seas, Table (4) gives the average of the peak-to-mean

height variations, or deviations from the mean, of the largest scale

surface features for several types of terrain. Land roughness is often

described in terms of the surface height deviation from the local mean
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\ TABLE 3
¥ SEA STATE AND WAVE HEIGHT>?
! ‘ Peak~to-Trough wave height
Nt Douglas Sea State Description Vave Height Deviation Ah
e (feet% (feet)
1 Smooth 0-1 0-~.5
2 Slight 1 - 3 '5 - 105
3 Moderate 3-5 1.5 - 2.5
4 Rough 5-8 2.5 - 4,0
5 Very rough 8 - 12 4,0 - 6.0
6 High 12 - 20 6.0 - 10,0
8 Precipitous 40 - 60 20.0 - 30.0
TABLE &4

LAND SURFACE DEVIATIONS-?

Surface Height
Description Deviation &Ah
(feet)
Very smooth plains 0-20
Smooth plains 20 - 70
Slightly rolling plains 70 - 130
Rolling plains 130 - 260
Hills 260 - 500
Mountains 500 - 1000
Rugged mountains 1000 - 3000
Extremely rugged mountains 3000 and above

surface altitude (4h = h - < h >) because of the asymmetrical nature of
terrain irregularities.

Given that most earth surface profiles are approximately Gaussian,
the data of Tables (3) and (4) may be interpreted as upper values of
1 thelr respective height distributions, Bullingtonuo and other auth-
orsl7s 37 suggest letting the maximum height deviationAb, of a surface
Profile represent the amplitude of the surface irregularity which is ex-

Ceeded less than 1 per cent of the time over the path between the emitter

----------------




and receiver., Using this criterion, tne maximum surface deviations in
Tables (3) and (4) will include 98 per cent of all height variations (49
per cent above and below the mean surface height).

It may bc shown from any set of statistical tables that 98 per cent
oi all possible random variables having a standard normal or Gaussian
distribution will be found within 2.33 standard deviations of the mean.
Thus letting AhM be the maximum surface deviation about the mean such
that AhM is exceeded less than 1 per cent of the time, then

Ahy = hy - <h >=2.334h (186)

where hM is the maximum surface height in any observation. Values of
Ah, and Ah used in the simulatlon are given in Tables (5) and (6), where
AhM is chosen as the maximum height deviation listed in Tables (3) and

(4) for each surface description,

TABLE 5
STANDARD DEVIATION OF HEIGATS FOR SEA SUXFACES

Doug,:las Sea State Description é:gt) (f%ZtL
1 Smooth 5 o2
2 Slight 1.5 .6
3 Moderate 2.5 1.1
4 Rough 4.0 1.7
5 Very rough 6.0 2.6
6 High 10.0 4.3
7 Very high 20.0 8.6
8 Precipitous 30.0 12.9

Combining Eqs. (179) through (186) and Tables (2), (5), and (6), the
total specular reflection coefficient becomes

Y -pe'5¢- pv'hne""ﬁ,,h - pv’h‘\/< R > e 9% n
-p, h[}"“”z/z]e'j'v-h (187)
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TA3LE 6

STANDARD DEVIATION OF HEIGHATS FOX LAND SUKFACES

ey yom—
——

. A Ah
Jescription (fgléit) _(feet)
Very smooth plains 20 9
Smooth plains 70 30
Slightly rolling plains 130 56
Rolling plains 260 112
Hills 500 214
viountains 1000 429
Rugged mountains 3000 1288
Extremely rugged mountains 5000 2146

where R = ers = \J< RE >, Because of the assumed Gaussian nature of the

surface profile, the Fresnel reflection phase ¢$ h is the only explicit
’

tern in Eq. (187) which contributes to a phase shift in the reflected

field. ‘hile a given surface deviation will alternate the reflected field

by an equal amount regardless of whether 1t lies above or below the mean

surface height, the difference in path length, and hence the phase shift,
between fields reflected from the mean and the surface variation will

differ in sign according to whether the height deviation lies above or

below the mean., Thus the phase changes due to equally sized surface de~

viations above and below the mean surface height will be equal but oppo-

site in sign. Assuming a Gaussian surface therefore results in random

phase shifts having a zero mean value which do not contribute to the phase
of the total reflection coefficient of Eq. (187).




CHAPTER VI

RESULTS

Introduction

In zn exzainztion of over-the-horizon radio propagation, Zzppert
and Goodhartlu recently presented an excellent comparison of theoreti-
cal =nd experimentzl results for long range tropospheric mropagation
due to ducting conditions off the San Diego, Czlifornia, coast., A

ground based duect was anmalyzed by means of vwaveguide mode theory and

field strength measurements at 65, 170, 520, and 3300 MHz using vari-
able emitter and receiver heights, while an elevated, cr earth detached,
duct was studied at the single frequency of 3087.7 MHz.

The data presented by Fzppert and Goodhart were used to point out
the relative merits of using wavegulde concepts to describe anomalous

Propagation, 4 similar comparison is made in this thesis to evaluate

BRI
TN AT Sk

the ability of geometric optics to predict the field in & layered at-

nospheric structure such as a duct. However, valldation of the thesis

geometric opticz model is restricted to the case studies of the ground
based duct since Pappert and Goodhart presented results for the elevaﬁédd'
duct that were limited to a single set of transmitt-r and receiver heignts
and only one frequency.

The presence of troposvheric ducts off the California coast is a
inown phenonenon that is laréely ceused by strong temperature in-
versions ranzing in height from near sea level to 4000 feet, 1’ 23 The

2iz velon these inverslons is usually molst and well mixed whille the air

76




77 |

!
above is warmer and much drier. a4 rapid decrease in the refractive in-

] dex, as indicated by Eq. (15), occurs in a thin layer between these two
contrasting types of alr, and results in the kind of ducting shown in

the Guadalupe Island case studies.

The experimental data considered in this thesis were obtained from
% field strength measurements taken by the U. S. Naval Electronics Labora-
: tory Center across a 280 nautical mile over-water path between San Diego
and Guadalupe Island. A receiver located at heights of 100 and 500 ft
above mean sea level at San Diego recorded the signal of a horizontally
polarized airborne transmitter which was flown in and out of a ground
based duct lying between these two locations.

The measured data, which are shown in Fig. (20) for the 100 ft re-
ceiver, are plotted as the received field strength normalized to the free

space field (in decibels) versus transmitter height. These data, com-

monly referred to as height gain curves, are given at 20 naut mi inter-

vals (measured along the surface of the earth) between the emitter and

receiver. Also shown is the approximate flight path of the transmitter

and the meteorological profiles of atmospheric refractivity. The dis-

LT A
W

o f~
.
LR

tance from the San Diego receiver to the geometric horizon is glven with

ol ¢
.
G

each set of height gain curves to illustrate that the measured field re-

B

sults from over-the-horizon propagation due to tropospheric ducting.
Although the data in Fig. (20) were obtained in 1948, they represent

; some of the best case studles of field measurements and supporting mete-
orological data that are available today.l”

D O

The meteorological profiles
shown along the San Diego to Guadalupe Island path are recordings of the

‘ atnospheric refractive index structure given in B-units (Chapter II).

“hese profiles are easily converted to the more conventional refractivity

LA e a0 b AR Eddd
LT £ A
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or ii-units by combining Zqs. (7) and (8; to yield
is ’ ¥ =3 - §5-106 (188;

An examination of Fiz. (20) indicates that the layer structure varied

temporally or spatially ~r both.

lione the less, a strong gradient of
-22 3-units/1000 ft (-22 3-units/kft) or -232 N-units/kft exists from
approximately 600 to 1000 ft in altitude, which exceeds the -47.85 ii-
units/kft (-157 N-units/km) eriterion for ducting given by Eq. (10).
An average 3-profile, shown in the lower left hand corner of Fig. (20)
and listed in Table (7), is used in the thesis simulation to represent
the refractivity profile along the entire 3an Diego to Guadalupe Island
path.

4 trilinear approximation to the Guadalupe Island refractivity pro-
file was similarly used in the waveguide computations of Pappert and
Goodhart.

The trilinear model, which was origsinally given in modified

index or ¥-units, is converted to N-units by combining Egs. (7?) and (9)

=~ I S
such thzat

Z
ey - 2.1o° {

122)

(o5

and is listed in Table (8)., 3Both profiles are used in the simulation

with the assunption that the atmospheric refractivity structure is rea-

sonably stationary and homozeneous in the horizontal direction.

N Y

Comparisons of the two profile models and their N-gradients are

3 Given in Tigs, (21) and (22). 3oth models have extremely large negative
L_: cradients from 600 to 1000 £t in height and positive gradients between
aa 10CC and 1300 £t, which correspond respectively to superrefractive and
gé subrefractive regions. It is this superrefractive layer and the sea sur-

“ace which act as waveguide walls tc trap horizontally traveling waves,

- mat)

—r—vrrI (i) e
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ATXOSPHERIC RIFLACTIVITY PROFILE FOR THZ
GUADALUPZ ISLAIND DUCT

Height above Atmospheric Refractivity
mean sea level B-units i-units
(£1)

0 341.0 341.0
100 341.0 338.8
200 341.0 337.6
400 341.0 336.2
600 342,0 334.8
700 320.0 311.6
800 305.0 295.4
900 296.0 285.2

1000 287.0 275.0
1100 294.0 280.8
1200 298.0 283.6
1300 300.0 284.4
1450 301.0 283.6
1600 300.0 280.8
1700 299.0 278.6
1800 298.0 276.4
1900 296.0 273.3
2000 293.0 269.1
2100 294.0 268.9
2200 296.0 269,7
2300 297.0 269.5
2500 297.0 267.1
TABLE 8

ATNOSPHERIC REFRACTIVITY FROFILZ FOR THE
TRILINEAR DUCT

fleight above Atmosp ieric Refractivity
mean sea level M=units N=units
(£1)
0 341.0 341.0
600 365.0 336.3
1000 323.0 275.1
1300 349.0 286.8

2000 371.0 275.3
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2
thus enzblins wave pronagation over tae norizon. /hile the trilinear
. ‘ nodel is a good aprroximation of the Tuacdalupe Island duct, it undex-
estinates the strong N-grzdient exisiins from S0C to 100C ft. Fortu-

nztely this dif‘erence is not crucial siace both models, whose maxinun

rratisnts a2t this layer are -232 lL-units/kft (Guadalupe Islend) and
-153 N-units/kSt (trilinear), satisfy the -47.85 H-units/xft gradient
required for ducting, 4 second lzyer, extending from 1300 to 200C T
in the Cuadalupe Izland nrofile, is shown to be highly refractive (=42
N-units/kft) althoush there is no evidence in either the neizht r2in
cuwves of Tig. {20) or in the simulation results that tals layer czuses
any significznt trzrpirg.

The theoretical calculations of Fappert and Goodhart are based ugpon
the nodal wave solution for & planar waveguide as developed by Zud-
14, 15

den, In this solution the transverse electric (TZ) wave propagst-

inz in a trilinear medium, such as the one in Fig. (21), is obtained
from the plane wave reflection coefficients at the boundaries of the
nedium. The reflection coefficients are given as functions of the eigen-
values of the incident grazing angle for each propagating mode at the
medium boundaries. Zach reflection coefficlient is then expressed in
terms of modified Hankel functions of oxder ome ithird and their deriva-~
tives. Zntering into these coefficients are the Fresnel reflection co-
efficient and surface roughness factor given by IZgs. (170) through {(1285).
In all of their calculations Pappert and Soodhart use a surface height
staniard deviztion (An) of 1 ft, which corresponds to a sea stzte of 3

in Tadle (5). Furthermore, the waveguide calculations requive the solu-

“ilen of from one to a hundred modes depending on the heignt of the duct-

er, the frequency, and the emitter location within the ducting
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Zesults obtained fronm the geonetric ooptics computer simulation de-~
scribed in Chepter V are oresented in this section for both the Guadalupe
Island 2nd trilinear sround based duct refractivity profiles. A moderate
sez surface (sea state 3) is used to approximate the surface model used
by Pappert and Goodhart. A perfectly smooth sea could have been assumed,
however, since the surface roughness factor of Zq. (184) is very nearly
unity (0.959) at the highest frequency (3300 iiiz) amd largest grazing
angle (0.359 deg) encountered in this study. The eaitter characteristics
are the same as for the Guadalupe Island measurements, namely 2 horizon-
tally polarized radiating pattern at 65, 170, 520, and 3300 IMHz.

Since the atmosphere is considered to be a linear and isotropic med-
ium, the theorem of reciprocity may be applied.31 ‘Reciprocity states
thet for a linear and isotropic mediun the trensmitter and recelver ma:
be interchanged without affecting the,respoage of eithexr, Thus the
trznsnitter and recelver positions are reversed in the simulation with
the emitter located at 100 and 500 ft altitudes and the receiver moving
vertically into and out of the duct along the flight profile of Fig. (20).

3efore exanining the simulation results for propagation within a
sround based duct, consider the case of an isotropic emitter in free
space (vacuum) which is at a height h  of 100 ft above mean sea level,
Fig. (23) shows the refractivity and refractivity gradient profiles of
free space, which are of course zero since the index of refraction n in
Za. (7) is unity throughout free spece.

G2y trajectories, which are computed by the sinulation and shown in
Tiz. (24), ere launched from the emitter at 0.02 deg increments between

the enzles of 40.50 and -0.50 dez in elevation. 7his ray density of 50

L ot T e
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rays/deg resulted from an investigation during the early development of
the simulation which indicated that the field strength calculations, while
being highly sensitive to ray spacings greater than 0.05 deg, tended to
converge rapldly for spacings of 0.035 or less. A ray separation of 0.02
deg was then selected to ensure the accuracy and consistency of the simu-
lation field strength results,

The rays in Fig. (24) are shown with an artificial upward curvature
that results from plotting the earth's surface along a linear rather than
a curved axis. This curvature is actually 1/a where a is the mean radius
of the earth. If the rays were drawn in a spherical coordinate system
they would be correctly shown to be straight lines. The choice of a2 rec-
tangular coordinate system was made, however, for ease of comparison be-
tween simulation results, waveguide calculations, and the Guadalupe Island
measurements of Fig., (20). Another point to be made is that the rays ap-
pear to be traveling upward at a rapid rate because of the enormous scale
corpression along the abscissa (approximately 2285 times that of the or-
dinate axis).

The ray shown farthest to the right in Fig, (24) defines the geomet-
ric horizon seen by the transmitter, For an emitter in free space whose
altitude is 100 ft, the horizon appears 0.18 deg below the local horizon-
tal 2t the transmitter, given that the eartnh's surface is pexrfectly smooth.
“ays launched below this angle will be reflected from the earth as shown in

the ray trace figure.

Tigs. (25) and (26) show the refractivity profiles and ray trajector-

:
«8

S for the same emitter using the standard C.R.F.L. exponential atmos-

Ihere civen by Eqs. (17) and (129). A comparison of Figs. (24) and (26)

S79%s that the negative N-gradient of the exponential atmosphere (-13,65

ST S S S WY T
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N-units/kft at a height of 100 fi) causes the rays to refract beyond the
geometric horizon such that the distance to the horizon is extended ap-~
proximately 1.33 times the horizon distance in free space,

Turninz now to the Guadalupe Island duct, Figs. (27) through (33)
shorx simulation resulis obtained with the average measured refractivity
profile of Table (7) and Fig. (21a). Fig. (27) shows the trajectories
of rays launched between +0.50 and -0.50 deg from the 100 ft high emit-

ter. Only those rays whose elevation angles are less than or equal to

some critical angle are trapped between the earth and the 1000 £+ top of
the duct. The maximum launch angle for trapped rays may be found from
Snell's law, which is given by Zq. (54) for spherically concentric media.
Rewriting Eq. (54) in terms of ray elevation angles (i.e., the angular

complement of B and ﬁo) gives

- 3 = ) z
rn(r) cos € ron(ro)cos <, (190)

where r, n(r), and € denote values at the point of refraction, and Tos
n(ro), and 50 are measured at some known point, such as at the emitter.
3etting € = 0 for total internal reflection (trapping) at the maximum
_height of the duct, substituting the coordinate change of Eq. (60a) and

solving for Eo, the critical launch angle for trapped rays becomes

-1 a + h)n(h
€, = cos [é-.‘_—h—og;-&-_%’] (191)

where h and ho are the altitudes of the top of fhe duct and the transmit-
ter (measured from mean sea level) and a = 2.09250107 ft is the mean ra-
dius of the earth. For a 100 ft transmitter in the Guadalupe Island duct,
he maxinum launch angles are Ieo| = 0,369 deg for ray trapping at the

top of the duct (h = 1000 £t) and |€o| = 0.255 deg for ray trapping at

the intermediate 800 ft layer in the duct. Fig. (27) shows that ray trap-

Ping occurs mainly between these two heights. On the other hand, Eq.
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(191) indicates that ray trapping does not occur at the 2000 ft high layer
shown in Figs. (2la) and (222) for any value of €.

Fig. (27) shows a2 number of regions where there is a distinct absence
of rays, pvarticularly the area above the duct and the low altitude hole
exteuding from 10 to 50 naut mi within the duct. The hole represents the
region beyond the earth's horizon where rays are unable to penetrate and
is frequently referred to as the earth shadow region. ihile geometric
optics predicts that there is no field present in either of these regions,
the experimental results and waveguide mode theory calculations presented
in the following section indicate that just the opposite is true. This
discrepancy arises from the fact that classical geometric optics, because
it does not make explicit use of wavelength and phase, is not able to
solve for diffracted fields or fields resulting from evanescent and leaky
modes which are often present in atmospheric ducts.l’ 12, 14, 16 A fur-
ther discussion of these mode types and their fields will be given in the
latter part of this chapter.

The wavelike ray structure shown near the top of the duct in Fig.
(27) forms several caustics, or regions where the ray density increases
rapidly and then falls off abruptly to zero (Chapter IV). Caustics must

be excluded from consideration since they violate the requirement of Eq.
(115) that the relative spacing between adjacent rays, and hence the ray
density in a volume of space, must not change appreciably over a wave-
length of distance.

Hays that intersect the earth in F'3. (27) are reflected from sur-
faces that zre locally plane and tangent to a smooth spherical earth at
the point of reflection (Chapter V). Thus ray divergence due to reflect-
ion from a curved earth is provided for in the ray trace diagram. Surface

roughness becomes a consideration only when calculating the field of a
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mta aal . s - [ oo et




A B s e e aren e e Sne M d JEreasredEr et st e A S AL OISR |

flected wave by means of Zqs. (184) and (125;.
Q Figs. (28) =nd (29) show an expanded view of the Guadalupe Island
refractivity and refrazctivity gradient profiles of Figs. (2lz) and (21b)

and the ray trace plot of Fig. (27) for heights of 0 to 1000 £t within thc

duct, since the region above the duct is not modeled correctly by geomet-
ric optics. TFigs. (30) through (33) present height sain curves computed
by the simulation at 65, 170, 520, and 3300 iz for the 100 ft high emit-
ter, using the Guadalupe Island refractivity profile and a moderate sea
surface (Ah = 1.1 i} model. Vertical reference axes are drawn at 20

nzut ni intervals to represent the zero db gain level of field strength

relative to free space values. A scale for measuring relative field
strength is given in the upper right hand corner of each plot.
The most notable features of the height gain curves are the peaks
and nulls which result froi mutual interference between the refracted znd
- reflected wavefronts propzgating through the duct. Unlike standard micro-

vave waveguldes, the duct has a height which is several orders of magni-

tude greater than a wavelength of radiation, and thus is capable of sus-
taining a vertical standing wave pattern with numerous minima and maxima.
Furthermore, since the medium within the duct is not homogeneous and since

the boundaries of the duct zre considerably different (the earth surface

causes an amplitude and phase change in reflected fields while the more
amorphous upper "boundary" of the duct does not) the interference patterns
are not symmetric either with respect to height or to the zero db refer-
ence axes., Finally, the number of peaks and nulls in the height gain
curves is seen to increase with emitter frequency. This is in agreement
with elementary optics theory which states that the distance between the

rinima and naxima of interfering fields is inversely proportionzl to fre-

quency. Thus more peaks and nulls appear as this distance decreases,
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Simulation results for the 500 ft transmitter are shown in rigs.
(34) through (38). 1In this case the rays are launched between 40,54 and
-0.45 deg to ~ermit the simulation to detect the caustics at the top cf

the duct and thus exclude them from the field strength cé.lcula.tions (at

least two adjacent rays must lie above a caustic to enable its location
by the computer program).

The ray trace of Fig. (34) is considerably different from that of
Fig. (29) with many of the rays trapped between the emitter and the bot-
ton edge of the ducting layer. From 3nell's law and Fig. (34) it may be
shown that rays havinz 0 < Eo < 0.0987 deg are trapped between 500 and
630 ft, while those for which l5°| < 0.411 deg are trzpped at S00 ft
and those lzunched at |eo| < 0.490 deg are trapped at 1000 ft. The

difference in rzy trapping at the two emitter heights may be explained

by Zq. (191). 4ssume for the moment that the ratio n(h)/n(ho) does not

- o

chznze over some range of altitude h. 3Zg. (191) stetes that as h becomes
larger, Eo 711l become smaller until at some point the rignt hand side of
the equation exceeds unity and no i‘ays m2y be trapped. Thus the greater
the cepcration between the layer and emitter altitudes (i.e., h and ho)

the smzaller the launch angle must become to remain trapped. Cf course

e e W e ARG e W e el

changing n(h) siznificantly will zlter this result, but in the case of
trapping at the 800 and 1000 £t levels, the ratio of n(h)/n(h o) Tremains
relatively constant as compared to the rztio of (a +h)/(a +h <:’) whe'n
solvinz Zq. (191) at h = 100 £t and h = 500 ft. Similarly Sq. (191)
indicates that no ray trapping will occur along the bottom edge of the
duct for the 100 ft emitter, as confirmed by Fig. (29).

S Figs. (35) throuzh (38) show simulated height gain curves for the 500
] Tt enitter above the same moderately rough (sea state 3) surface. 4s with
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(49).

95
the 100 ft emitter, the peaks and nulls in the height gain curves become

more pronounced at higher frequencies.
Finally, the simulation results using the trilinear ground based
duct model of Pappert and Goodhart are presented in Figs. (39) through

Rays are again launched from 40,50 to -0.50 deg in elevation for
the 100 £t emitter and from +0.54 to ~0.46 deg for the 500 ft emitter.

A comparison of critical angles for ray trapping within the Guadalupe
Island and trilinear duct models is given in Table (9).

TASLE ©

AT PP W e ® T Y » ’.” Aalnl Fainl
MAXIN UM LaUnCE ALGLES OF

TRATTED EATS

Trzpping #aximun Launch

sZnitter
nodel deight Height Angle
(£t) (£¢) (dez)
Guadalupe Island 100 1000 + 0.369
800 +0.255
500 1000 + 0,490
800 +0.411
630 + 0,099
Trilinear 100 1000 +0.381
800 +0.082
500 1000 + 0,500
800 +0,335
650 +0.093
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Connarison of liesultis

The precedinz simulation results are compared in this section to the
experimental and calculated heisht gains presented by Pappert and Good-
hart for the ground based Guadalupe Island duct, The experimental data
for the 100 ft high emitter are from Tig. (20) and the wavegzuide mode
theory calculations are based upon the irilinear refractivity profile of
Table (€) and Fig. (21b). The height gain curves from Pappert and Good-
hart, shown in Figs. (50) through (59), are for fixed receiver heights
of 100 and 500 ft at a distance of 120 naut mi from the transmitter
(measured along the earth's surface), with selected results given at a
distance of 60 naut mi, Applying the principle of reciprocity for a lin-
ear isotropic medium, these resulis are comnpared to the simulation height
gain curves where the transmitter and receiver have been interchanged.

As mentioned previously, all calculations assume a seaz surface of moder-
ate roughness (Ah equals 1 ft and 1.1 £t in the respective waveguide and -
geometric optics results) over the entlre ;=th Lelween Lzn Diezo and
Guadalupe Island.

Fig. {50) shous measured and calculated height gain profiles at 635
Miz for a transmitter to receiver separation of 60 naut mi with the re-
ceiver (or simulation transmitter) at 500 ft above mean sea level. 3hown
are the experimental and calculated results obtained from waveguide the-
ory, plus calculated height gains for the earth diffracted fieldl’ 14 and
14, 41 The diffracted and tropo-
sEatter fields, which are labeled "normal" in the figure legends, are
nonducted fields which are present when the transmitter is below the hori-
zon (in this case at a height less than 2200 f+). These fields will be
shown to be consistently weak, usually ranging from 20 to 60 db below the

ducted field, The experimental, waveguide theory, and normal height gain




curves are 21l repested in Fims. (50z) and (50b; to avoid conzestion when

kS

nlotting the simulated helzsnt zains obtained from the Gualulupe iszland

' trilinear refractivity profiles, shown in Fi-ws, (502, and (500, re-
svectively. The sinulztion resultis shown in this case are Irom ihe
neight gain curves at £0 naut ni given in Fircs. (35) and (45;.

In exzmininz the results of Fir. (50 it is apparent thet ceometric
o-tics yields z height z2in profile ithet is much nmore irregular than the
curves obtained erperimentelly or from waveguicde theory. This mzay be
due to the fact that the geonmetric optics simulation cazlculates only the
fields that are specularly reflected at the sea surface, and thus omits
diffusely scattered fields which may tend to "fill in" the height gain
rofile. 4 second explunation may be that the specular reflection co-
efficient of the sea is in error because of incorrect electrical groper-
ties zssimed to the sea surfzce in Table (2). another possibility may

lie with the conditions of Zgs. (77) and (78] ziven in Chapter IV which

stzte thet geometric optics becomes 2 better propagation model as fre-

guency increases, 4 final reason may be thatl since geometiric optics does

not make explicit use of wavelensth and phase, it is incapable of pre-
dictins the existence of certain types of modes which are accounted for
in waveruide node theory. It will be snown that the latter two explana-
tions are the most likely since the geometric optice results do improve
considerably at hircher freguencies and since geometric optics is unable
t0 calculate the field zbove the duct which is due to the presence of
"leazy" nodes in this »egion., If the lack of a diffusely reflected field
vere z suitable reason, then the simulatlon error would be expected to
increase rather than decrease at higher frequencies, since the sea would
anpear to be a rougher surface and thus a more diffuse reflector at

Shorter wavelenzths. Also, an incorrect choice of electrical properties
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for the sea would not be expected to produce a significant error in the
Tresnel reflection coefficient of Zg. (180, for horizontally nolarized
fields. Little change occurs in the reflection coeflficient over the
ranze of smell srazinz angles encountered (C to 0.350 deg) even for ex-
trenely larze variztions in surface electrical characteristics as evi-
denced by ™izs. (12) through (17) in Chapter V.

“"hile both the exverimental data and waveguide calculations indi-
cate that 2 relatively constant field is measured at the receiver when
the transmitter is above the duct, the reciprocal height zain curve ob-
tained from geometric optics shows no field present for this condition.
waveguide mode theory predicts that such a field does exist which is the
result of the coupling of enerzy from the transmitted signal into the

L" )
1 If the transmitter and receiver

duct by means of "leaky"” nodes.l'
were reversed, zas they are in the sirmulatisn, then this field wowld ex-
ist above the duct because of enerzy lealhage by the same types of modes,
Zovever as the ray itraces of Fics., (22, (3k), 4C), and (45) show, there
1s nothing in the geonetric optics solution to susgest energy lezkage
along the top of the duct.

To aid ia Jescriving enercy leakage throush z ducting layer, consid-
er the conpmarison of a tropospheric duct to a dielectric slab wavezuide.
In the case of ithe die.zctric wavezuide, the field may be resolved into &
su? of elementzry waves or modes which are guided alonz the slab boundar-
les with 1ittle or no atienuztion in the direction of propagation and
v1ih an exponential decay in the direction normal to the outside of either
Soundaxy, However z duct hzs no rell defined upper boundary, such as &
discontinuity in the refractive index, and conseguently has propzration

Characteristics which are different from those of a simple dielectric

¥avesulde. liode theory predicts that two types of nodes, commonly referred
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to as "trapped” and "leaky' modes, mey exist within a meteorolozical
duct., Tranned modes are unattenuated modes of propagation which are
anzlosous to those of the dielectric slab. Leaky modis, while zuided
within the duct aloas the earth's surfzce, are allowed to provaczzte ob-
liquely to the duct in the region above the superrefractive layer., Zn-

exzy is then coupled into or out of = duct when one or more lealy modes

izl 2

—y iy

i

is stronzly excited by a nearpy transaiiter.
Tigs. (51) and (52) shov results at 45 [liz for & 120 naut mi trans-
mitte: to receiver separation with the receiver a2t 100 and 500 ft
heizhts. Again Tigs. (512) and (52z) give simulated heizht gzin curves
using the Guadalupe Island refractivity profile, and Fizs. [51b) ang
(52b) show simulaticn results obtzined with the trilinear duct profile.
As before, the geometric optics heignt sein curves are nighly irremular,
especially those using ine irilinear refractivity profile. .lso, the
sirulzted heizht gains shown in these fizures are zenerally 5 to 20 db
greater than tnose of elither the experimental or waveguide cwves. It
is guite evident that waveguide mode theory has a far better agreement
with the experimental measurements at 65 .1z than does geometric optics,
seppert and Coodnert indicate that equipment calibration errors
have sometines affected the measured data, resulting in this instance
in 2 larger than expected difference between the experimental and mode
theory height rain curves shown in Fig. (52). =vidence of equipment
efror asvears in Figs. (51) and (52), where the measured field =i 500
2 in Pig. (51) is not the zame as the field at 100 £t in Pir. (52),
thus indicating a viclation of recivrocity,
| Tigs. (53) and (54) show experimentel and calculated neizit ~ain

Cwrves at 170 (liz for a distance o7 120 ncut ni witn the receiver heigat

P
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at 100 and 500 ft. The simulation results are still in nuch poorer azree-

ment with the measured dats than are the waveguide czlculations. dowever
the geometric optics results of Fig. (53) do show a two mode interference
structure which is slightly displaced from the same two mode pattern
given by waveguide theory. Pappert and Goodhart note that the number of
modes required in the waveguide calculations ranges from a single mode

at 65 MHz and two modes at 170 MHz, to nearly a hundred modes at 3300
MHz. They also explain that the sharp null at 1200 ft in the experimen-
tal date of Fig. (53) is most likely the result of a transmitter and re-
’ceiver antenna misallignment, and 1s therefore not to be interpreted as a
real null.

Figs. (55) and (56) show height gain curves at 520 MHz for a range
of 120 naut mi with recéiver heights of 100 and 500 ft. The simulation
results give field strengths that are within 5 to 10 db of the experimen-
tal and mode theory results, which is a considerable improvement over the
previous cases at the lower frequencies. Agreement is generally best be-
tween the simulation results using the Guadalupe Island profile and mode
theory results, although as Fig. (55a) shows, some of the interference
lobes do not appear in the geometric optics height gein curve between the
altitudes of 400 and 600 ft. The deep null at 1100 ft is again consid-
ered to be the result of antenna misalignment.

Tig. (56) shows waveguide calculations for cases where the modazl
equation is solved at the ground (3 = 0) and at the bottom edge of the
ducting layer which is at a height of 600 ft (D = 60C). Pappert and
Goodhart state that at this frequency modes exist which are either earth
detached or evanescent at the ground. The height gain curve for I = 600
includes these additional modes and is in better agreement with experi-

mental results by eliminating the fine structure of the D = 0 curve.
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"hile the mode calculations in iz, (55) are for D = 600, deep nulls ap-

pear in the waveguide height gain curve since the additional modes are
sufficiently evanescent at the 100 ft receiver height so as not to af-
fect the node sum by any appreciable amount.

3ince geometric optics solves for the direction of energy mropaga-
tion through a medium, it is unable to model the distribution of energy
contained in the nonpropagating evanescent modes existing within a duct,
dowever ray optics is capable of describing earth detached propagation
as evidenced by the ray traces of Figs. (29), (34), (40), and (45).

These figures all show a number of rays which travel below the ducting
layer without intersecting the earth's surface. Such elevated rays rep-
resent earth detached propagation which begins to appear in the simulated
height gain curves at higher frequencies. In the 520 MHz case, geometric
optics produces results which lie between the mode theory heizht gains
for D= 0 and D = 600. It should be noted ithat neither ray optics nor
mode theory gives results that are in very good agreement with the experi-
mental data in Figs. (55) and (56). This discrepancy, which is mentioned
by Pappert and Goodhart for the waveguide calculations, is suspected to be
due to temporal or spatial fluctuations in the duct layer at the time of
rneasurement. '

Fiz. (57) shows results at 3300 MHz for a range of 60 naut mi and a
receiver height of 100 ft, The pair of solid curves for the experimental
data represent the envelope of measured field strength at this range, The
results obtained from geometric optics are in very good agreement with
both the experimental and waveguide theory height gain curves. iiode the-
ory predicts a2 larce decrease in the field above 800 ft because of the
destructive interference in this region of nearly 100 modes, ~Pappert amd

Goodhart point out that this phasing would be eliminated, however, by a
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turbulence in the ducting layer of the trilinear refractivity model.

Pigs. (58) and (59) show results at 3300 MHz for a transmitter to
recelver separation of 120 naut mi with the receiver at 100 and 500 ft.
“'hile the simulation results fall between the experimental and waveguide
height gain curves for the 100 ft receiver of Fic. (53), both geometric
optics and mode theory predict fields that are 5 to 10 db higher than
the field measured at this altitude. Unless both mode theory and geomet-
ric optics are in error, the most likely explanations are that either an
antenna alignment error still continued to exist or the duct did not re-
main stationary and horizontally homogeneous at the time of measurement.
In the case of the 500 ft high receiver the simulated height galn curves
given for the Guadalupe Island profile in Fig. (59a) again appear to be
in vetter agreement with the mode theory calculations than those simu-
lated with the trilinear profile in Fig. (59b). The experimental results,
while lacking the fine structure of either the ray optics or waveguide
height gain curves, are shown to be an approximate average of the calcu~
lated curves in Fig., (59). This may be due to either a change in the
duct refractivity which is not accounted for in either duct profile model
or the existence of other earth detached or evanescent modes which were

not included in elther the mode theory or geometric optics resuits.
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Tne results rresented in this paper indicate that classiczl zeomet-
ric ovtics yields moderately fzir vpredictioans of the strengta of & trop-
ostnericzlly ducted field at frequencies below 100 to 200 iHz, and rea-
sonzbly good estimates at freguencies above 500 FHz, The fields calcu-
lated from geomelric optics were senerzlly higher and more irrezular
than those obtained experimentally or from waveguide mode theory at 65
and 170 iZz, =zlthough at 170 :Hz both mode ani ray theories differed at
times from the measured field by as much as‘20 db. These errors may bve
related to problems in the alignment and calibration of the measurement
equinnent or in temporal and spatial fluctuations in the ducting layer.
In the case of the geometric optics results a further explanation mzy
lie with the restrictions of Zas. (77) and (78) in Chapter IV, which
state that ray theory is useful as a propagation model only at high fre-
quencles. llonetheless, ray optics appears to provide an order of magni-
tude approximation to the field as low as 55 }THz, which could conceivably
be extended down to 30 Liz where atmospheric refraction becomes the pri-
mary mechanism for long distance radio propagation.

3y contrast, the fields calculated from geometric optics at 520 and
3300 iz were generally within 5 to 10 db of both the experimental and
vaveguide theory results. 1In some of the examples shown at these higher
frequencies, ray theory was in better agreement with waveguide theory thar
“ith the experimental data. Again this difference may have resulted fron
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equipment error or inhomogeneities in the duct layer., Finally, the ray
theory calculations which had the closest agreement with either experi-
mental or mode theory results were those derived from the Guadalupe Is-
land refractivity profile. The only plausible reason for this outcome
is that the Guadalupe Island profile, by including several variations in
the refractivity structure both within the ducting layer and near the
earth surface which were not modeled by the trilinear profile, simply
was more representative of the Guadalupe Island duct.

Limitations that are inherent to classical ray theory have been
noted throughout this paper., These include the inability to model dif-
fracted fields and certain propagating (leaky) and nonpropagating (eva-
nescent) modes which are present in a tropospheric duct. Regions in
vwhich these effects are of concern, such as the earth shadow region and
the area above a duct, must then be treated by the diffraction and wave-
guide mode theories of physical optics.

Despite its obvious limitations, geometric optics provides a useful
qualitative as well as quantitative description of the effects of atmos~
pheric refraction on wave propagation. Given a distribution of atmos-
pheric refractive index, the ray trajectories of geometric optics yield
an easlly understood representation of wavefront propagation through lay-
ered atmospheres with a minimum of computational effort., Furthermore, un-
like waveguide mode theory where large numbers of modes may be required to
obtain a field solution, geometric optics is able to make rapid and effi~
clent field calculations for different frequencies, polarizations, and
surface properties based upon a single set of ray trajectories, This a-
bility to lend a physical interpretation to refraction effects plus the
ease and efficiency of computation, make ray theory an attractive alter-

native to the more laborious mode theory of propagation, especially when
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- several layers are present in the atmosphere. Ioreover, the results pre-
sented in this thesis indicate that geometric optics, when properly un-

i‘ derstood and applied, offers a reasonably accurate method for determining

the strength of a2 field in an inhomogeneous atmospheric structure, such

as a tropospheric duect, which is comparable in realism to that of wave-

.I guide mode theory.
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This sppendix provides a description plus instructions for use of

the ztnospheric refractivity computer simulation (ATRZT) discussed in

Chapter V. Zrogram ATREF is written in Ixtended FJRIR.n language for

the CIC 6500 digital computer system and requires approximately 65,000

octal words of memory. Approximately 12 to 15 seconds of central proc-

essor time are required to calculate the ray trajectories and height

gains for an emitter at one frequency. Program input is given in stan-

dard card image form and output is provided in both printed and on-line

CALCOI® plotted formats, depending on user selection. . description of

the executive program and seven subroutines of the computer simulation
is given below.

ATRIF is the main executive program which controls the input/output

functions, refractivity model selection, and calculation of the ray tra-

Jectories and height gain curves. Refractivity profiles may consist of

either the stored free space or exponential CIPL models given by Zgs.
(16), (129), and (130), or an input profile. Input profiles are stored
as plecewise linear functions connecting the data points of the profiles.
RZrrCT performs the printing and plotting of the refractivity and
refrzctivity gradient profiles,
R¥IITC sets up the integratlon of the ray trajectory and time of
Propagation differential equations given by Igs. (131, through (133).
“hen 2 ray crosses 2 boundary between two plecewise linear segments of
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an input refractivity rrofile or when a2 ray intersects the earth, RKINTG
intezrates to the boundary by means of a variable step size interpola-
tion algorithm. The rzy equatlons are then reinltialized at the boundary
and intezration continues until another boundary is crossed, repeating
the interpolation process.

RK integrztes the ray equations by means of a fourth order Zunge-
Iuttz algorithm using either an intesration step size of DZLX=XDZLT4/1C,

LN

where JOZLT» is the distance intervel zlonz the earth's surface for
vrinting and plottinz the height zain curves, or a step size computed
by the interpolation operztion in subroutine RXIUTG.

ATHOS computes atmospheric refractivit at the ray heignt and sets
up the ray equations for use in subroutine Ri.

T calculztes the complex Tresnel reflection coefficient znd
susfzce ousaness factor for use in Igs. (153), (159), and (1°7).

T HAATIH coriputes the relative field strength and power density by
means of Zgs. (137) through (160) in Chapter V. The height gain is ob-
tzined from field calculations at 100 overlapping "window" or altitude
increnments (of heizat 41, in Chapter V) between the highest and lowest
rzys. Jegions that are not correctly modeled by geometric optics, such

as earth shadow reglons and cazustics, are omitted in the height gain

plots and represenied in the printed ouiput by asterisks (*). P

PLOCTR draws and lzbels all vlot axes and prints two lines for lzb-
elins avove eacn plot, ZLOTTR also prints 2 one line bznner precedin:s
the plots for zdditionzl descriptive purnoses (e.z., the dzte), and pro-
vides for sczlinz the nlots fro:n their normal sizes (4:5 inches for I

znd &K/3h profiles »lois and 10x5 inches for »ay traces and height mzin

arves).

i




1k0

A flow Qiagram ang program listing are given in Figs. (60) and (61),

sample input and sample output shown in Tables
(10), (11), and (12), respectively.

with input specifications,

COMPUTE COMPUTE
RELATIVE RELATIVE
FIELD POWER
STRENGTH DENSITY

L
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PRISRAM ATREF (INPUT,OUTPUT,PLOT)
c .
Ce~==~THIS PIIGRAM IS A GZOMETRIC OPTICS MODEL JIF WAVZ PRIPAGATION
Co====THIDUG4 AN INHOMOGZINEQUS ATMOSPYZRE HAVING A VERTICALLY
Coe=~=STRATIFIED INDFX OF REFRASTION, THE OROGRAM CALCULATES THE
Co->~=DIRECTION OF WAVEFRINT PROPAGATION BY SOLVING T4E EJLER-
Ceec=a AGRANSE EQUATJIONS JF RAYS NORMAL TO INCREMENTA. WAVEFRONT
Cre===SURFFALIS. THI RAY TRAJEZTORIES ARE THEN USED Td COYPUTE
Ce=e=eTHE RELATVIVE EMITTER FIELD STRENGTH DR POWER OENSITY
Co==~«(NOIMALIZED TO FREE SPASE) AS A FUNTCTION OF ALTIYUDZ AND
Ce~===0DISTANZZ ALONG THE ZARTH'’S SURFACE. FIZLDS WHIZH A%
Cw====REFLZZTID FROM THE ZARTH ARZ ATTENUATED B8Y A FRISNE.
Co====REFLECTION COZFFICIZNT AND A SUIFACE ROUGHNESS TACTIR.
Coee==THZ EZLEVATION ANGLE AND TIME OF PROPAGATION ARZ CALSULATED
Co=e==ALING ZALCH RAY PATH TOQO DETERMINI THE DIRECTION JF THE
Co=v==WAVIFRONT PROPAGATIIN VZIITOR AN) THT PHASZ RELATIONSHIP
Ce=e==«BETHEZN INTERFERING WAVEFRONTS “OR THE FIELD STIENGTH AND
Co====PIRER DINSITY COMPUTATIONS.

COMMON /ZONECOM/ CRHsCRX4CRG,DTR, JAREA,NDATAL.C4CL+C2
1 2 RHO(51,36) yPHI(S51,30),PI,2MF,CNAUT,AHS
2 2 "RQy TPH ¢ NHV ¢ NSL o NRMS 4ABSRHs PHASE , THZTA
COMMON Z7THOCOM/ RALIELX,AHOLELOTS51) +JRAY,,EXMAX,,AHNAX,XFINAL
COMMON /THRCOM/ NELDJPLOTIPLASE,,VX(30),JCASE
1 sM(51,430),6151930)4HNIS55)IN(S0)Y,S(51,36)
2 e XSIZo¥SIZyIPLT yXMIN, YNINS,XDIV,YDIV
3 s XRAX, YMAX s NREF y NRAY y NPRO9NPLOToNGRAD
L] s (REF L KGRADLXP.OT .
DIMINSION POL(2),TEI(W) 4REFMODI(2,3)
DATA POL/L0HHORIZONTAL ,10HVERTIZAL 7/
DATA TZ/71DHSTA WATZR 10HDRY GRROUND,L0HAVG GROJIND,L1OMWZT GIOQUNI/
DATA RIFMOD/LOHFREE SPACE.10H MIDSL + 1IHEXPONENTIA,
1 10HL MOJEL +1GHINAUT PRIFLIGHILE vODZ, ¢/
DATA DTRGRAICHyPI/1,7453E~02+42.0325€407,2.9985+98,3,14159/
DATA C9F,CNAUY/3.281,6076.07

c SST UP THE NUMBER 0 PROGRAM RUNS
READ 308,NCASE
00 200 ICASE=1,NCASE

c

¢ RZAQD AND PRINT THE INPUT DATA

READ 300.NPRO

RSAD 30C,MDATA

READ 310, CIHNI{TIDIRNI(ID)),ID=1,NDATA)

READ 320 .AHS,AHO JAHYAX

READ 320.XDELTAXFINAL

RZIAD 320,ELO0S1,ELOS? . *

READ 320.FRQ,PN

READ 300 +NHV,NSL,NRYS

READ 300 4KREF,KGRAD,KRAY,KPLOT

RZAD 3)D,NREF,NGRADy,NRAY,NPLOT ]

PRINT 330 ‘
« PRINT 3uDoNCASE,NPRJ, (REFMOD(IRY,NPRO*+1) ,IRM=1,2)

PRINT 350,AHS,AHO,A4IMAX

PRAINT 360, XDELTALXFINAL .

PRINT 370,ELOS1,EL032

PRINT 330,FRAsPH4POL (NHV) , TERINSL) ,NRMS

Fig. 61. Program listing
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PRINT 390, KRZF,KGRAD,KRAY,KPLOT
PRINT %009 NREF,NGRAJ,NRAY, NPLOT

a0

CALS..ATE ZERO MEAN SEA LEVEL RIFRACTIVITY IF N3T ALREADY KNOWN
TIMP=NDATA ) ’
IF C¢HNINDATA)) 8,8,5
6 SLIPZ=(IN(NDATA~11-ANINDATAII /{ININDATA=~1)-HNINIATAY)
RNINDATA+1)=RN(NDATA) -SLOPE*HN(NDATA)
HNINDATA+1)=0.0
NTZMP=NDATA+1

L AT T s e

SIT UP INITIAL ATMOSPHERIC RZFRACTIVITY CONSTANTS
8 IF (NPV~-1) 10,15.23

o0 OO0

FREZ SPACE MODEL
10 C1=0.0C

C2=0.0

60 T3 25

o0

EXPONENTIAL MODEL

15 C1=313.0 .
£2=0.00004 386 -
GO TO 25

an

PIESE-dISE LINEAR MIDEL
20 C1=RN(NTENP)
C2=(ALIG (RN INTEMP)) ~ALOG (RN T1)) ) ZHN (1)

a0

SET UP INITIAL CONDITIONS
25 C=CMFe3N
NELD=50
CNZLO=(ZLOS1~-ELDS2) *FLOAT (NELO)
DENOT=1./FLOAT (NELD)
DELX=CVAUT*XDELTA/12.
EXMAX=SNAUT*XFINAL
FRA=1030000.0*FRQ
PLACS=SXMAX/DELX
TPH=>4/1000000.0
ICALS=CPLOT+NRAY+NP_OT
IPLASE=IFIX(PLACE) ¢1
IPLOT=NIEF+NGRAD+NRAY+NPLOT
JCASZ=ICASE
JOLT=¢
NELD=ITIXTICNILO) 2

[+ X+ N 2]

CALL ROUTINES IF THIRE IS A PRINTOUT OR PLOT OF THE
REFRACTIVITY PROFILE
JPLIT=L
IF (NRZF) 30,30,31
30 IF (XRZF). 33,33,32 )
31 CALL PLOTTR
32 CALL RZIFRCY

CALL ROUTINES IF THIRE IS A PRINTOUT OR PLOT OF THE
REFRACTIVITY GRADIENT
33 JPLIT=2

IF (NGRWAOD) 34,364,435

anon

Fig. 61, (continued)
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34 IF (KGAD) 37,37,35
35 CALL P_OTIR
36 CALL RIFRCT

c
c- CHI3K IF THERZ ARE ANY FURTHER SALCULATIONS
37 IF (ICALC) 200,2G0,40
c
c CHISK IS THERE IS T) BE A PLOT OF THE RAY TRACES. IF SO,
c CALL ROUTINE TO SET UP THZ PLOT AXES
40 IF CNMY) Ghy by b2
42 JPLOT=3
CALL PLOTTR
&% CONTINJE
¢ .
c ST U & LOOP TO CALCULATE THE ALTITUDE PROFILE OF ZACH RAY
D3 100 I=1,NELO
c
c INITIALIZE FOR INTE3RATION
CRH=AH)
CQK=D.D
ICCC=T-1
ELOII) =SLOS1-DENOT*FLOAT (ICCS)
EAN3=OTI®ELOC(I)
CRG=( (RA+CRH) Z/RA) *SIN(EANG) /COS(EANG)
JRAY=1
c
c CALL ROUTINE TO COM3UTE RWY TRAZES AND PROPAGATION TIMES
CALL RXINTG
180 CONTINUE
c
c RESET PARAMETER VALJES -
DELX=17.#0ELX
IPLASZ=IPLACE/10+1
CALL ROUTINES. IF THIRE IS A PRINTOUT OR PLOT OF THE
RELATIVE FIELD STRENGTH OR RELATIVE POWER DENSITY

120 JPLOT=S

IF (NPLDY) 130,130,140
130 IF (XP_.DT) 200,200.150
1640 CALL PLOTTR
150 CALL MS3AIN
200 CONTINUE

c
c CALL LIBRARY ROUTINZ FOR ON-LINZI PLOTTING
IF (IPLOT) 220,220,210
21¢ CaLL P.OTE ‘
PRINT 630 . -
220 CONTINJE
c

306G FORMAY (6IS5)

310 FORIMAT (2F15.7}

" 320 FOINAT (SF15.7)

330 FORMAT (1H1+2X,®ATMISPHERIC RADIO REFRACTIVITY ‘OHPJTATIONS’II)

340 FORIMAT (2X,* NCAS:=%,167/
1 2%, * NPRI=®,15/
2 2X, ¥ MODE.=*,5X,2A10)

350 FORMAT (2X,* AH3= %o F1042+4Xy*FEETR/

Plg. 61, (continued)
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, 1 22X, * AHI=®,F10.,2,4X, *FEET*/

i 2 2K o®  AHMAX=®*,F10,2,4Xy*FEET*)
| 350 FORYAT (2X+% XDELTA=Z®,F10.2,4X,*NAUT MI*/
DR 1 2X * XFINAL=®,F10.2,4X, *NAUT MI®)
o 370 FORMAT (2X % ELOS1=%,F10.2,4X,*035%/
™A 1 2X 4% ELOS2=%,Fi0.2,4X,*DEG*)

:h 380 FOIMAT (2X,* FRA=*sF1042,4Xy *MHZ*/

S 1 2Xy* PH=%4F10.2,4X, *MICROSEC*/
2 2%+* POLAR=*,5%X,A10/

: 3 2X+% TERRAIN=*,5X,A15/

L 4 2X, * NRM3=%,16)

. 390 FDOIMAT {2X,* - KREF=*,15/

e 1 2X+*  KGRAD=%,15/

" 2 2K * KRAY=*,157

v 3 2Xs*  KPLOT=#%,15)

400 FOIMAT (2X.* NREF=*,16/

2X4* NGRAD=*,15/

2Xs* . NRAY=%,15/

2%+ * NPLOT=%,15)

430 FOIMAT (S5X+®IND OF FILE uN PLOTTER TAPE®)
END

W -

Fig. 61. (continued)
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SUSRDUTINE REFRCY

PO

c

Ce-==-THIS ROUTINE CALCULATES AND PLOTS THE RZFRACTIVITY AND
C-==-=-REFACTIVITY GRADIENT PROFILES

c

ath
L
o Cal

COYMON /ONECOM/ CRHyCRX+CRG+OTRy JARZA,NDAT.\9CsC1,4C2
1 2HO(51,30) yPHI(51430)4PI4>MF,CNAUT,AHS
2 oTRAy TPHyNHV NSL ¢« NIMS JABSRH,PHASS s THETA
COMMON /TWOCOM/ RAJITLXGAHOLELO(51),JRAY SXMAXAHMAX s XFINAL
COMMON /THRCOM/ NELJ,JPLOT,IPLASE,VX(30),JCASE
1 © 94051 4930) 46(51930) 4 HN(53) ,IN(55),S(51,30)
2 oXSIZ4YSIZyJPLY s XNINy YNINSXDIV,YDIV
3 o XMAX o YMAX o NREZ 4 NRAY 4 NPRO4VPLOT,NGRAD
b s XREF 4 KGRAD,KPLOT
DIMENSION X(1503,Y(15G)

c PRINT 4ZADING IF THIRE IS A PRINTOUTY
IF (JPLIT~-1) 10+10+14

10 IF (KRIF) 18,18,12

12 PRINT 110
G0 7O 18 .

14 IF (XKGRAD) 18,418,116

16 PRINT 120

SIT UP INITIAL CONDITIONS TO CALCULATS REFRACTIVITY AND
. REFRACTIVITY GRADIENT VERSUS ALTITUDE
18 IF (NPIOD~-1) 20.,20.3)
20 I0=51
DELH=A4MAX/S0.
A=AHMAX+DELH
60 T0 40
30 ID=NOATA
L=0
M=)
IF C(HN(L1)=-AHMAX) 35,60,60
- 35 DELH=({aHMAX~-HN(1))/25,
A=AHMAX+DELH
ID=24
M=1D-1

00

C ~ SET UP A LOOP TO PRINT AND PLOT THE FREZ SPACE AND IXPONENTIAL 2ROFILZS
&0 CONTINJE
DO 55 I=1,ID
A=A=-DELH
X(I)=CL*EXP(-C*A)
Y(I)=A
IF (JPLOT~1) 42442446

c PRINT THE REFRACTIVITY PROFILE

42 Xi=X(I) . '
Yi=zY(I)
IF (XREF) Lhybhybs3

43 PRINT 1404T4Y1,X1

b IF (NRZIF) 54454450

c PRINT THE REFRACTIVITY GRADIENT PROFILE
IF (I-1ID) 47454454

Fig. 61.

(continued)




L7 X1=1002.%¢X(I)=-XUI+1))/7(Y(I)-Y(I+1))
Yis(YtI)+Y(I+1))/2.)
IF (XGWUMD) 49,49,u8

48 PRINT 14C,T,YL,X1

49 IF (NGRAD) 54,54450

c PLOT THZ REFRACTIVITY AND REFRACTIVITY GRADIENT PROFILES
S0 Xi1=xi/XDIV
Yi=¥¢I)/YDIV
¥Y2=¥v({I¢1d/7YDIV
IF (I-1) 52,52,53
52 CALL P.OT (X1,Y1,3)
53 CALL PLOT (Xi,Y1,2)
CALL P_OT (Xi,.Y2,2)
5S4 CONTINJYZ
55 CONTINJZ
IF (NP-1) 80,80,55

c SEY UP & LOOP YO PRINT AND PLOT THE PIECE-WISE LINEAR PROFILES

56 L=ID
| 60 LP=0D

D) 75 I=1,NDATA

IF CHNCI)=AHMAX) 61,61,74
61 L=L*t

LP=LP*y

M=ot

X{LI=RN{I)

VALI=HN(I)

IF CJPLOT=1) 62462455

c PRINT THE REFRACTIVITY PROFILE
62 X1=x{L)

Yi=y(L)

IF (XRI7) 64464463

PAINT 14TeboY4,X8

IF (NRIF) 74474470

63
64

[~ PRINT THE REFRACTIVITY GRADIENT PROFILE
65 IF (I-NDATA) 57,686,586
ﬁ 66 IF (INPID=1) 67,6797
67 X1=1003.%(XIMI=X(M+1)) /(Y (M)=Y (V&1
V=Y (M) +Y(Me1)) /2.0
. IF (KGRUD) 69,69,68
68 PRINT 14GeM,V1,X1
2 69 IF (NGRIRDY 74,74,70

c PLOT THE REFRACTIVITY AND REFRASTIVITY GRADIENT PROFILES
70 X1=X1/XDIV . .

Yi=Y{M)/YDIV

¥2=Y(M+1)/7YDIV

(-]

72
*3

Th
75

IF (LP-1)
CALL P_OT
CALL PLOT
CALL P_OT
CONTINJZ
CONTINUZ

T2,72,73

(X1,Y1,3)
(X1,Y3,2)
{(X14Y242)

Fig.

61. (continued)
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POSITION THE PEN IFf THERE HAS B-EN A PLOY
80 IF (JP_OT~12 93+96.32
90 IF (NRZZ) 96,356,494
92 IF (NGRWAD) 96,96,94
94 CALL PLOT (0.040.0,53)
CALL P_OT (8.0,~30.14-3)
CALL PLOT (0.L42.04-3)
96 CONTINJE
RETURN

110 FOIMAT (/7/7/723IX,*REFJIACTIVITY PRIFILE*/10X,%I%,8X,
1#ALTITIOC® 4 BX  ®REFRACTIVITY®*/21X ,*{FT)I %, 11X, * (N-UNITS) ¥)
120 FOIMAT (///713X,*REFRACTIVITY GRADIENY PROFILE®*/1UX,%I%,8X,

1#ALTITIOCE® s 7X s *REFR GRADIENT® /21X #(FTI*#,9X,*(N-UNITS/KET) *)
140 FORMAT (8X413,2(6Xy713.2)) .
END

Fig. 61. (continued)
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. SU3IIJUTINE RKINTG
c
C=~=-<~THIS RIUTINE SETS U2 THE INTEGRATION OF THE RAY TRAJECTIRY
C===--AND TIMZ OF PROAGATION EQUATIONS FOR EACH RAY. WHIN A RAY
C~~~~=~CISSET A BOUNDARY 3ETHEIN THE 2IECZ-WISE LINEAR SESMENTS
C-==-=-0F THE REFRACTIVITY PROFILE OR THE B0UNDA~y AT THE ZARTAH’S
§=r-===SURFACZ, THZ RAY CQJATIONS ARE INTEGRATED TO THZ BOUNDARY
L-ee--BY MSANS OF A VARIASLE STEP SIZZ INTZRPOLATION ALGORITHNM.,
Ce===<THE RAY EQUATIONS ARE THEN RE-INITIALIZED AT THZ BOUNDARY
C===<-AND INTEGRATED TO T4E NEXT BOUNDARY, WHERE THE INTZRPOLATION
Ce~---1I5 REPEATED.
Pt .

COMMON /ONECOM/ CRHyCRX,CRGsDTRy JAREA,NDATALC+C1,C2

1 +RHO(51,30),PHI(51,30)4PI, MF,CNAUT,AHS

2 97 MWy TPH 4 NHY 9 NSL g NIMS ,ABSR4,PHASE , THETA
COMMON /THOCOM/ RALJZLXsAHO,ELO(51) 4JRAYEXMAXAHMAX XFINAL
COMMON /THRCOM/ NELJ,JPLOT,IPLAZE,VX(30),JCASE

s4151,433),6(51,30),HN{50),N(50),5(51, 36)

9XSIZ4YSIZ4JSPLT 4 XMIN, YMIN,XDIV,YDIV

2 XMAX o YMAX o NRE= 9 NRAY 4 NPRO, VPLOT,NGRAD

s {REF ¢ KGRADKP_OT
DIMSNSION YINT(10),3ELXX(5),PINT(10)
DATA DILXXyNEQ/10000+91000.+100,910090.427

EWN -

c SET JP INITIAL CONDITIONS

D) 10 I=1.10

- PINT(I)=0.0

10 YINTII)=0.0
L=1
AN3LZ=0.D
RHMAS=1.0
STPX=0D:IL X
VX(L) =CRX
HUJRAY,L)=CRH
SUJIRAY,L)=ATANI(CRG*A/ (RA+CRH))
GLJRAY,L)I=PINT (1)
RHI(JRAY, L) =RHMAG
PHI(JRAY, L) =ANGLE
YINT(1)=CRH
YINT(2)=CRG

" VALG=YINT(2)

VGYINP=PINT (1)
VHTEMP=YINT (1)
VXTEYP=CRX
IC0DE=3 y -
I1=¢

CHZCX IF A RAY TRACZ IS TO BE MADE
IF (INRAQY) 14,14,11

TEST FOR ‘MAXIMUM ALTITUDE
11 IF (CR4-AHMAX) 12,12,13

o0 oo oo

MAXTIMUYM ALTITUDE NOT EXCEEDED. POSITION PEN AT IMITTER COORDINATEZS
12 X=0.0

Y=CRH7YDIV

CALL PLOT (XsY,ICO0Z}

Fig. 61. (continued)
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ICoDz=2
60 TO 14
c
c MAXIMUM ALTYITIDE EXCEEDED. POSITION PEN AT UPPER LEFT HAND GRAPH ZORN:ZR
13 =0.0

Y=A4MAX/YDIV
CALL PLOT (X,Y,IT"DI)

= . 14 IF (JRAY-1) 15,15,22
i c FIND WHICH LAYER THI EMITTER IS IN
15 CONTINJE

DD 20 I=1,NDATA

o IF (SR4-HN(I)) 20423416
i 16 JAREA=T

2 IxvrR=1

: . 6D 1025 .

o 20 CONTINUE

! GO T2 25

» 22 JAREA=JXNIR

i 25 CONTINJE

o0

SET JP A LOOP FOR INTEGRATION OF THZ ARRAYS “YINT™ AND "PINT™
DD 200 I=2,IPLACE °~
I1=11I+1

CALL ROUTINE Tb INTZIGRATZ *YINT™ AND “PINT*
CALL RX (NEQyCRX¢STPX,YINT,PINT)

00 OO0

CHZIOK AHICH LAYER THE RAY IS IN
10C KARZTA=JAREA .

D0 120 J=1,NDATA

IF (YINT{1)-HN(J)) 120,120,110

‘ 110 KAREA=J
‘ 60 TO 125
", 120 CONTINUE
.:4 c :
B c SET UP LAYER IF RAY HAS INTERSESTED EARTH’S SURTACE

b f IF (YINT(L1)~-AHS) 122,122,125
B ‘ 122 KAREA=NDATA+1
- < 125 CONTINUE

CHESK AHICH LAYER BJUNDARY, IF ANY, HAS BEEN CRISSED FIRST
IF (JAREA-KAREA) 140,145,130

aag OO0

AN UPPIX BOUNDARY HAS BEIN CROSSED
130 BNIRY=4N(JAREA-1)

KARZA=JAREA-1

60 V0 150

(¢ X+

A LIWER BOUNDARY HAS BEEN CROSSZIO
140 BNDRY=4AN(JAREA)
KAISA=JAREA+L .

GO T0 150 ,
c
b c NO BOUNDARY HAS BEEN CROSSED. STORE ARRAY VALUSS EVERY
E] c TENTH INTEGRATION STEP
, ! 145 IF (II-10) 148,1464146

e o s B
a1 s s 4

Fig. 6l. (continued)
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e 146 II=0
=Ly
VX(L)=3RX
HUJRAY,L)=YINT (1)
SCJRAY.LI=ATANCYINT(2)*RA, (RA+YINT(1}))
GUJRAY,LI=PINT (1)
RHI (JRAY, L) =AAMAG
PHI(JRAY,L)=ANGLE

1648 VALG=YINT(2)
VXTEZMP=zLRX
VHT-EMP=YINT (1)
VGTEMP=BINT (1)
STPX=DILX

CHZLK I7 A RAY TRAC:I IS TO BE MADE
IF (NRY) 20042004132

& WA@Y TRACE IS TO 8z MADE. CHESIK FOR MAXIMUM ALTITJDE .
152 IF (YINT(1)-AHMAX) 154,154,156

o0 00 00

MAXIMUM ALTITUDE NOT EXZEEDED. CALL ROUTINE TO PLOT THE RAY
154 X=JIX/XDIV .

Y=YINT(1)/YDIV

CALL ®_3T (X,Y,ICODZ)

ICoDZ=2 '

60 T0 158

c MAXIMUY ALTITUDE EXJEEDED. TURN OFF PLOTTER
156 IC0DZ=3
158 IF (JARZA-KAREA) 173,200,170

c THE LAYSR BOUNDARY 4AS BEEN FOUND. SET UP FOR LINSAR INTERPOLTION SSHZIvZ
160 0XTIT=3. ’
HTEMP=YINT (1)
CRX=VXTzMP
YINTC1)=VHTEMP
YINT(2)=VALG
PINT(1)=VGTEMP

c SET UP VARIABLE INTZIGRATION STE® SIZE AND INTERPOLATE T3 THE BOUNDARY
DD 165 IJK=1,5
XX==~YINT(2)/YINT(3)
XYCHK=XX®XX=2,%(YINT(1)-BNDRY)/VINT(3I)
YY=SQIT (XYCHK)
CHEX=XX+YY
IF (XX.6T.YY) CHGX=XX=-YY
IF (1J4.G6T.4) CHGX=(BNDRY-YINT(1))/YINT (2}
SD=STPX-0XTOT
IF (tC45X.LE.9.)«0R. (CHGX.GE.SD - 1) CHGX=
o 1 (STPX=DXTOT)*(BNDRY=YINT(L) ) /(HTEMP-YINT (1)}
N CH3X=C4GX-DELXX (IUKD
- IF (CH3X.LE.G.) GO TO 165

-\‘ )

. c CALL RIUTINE TO INTIGRATE TO THI BOUNDARY
4 CALL RX (NEQsCRXoCHGX,YINT ,PINT)

- BXTIT=IXTOT «THGX

Fig. 6l. (continued)
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165 CONTINUE

c
c CHZI3X IF A RAY TRACS IS TD BE MADE
IF (NRAY-1) 170,152,152
c
c CHI3C IF RAY HAS INTSRSZSTED EARTH’S SURFACE
170 IF (<AREA-(NDATA+1)) 490,180,18)
Cc
c RAY HAS CROSSED ZER) ALTITUDE BOUNDARY. FIND INSIDENT GRAZING ANGLZ
180 THEZTA=ABS(ATANCYINT(2)))
c
c CALL ROUTINE TO CALSULATE COMPLZX SCATTERING COZFFIZIENT
CaLL SCATY .
[
c SET UP COMPLEX SCATTERING COEFFICIENT
RHMAG=IHMAG*ABSRH
ANGLZ=ANGLE+PHASE
c .
c ADD MULTIPATH RAY
00 185 LL=2,10
185 YINT(LL)==YINT(LL)
©  KAREA=NDATA
c .
[ SET UP TO INTEGRATE FROM THE BOJNDARY TO THE NEXT “JELX"
190 JAREA=CAREA .
VXTEMP=CRX
VHTEMP=YINT (1}
VALG=YINT(2)
VGTEMP=PINT (1)
STPX=STPX-DXTOT
c
c CALL ROUTINE TO INTZGRATE FROM THE BOUNDARY TO THE NEXT “DELX™
CALL RC (NEQySRX¢STX,YINT,PINT)
c
C CHZICK FOR MORE BOUNDARY CROSSINSGS
60 T0 102
200 CONTINJE
c
c TURN DTF 'THE PLOYTER IF THERE I3 A RAY TRACE PLIT
1C0DE=3
IF (NRAY) 233,230,210
240 CALL P_.OT (X,Y,IC0ODZ)
[ .
c BHECK IF THIS IS A PLOT OF THE LAST RAY, IF SO,
c POSITION THE PEN FOR THE NEXT PLOT,

IF (JRAY-NELO) 230,220,220
220 CALL P_OT (0.040.0+3)
CALL P.OT (16.04-30.0,~3)
CALL PLOT (0.042.04-3)
230 CONTINUS
- RETURN
- END

Fig. 61, (continued)
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c SUBROUTINE RK (NoXNoH,Y,P)
C=====THIS RIJTINE INTEGRATES THE RAY TRAJESTORY AND TIMZ OF
C--=-=~PRIPAG*TION DIFFERENTIAL ZQUATIONS BY MEANS OF & FOURTH
Co===eDP2C WNGE-KUTTA A.GORITHM USING AN INTZGRATION ST:ZP
Ce====ST2Z 07 H = XDELTA/10, WHSRE XDILTA IS THZ DISTANIZ INTERVAL
C=-===ALING THE EARTH’S SJRFACE FOR PRIINTING AND PLOTTING THE
C=====HEIGHT GAIN CURVES, OR W = CHGX WHERE CHGX IS A VARIABLZ
Co====STEP SIZE SET BY THI INTSRPOLATION ALGORITHM IN
C=-===SUSRIUTINE RXINTG.
c

DIMENSION Y(1034P(13),¥YDOT(10) ,PDOTLL0) ¢QUL04)sRILD %)

1,YNCL0) ,PNC10)

00

SET UP INITIAL CONDITIONS
00 S I=14N
INCETY =Y LID

5 PN(I)=2(])

SIT UP & LOOP TO INTEGRATE THE JIFFERSNTIAL EQUATIONS
00 60 L=1.4

CALL ROUTINE TO SET UP THE DIFFZRENTIAL EQUATIONS
CALL ATMOS (Y,P,YDOQT,PDOT)

a0 o0 o0

INTEGRATE THE ODIFFERENTIAL EQUATIONS
GO TO (10+20+30440),L
16 00 15 <(=1,4N
QK L) =4*YDOT (K)
15 YIXK)=YN(K) +Q(K,L)/2.
R{1,L)I=H*PDOT (1)
PC(1)=PN(L)+R(1,.L)/2.
X=XN#H/2.
60 70 5¢C
20 D00 25 <=1.N
QKoL) =H*YDOT (K)
25 Y(K)=YN(K}+Q(K4L)/2,
Rt1,L)=H*PDOT (1)
PULI=PN(1)+R(L, L) /2,
X=XNe¢H/2,
60 10 5¢C
30 DD 35 ¢=1.N
QKLY =H*YDOT (K}
35 YIK)=YNIK)+Q(K,L)
R(1,L)=H*PDOT (1)
PLLI=PN(1) +R(L,L)
X=XN+H . .
60 T0 50
&0 DD 45 X=1.N
QK L) =H*YDOT (K)
45 YIK)=YNIK)+(Q(Ke1)+2,0%Q(K42)42.07%Q(K,3)+Q(Ko&))/76.)
RE1,L)zH*PDOT (1)
. PULIZPN(1)+(R{141)42.0%R(1,2)42,0%R{1,3)+R(1,4))/6.0
XNz XNeA ' .
S50 CONTINUE . .
CONTINYZ

Fig, 61. (continued)
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CALL ROUTINE TO FIND THE VALUES OF THE DIFFERENTIAL EQUATIONS
AT THE END OF THE INTEGRATION STEP
CALL ATMOS (Y,P,YDOT,PDOT)

o0 OO0

STORZ THE NEW DERIVATIVE OF THE RAY SLOPE
Y€3)=Y30T(2)

RETURN

END

Fig. 61. (continued)
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SU3RJOUTINE ATMOS (Y,P,YDOT,PDOT)
c

C=====THIS RIUTINE COMPUTZS ATMOSPHERIC REFRACTIVITY AT THE

C=====RAY ALTITUDE AND SETS UP THE RAY DIFFERENTIAL EQJQUATIONS

c
COMMON /ONEZCOM/ CRH,CRX4CRG,0TRs JAREA,NDATA,C+C1,02
1 +AH0 (51, 30) +PHI (51,301 ,PT+5MF4CNAUT,AKHS
2 » "W+ TPy NHVyNSL s NRMS ,A3SR4, PHASZ s THZTA

L oam o b i oaie ane sl ool AN ol St SENAL o
- T - r.‘ . \.f‘-. . = . e T .

R o

COMMON /TWOCOM/ RAJDELX4AHOLELO{51) 3 JRAY, ,ZXMAX,AHMAK, XFINAL

COMMON /THRCOM/ NELD,JPLOTLIPLACE,,VXI30),JCASE
24(514301461(51,30) HN(S50),IN(SD),S(51,30)
e KSIZyYSIZeJPLT« XMIN, YMINLXOIV,Y01V
s XMAX, YMAX 4 NRE= 'NRAY'NPROQVPLOTvNGRAU
s CREF s KGRADKPLOT

DIMINSION Y {(10),P{13),YDOT(10),200T(10)

FWUNe

Q0

SZT UP INITIAL CONODITIONS
CH=Y (1)
Ce=v(2)

TEST FIR THE APPROPIIATE ATMOSPHERIC MODEL
IF (NPRW-1) 10,10,2)

o0 00

FREZEZ SPACE AND EXPONENTIAL MODELS
10 REFR=J1*EXP(~22%CH)
DLNDH=-C2%REFR*1.0E-06/(REFR*1.0E~06 + 1.0)

60 TO 100
C .
Cc THZ ATMOSPHERE IS STRATIFIED. SELECT THE APPRO?RIATE MODEL
20 IF (JARETA~-1) S50,50,50D
c
c ALTITUDZ IS ABOVE THE HIGHEST RIFRACTIVITY PROFILE 3ATA POINT,
c USE AN EXPONENTIAL MODEL WHICH TITS THE DATA
50 RIFR=T1%eXP(-C2%CH)
DULNDH=-C2*REFR®1.0E-G6/(REFR*1,0E-06 ¢+ 1.0)
G0 TO 10¢
c
c ALTITUIE IS BELON THE HIGHEST RIFRACTIVITY PROFILE JATA POINT.
c USE A PIECE-WISE LINCAR MODEL
60 SLOPE=(RN(JAREA~-1)- ?N(JAREA))/(1N(JAREA-1)-HN(JAR°I))
B=INCJAREA) -SLOPE*HN(JAREZA)
c
c COMPUTZ REFRACTIVITY FOR THE PIZCE-NISE LINEAR 4OD:.
80 REFR=SLOPE®CH + 8
DLNDH=(SLOPE®1. 05-0:)/(R‘FR‘1 0‘-06 + 1.0
c
c COMPUTZ THE DERIVATIVES FOR RAY TRACES -

100 RAD=RA+SH
YOIT(2)=RAD® (2. D% (RA®CG/RADI®*2 ¢
1 JLNOH#RAD® ((RA*CG/IADI®*®2 + 1,0)%%2 + 1.0)/7RA®®2
YBIT(1)=C6

c
c . COMPUTI THE DERIVATIVE FOR TIME OF PROPAGATION
PDIT(1)=RAD*(REFR*1,0E-06+1.0) :
1°*SQRT{1.0+(RA®CG/RAD) **2) 7 (C*RA)
RETURIIN
END

Fig. 61. (continued)
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SUBROUTINE SCATT
i ")
Coe===THIS RIUTINE CALCULATES THE COMOLZIX SPECULAR SCATTIRING

Coe===COSTFIZIENT FOR WAVIFRONT REFLEZTION FROM SMOOT4 OR ROUSH
C-===<LAND AND SEA SURFAC:S

c
COMMON /ONECOM/ CRH4CRX,CRGyDTRy JAREA,NDATA,C,CL,C2
b 2IN0L53,30),PHI(51,30),PT, MF.CNAUT,AHS
2 2TWe TPRINHV yNSL o NRMS 9ABSR4,PHASI , THETA
DIMENSION EPS{34+2),3IGMA(3,2),DILHSLI9,2)
REAL NI.NR
D.TA E’S,ICIGC 9969.'6500‘0- '10 .ngole
DATA SIGMA/4.3+6e5915e¢0+¢00019430169.087/
DATA DILHSL/04ve292391¢893e732:¢54%039846412,.9
c 10 0. ’9..35. 9560 ’112"21“. '“29- '12’6.’21"5.’
c SET UP INITIAL CONDITIONS
IF (Io) 16,10,50
10 IC=1
JI=NIMNS+1
IF (NSL~-1) 12,12,30
12 KK=1
IF (FRJ-150006060006.) 14416416
14 II=%
60 T2 40
i6 IF (FQQ-5000000000.) 18,20420
18 I1=2
G0 TO &6
20 11=3 ;
60 TD &2 :
30 KX=2
II=NSL~1
(
c CALSULATE THE COMPLIX DIELECTRIS CONSTANT
40 ER=ZPS(II,KK)
EI=60.0*SIGMACIIKK) *C/ (CHF*FRQ)
A=SART (SR**24ET*52)
ALPHAZATAN2 (EILER)
DELTAH=DILHSL (JJ,4KK)
c
c CHECK W4HICH POLARIZATION IS BEING USED
50 IF (NHV=1) 60,60,78
c
c HOIYIZONTAL POLARIZATION

60 NR=SIN(THETA)-SQRT(A)*COS(ALPHA/2.)
NI=SQRT(A) *SIN(ALPHA/2.)
DR?SIN(TH;TA)OSQRTlA)‘COS(ALPHA/Z )
DI=SQRT(A) *SIN(ALPHA/2.}
6R= (NR®*ODR=NI*DI)/7{D**24D1I*%2)

- GI=(NR®DI+NI®OR)/(DR*%2+D1I>"2)
GO T0 -50

c VERTICAL POLARIZATIIN
70 NR=SQRT(A)®COS(ALPHA/2,)*SIN(THIZTA)~1,0
RI=SQRT{AYSSINCALPHA/2.) *SIN(THITA)
DR=SQITLA) *COSC(ALPHA/ 2.1 *SIN(THITAY+1,0
DI=SQRT (A) *SINIALPHA/2.)*SIN(THITA)

Fig. 61. (continued)
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GR= (NR®DR+¢NI®DI}/(0*%2+0I%%2)
GI=(NR®DI-NI®DR)/(D**2+DI%*2)

CALCULATE THZ COMPLIX FRESNEL RZFLECTION COEFFISIENT
ABSIH=SART (GR®*¥2+4GI%*2)
PHASZ=ATAN2 (-GIyGR)

CALCULATE THZ TOTAL SPECULAR REFLZCTION COEFFICIENT
ABSRH=ABSRH®EXP(=0.5% (4 0®PI*DELTAN®SIN(THETA) *FRQ/ ) *%2)
RETUIN

END

Fig. 61. (continued)
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SUBROUTINE HGAIN
c
Co====THIS RIUTINE COMPUTZIS RILATIVE “IELD STRENGTH AND PIHER
Co====DENSITY (NORMALIZED TO FREE SPAJEZ VALUES). HEIISHT SAINS
Ce=v=«A0I JIQTAINED FROM CALCULATIONS AT 100 “WINDOWS™ DR ALTITUDE
Coe==~INZREMINTS EXTENOIN> VERTICALLY BETWEEN THE HIGHEST AND
Co==~<LOWEST RAYS.,
c

COMMON /ONECOM/ CRHyCRX+CRG+DTRy JAREALNDATAC+CL,4C2

1 +RHD(51,30) yPHI(51,30) 4PI,SMF,CNAUT,AHS
2 s RQy TPy NHVoN3L o NRMS ;ABSRH 4 PHASE y THETA
COMMON /TWOCON/ RAZIELXAHOLSELO(51)4JRAYEXMAX,AHMAX XFINAL
COMMON /THRCOM/ NELDZJPLOT ,IPLASE ,VX(30) ,JCASE

v 4(51,30),G(51,30) yHN(5D),IN(50),S(51,30)

o XSTIZoY¥SIZ4JPLT o XMIN, YMINGXDIV.YDIV

s XMAX 4 YMAX,NREF+NRAY s NPROyNPLOT,NGRAD

+ XREF 4 KGRADKP_OT
DIMENSION L (51),TDIFF(33),ESIG(30),PSCL3)
1¢TSIGCIC)JESIGT(30)4PSCT(3C)TSIGTL(IN
DATA 292IV/40.0/

S UWUN -

€ - SET UP INITIAL CONDITIONS
R1=RA+1AHD
XN=DELX/XDIV
YN=AHMAX/YDIV
Y¥YS=AHS/YOLIV
NP=100

SET UP A LOOP TO CALCULATE RELATIVE FIELD STRENSTH IR
PONZR JENSITY AT EACH INCREMENT OF DISTANZE

DO 1000 K=2,IPLACE

HLIzAHYAYX

U=VX{K)/7RA

aaon

i FIND HIGHEST AND LODAEST RAYS

00 10C I=1,NSLO

HLO=AMINI(HLO H(I,K))

IF (HLJL.EQ.H{T,K)) IRA=]
100 CONTINUE

HHIZAMINLI(H(1,K),AHMAX])

HODIFF=4HI-HLO

HTBZABS (H(1.K)=H(2,K))

EXIT IF ALL RAYS EQUAL OR EXCEZED THE MAXIMUM ALTITUDE
IF tHLD-AMMAX) 200,1100,2100

SET UP WINOOW SIZE AND WINDOW PISITIONS TO EXCLUDE THE
HIGHEST AND LOWEST RWYS
200 WINDOW=4DIFF/9S,
HNON=H4I-WINDOW/10.
HFINAL=4LO+WINDOW/13.
RUP=HNOW=HF INAL i

QOO0 o0

(2 X +]

FIN) THE ALTITUDE INCREMENT FOR EACH NEW WINDOW POSITION
DH=RWP/FLOAT(NP)
HNON=HNOW+DH

Fig. 61 . (continued)
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=i
e SET UP A LOOP TO POSITION THE WINDOW EVERY “DH™ FEET IN ALTITUDZ
DD 300 J=1,.NP
HNOH=HNONW~DH
c
c CALCULATE THE UPPER ANGLZ LIMIT SUBTENDED BY THI WINDOW IN
c FREZ SPACE
R2=A+4ANONW
DSQ=U**2 + R2*%%2 - 2,0%R1*R2¥CIS(U)
E1=AC23((DSQ ¢ (RI*TANCUI)**2 « (R1/COS(UI-R2I**2)
1/7€2.0%A*TANCU) *SART (DSQ) )
c IF (R1/20S(U).GT.R2) El=-E1
c CALCULATE THE LOWER ANGLZ LIMIT SUBTENDED 8Y THI WINDOW IN
c FREE SPACE
R2=3A+ INOW=-WINDOW .
DSQ=W*%2 + R2%%2 - 2,0%R1*R2*CISIL
E2=AC0O3((DSQ + (RL¥TANCU))**2 - (R1/CIS(UI-R2)**2)
1/7(2.0%UTANCU) *SQRT (DSQ)) )
IF (R1/50S(U).GT.R2) E2=-22
EDIFF=SART(ABS(E1-E2) /DTR)
c
c CALCULATE THE ELEVATION ANGLE 07 THE EMITTER AT THE WINDOW
R1=RA+4NOW-NINDOH/2.
R2=U+1HO
DSQ=1**2 + R2%¥¥2 - 2,0®R1*R2*CIS(U)
A2=ACOS((DSQ + (RI*TAN(U)) *%2 - (R1/COS(U)~R2)**2)
1/702,0%L*TANIV) *SQRT (DSQ)))
IF (R1/30S{U).6T.R2) AD=-AQ
c
c SET UP THE WINDOW ALTITUDZI PLUS ITS UPPER AND L.WER BOUNDARIES
HUZ=HNDW :
HH=HNOW-WINDOW/2,
HDN=HNIW-HINDOMW
¢ "
" C SET UP CONTROL INTESERS FOR EACH RAY
DO 220 Y=1,NELO
IF (H(I,K).6T.HUP} 30 TO 210
IF (H(I,K).LT,.HDN) 30 TO 215
LeIy=2
.60 TO 220
~ 210 L(I)=3 .
e 60 T3 220
. 215 L(I)=1
- 220 CONTINJE
r"- c M
. c SIT UP INITIAL CONDITIONS
24 E=0.0
e JSLOPE=C
o JREV=0
o JSTART=D
N JSToP=1 :
-, LC=0 .
L".;' THAX=0,0 -
1, KT97=0
7] MEL=NE.D-1
St DD 222 IFS=1,2
;y; TDIFF(IFS)=0.0
3
&
25 Fig. 61, (continued)
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ESIG(ITS)=0.0
IF (L{1).NE.2) GO T3 225
INITIAL
JSTART=1
Lc=1

Ji=1

CONTINJE

CONDITIONS IF FIRST RAY IS INSIDE THE WINDOJ

SET UP A LOOP WHICH SCANS RAY HIIGHT VERSUS ELEVATION ANGLE
DO 600 I=1,M=L

JLAST=)SLOPE

JC=IABSCL(I)-L(I+1))

IF (LtIN-L(I+1)) 263,400,240

NOIMAL MY ORDER
JSLOPE=1

IF (JLAST.EQ.2) GO TO 310
G0 T0 270

INVERTID RAY ORDER
JSLOPE=2
IF (JLAST.£Q.1) GO YD 318
CHZCK IF NEXT RAY I3 THE LONWEST
IF (I+1-IRA) 280,272,280

NEXT RAY IS THE LONIST. CHECK IF IT HAS BEEN RIFLECTZD FROM THI ZalTH
IF (RHD(IRAK)=1.D) 274,290,290
LOWEST AY HAS BEEN REFLECTED. SET ITS IMAGE ALTITUDE BELOW THIZ ZARTH

H{T#14 <) =AHS-H({I21,4}
60 Y0 29¢

CHICTK IF THIS RAY IS THE LOMWEST
IF (I-IRA) 290,500,290

EITHER ONE OR TWO WINDOW LIMIT CROSSINGS
IF (JC-1) 300,300,330

LIMIT CRISSING
LC=LC+1
IF (LC-1) 340,340,35C

RAY ORJIER REVERAL OCCURS,
IF (JC-1) 3204326+230

CHECK IF RAY BUNDLE IXISTS INSIOE WINDIM

CHZCK IF RAY REVERSAL OCZURS INSIDE OR OUTSIDE THE WINOOW
IF (LD) 230,230,330 .

RAY ORIZR REVIRSAL ICCURS WITHIN THE WINDOW

J2=t -
JREV=Y '

G0 TO %ud

FIRST AINDOW LIMIT ZROSSING
Ji=Tet

Fig. 61,

(continued)
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150

o J2=1+1
!l IF (I1.ZQ.MEL.AND.L(NELO).EQ.2) 30 TO 420

nd 60 TO 500

{ c

¢ ZZOND WINDOW CROSSING

oo 360 J2=I
o 60 TO 440
S ¢
o c BOTH WINDOW LIMITS SROSSED. CHICK FOR NSARBY CAUSTICS
II 380 IF (ABS(H(I,KI-H{I+1,K))=5.0%HT3) 390,393,560

v c
Fo c BOTH WINDOW LIMITS SROSSED. NO CAUSTIC HAS BEEN FOUND
L 390 Ji=I+1 .
e J2=1
v GO TD 44D .
2N ¢ X -

' c NO NINDOW LIMIT CROSSINGS

400 IF (T.SQ.MEL.ANDJLINELOY.EQ.2) 350 TO 420

o0
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60O TO0 500
LAST RAY IS INSIDE AJINDOW

420 J2=NZLD

JSTIP=1 .

THZ INCREMENT OF RAYS AT THE WINDOW HAS BEEN FOUND.
CHIZOK IF RAY ORDER IS NOIMAL OR INVERTED.

440 IF (JLAST-1) 460+45604489

NOIMAL QAY ORDER. CALCULATE THZ UPPER AND LOWER ANSLES
SUBTENDID 8Y THE WINOOW.

= 460 EU>=ZLI(J1)

EON=ELD(J2)

IF (JUSTART.EQ.D) EVU>=

1ELI(JL1-1Y=(ELO(JL-2) ~ELI(JINI*(H(J1=-1,K)-HUP) 7 (4(JU1-1sK)-H(J1,K))
1ELD(JI2) - (ELO(J2)=ELI(J2+1)) *(H(J2 +K)I-HON) 7 {H{J2,K) =4 (J2¢1,K))
E=S2RT(EUP-EDN) :
PSSAT=241(J2+X)

RSCAT=RHO(J24K)

60 10 50¢C

INVIRTZD RAY ORDER. CALCULATE THE UPPER AND LOXZR AINGLZIS
SUSTENIJZD B8Y THE WINOOHW.
EON=2LJ(J1)
EUP=ELDI(J2)
IF (JSTART.EQ.C) EDN= . -
LELOCIL-1) = (ELO(JL-1) =ELD(I1) ) *(4(J1=2,KI~-HDOND /7 (4{J2 =215 K)=H(J1,K))
IF (JSTIP.EQ.D.AND.JREV.EQ.Q) EYP=
L1ELD U2 ~LELO(J2) ~ELI(J2+1) ) *(HLJ2 4 K)=HUP) Z7{H(J2+4K) ~H(J2¢+1,K))
" E=SQART(EDN-EUP)
PSCAT=2HI(J1,K)
RSCAT=RHO(J14K) -

SZT UP INITIAL CONDITIONS TO CALCULATE MEAN ELEVATIIN ANGLE
AND MEAN TIME OF ARRIVAL

KTOTzKTQV41

JAzJ1

Fir. A1 (continued)
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OO0 OO0

o 00

ano

510

520

S40

560

600

610

650

660

670

700

JB=J2

JCOUNT =0

IF (J1-J2) 520,520,510
JA=J2

JB=J1

CALCULATE MEAN ELFYATION ANGLE AND TIME OF ARRIVAL FOR ZACH
WAVEFRINT

SNZW=0.0

TNEW=0.C

DD -54C¢ JAB=JA,JB .
JCOUNT=JCOUNT ¢1

SNIHW=SVEW+S (JABWK)

TNER=TNEW+G (JAB,K)

ALPH==3SNIW/FLOAT (JCIUNT)

TSIGT(CTOT)=TNEWN/FLIAT (JCOUNT)

CALSULATE ANGLE INCREMENT OF EASH WAVIFRONT
ESIGY (KTOT)=E*RSCAT*COS{AQ)/COS(ALPH)
PSCTIKTOT)=PSCAT

RESZT INITIAL CONDITIONS TO CONTINUE SCAN OF HEIGHT VS ANGLE
HIIRAL ) =ABS(H(IRA,())

LC=0

JRIV=D

JSTART=D

CONTINJE

CHICK IF WINDOW IS IN A SHADOW REGION RESULTING FROM A CAUSTIC
IF (XTOT) 786,780,610

HINOOW IS NOT IN A SHADOW REGION. PUT WAVEFRONTS IN ORDER
0¢ THEIR TIMZS~OF-ARRIVAL
CONTINJE

DD 660 IS=1,KT0T

THIN=11,.0

DO 550 IR=1,KT0T

TMINSAMINL (TMINLTSIST(IR))

IF (THIN.EQ.TSIGT(IR)) IMINSIR
CONTINUE

TSIGIIS)=TSIGT(IMIN)
ESIG(IS)=ESIGT(IMIN}

PSS (ISI=PSCTIIMINY
TSIGTUIMIN)=20.0

CONTINUZ

CHECK IF MORE THAN JINE WAVEFRONT IS PRESENT IN THE WAINDOW
IF (KV3T.EQ.1) GO T) 7090

CALCULATE TIME DIFFIRENCE OF ARRIVAL (T.D.0.A.) BETWEEN WAVEFRONTS
DD 670 IT=2,KT0T

TOIFF(ITI=TSIG(IT)~TSIG(L)

THAX=AMAXL (TMAX, TOIFF(IT))

SET UP A LOOP TO CALCULATZ TOTAL FIELD STRENGTH OR S0MWER

DENSITY IF WAVEFRONTS OVIRLAP IN TIME
ESUMR=0,.0

Fig. 61. (continued)
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i ESUMI=0.( .
! DO 720 IFI=1,KTOT :
o IF (TDIFFCIFI).GT.T>W) GO TO 713
R ESUMI=SSUMRSESIGUIFIY*COSIPSC(IFI)+2.G*PI¥FRA*TIIFF(IFI))
o ESUMI=ZSUMI4ESIG(IFII*SIN(PSC(ITI)+2.0%PI*FRA*TIIFF(IFI))
710 CONTINYUE ’
720 CONTINUZ
ESUM=SART(ESUMR®#2+ISUMI®** 2}

c . .
c CHICK IF FIELD STRENGTH OR POWER DINSITY IS TD BE SINPUTED
IF (NP.OT-1) 7304740763
730 IF (KPLOT=1) 740+743,760
c
c CALCULATE RELATIVE FIELD STRENGTH OF EACH WAVZFRONT
740 CONTINUE
DO 750 IFS=1,KTOT
750 ESIG(I®S)=10.%ALOG1I(ESIG LIFS)/SOIFF)
c
c CALCULATZ TOTAL RELATIVE FIELD STRENGTH
SP=10.*¥ALOG10 (ESUM/ZDIFF)
60 TO 800
c _
c CALCULATE RELATIVE >OWER DENSITY OF EACH WAVEFRINT
760 CONTINJE
00 770 IFS=1,KTOT
770 ESIG(IZS)=2G.*ALOG13 (ESIG(IFS)/Z0IFF)
c
c CALSYLATE TOTAL RELATIVE POWER ISNSITY
SP=20.*ALOG1G tESUM/ZDIFF)
G0 TO 30¢
c ‘ .
c SET FISLO STRENGTH AND PIWER DENSITY FOR A SHADIR REIGION
- 780 SP=-103006.0
4 ESIG(1)=-100000.0
) ' ESIG(2)=-106000.0
‘1 c
- c PRINT HIADING AND RAY HEIGHTS IS THIS IS A NEW JISTANCE
i 800 IF (J.NE.1) GO TO 820
. XNAUT=VX {K) ZCNAUT
IF (KPLIT=-1) 816,812,814
812 PRINT 1200,XNAUT
GO T 816
814 PRINT 1210,XNAUT
c - )
c POSITION THE PEN AND DRAN THE NIN ORDINATE AXES IF THERZ IS A P.OT
816 IF (NPLOIT) 820,820,518
818 CALL PLDOT (XN4D.0,4-3) -
CALL PLOT (G.0,YS,3) .
- CALL P_OT (0.0,YN,2) .
N CALL P_OT (0.0¢0e043)
o 820 CONTINJEZ
." C’
O C . PRINT THE RELATIVE FIELD STRENGFH OR POWER DENSITY AND
- c TIME DIFFERENCES OF ARRIVAL

=y IF (KPLOT) 826,826,322 -
822 PRINT 1220,J,HHoSP.-SIG(1).ESIG(Z)vTHlx.TDIFF(Z)'KTDT
IF (KTOT=1) 826,826,824

Fig. 61 (continued)
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824 PRINT 1230, ((ESIGIIFS)+TOIFF(IFS)),IFS=3,KTOT)

c SET PARAMETERS IF THERE IS A PLQT
826 IF tNP_DOT) 900,900,350
850 Y=HH/Y3IV
IF (J-1) 854,854,853

OO0

SET FIXST END POINT OF PLOT
854 X=0.0

ICoDz=3

CALL P.OT (X.Y,1IC0DZ)

CHIZK IF FIELD STREINGTH OR POWER DENSITY IS TOO LONW FOR PLOTTINS
855 IF (SP+15.0) 856,857,857

a0 00

FIELD STRENGTH OR PIOWER DENSITY LESS THAN ~40 D8. TURN OFF PLOTTZIR.
856 X=-15.0/2D01IV

CALL PLOT (X,Y,ICODZ)

I2002=3

G0 T2 858

c PLOY VOTAL RELATIVE FIELD STRENSTH OR POWER DENSITY
857 X=S°/7Z01V

ICoD:z=2

CALL PLOT (X.Y,ICODZ)

c SET INJ POINT OF PLOT
858 IF (J-\P) 90,659,859
859 X=0.0
ICSODE=2
IF (SP.LT.-15.0) ICJDE=3
CaLL PLDT {(X,Y,1C0D3)
900 CONTINUEZ
1000 CONTINJE
c ~
Cc POSITION THE PEN IF THERE HAS BZIEN A oLOT
1100 IF (NP.OT) 1120,1120,1110
1110 CALL P.OT (Ge0s0.0.3)
CALL P.OT (5.01’30-3"3)
CALL P.OT (0.0¢2.04-3)
1120 CONTINUE
RETURN
c
1200 FORMAT (/77 +1Xs®PRINTOUT OF FIELD STRENGTH AND T.D.J.A.’S AT X =*
1+FB8,2,2Xs*NAUTICAL “ILES®,
773X 4% ND %y uX,*HEIGAT (FT)®,4X,® TOTAL FIELD (03) ®,4X,
3*DIWCT FIELD (DB) ®,4X+*MULTIPATH FLD (D3)*,4X,
G*MINIMIM TDOA (SEC)*,4X+*TDOA (SECI*,4X,%NS*/)
1210 FORMAT (/77 41X,*PRINTOUT OF POWZIR DENSITY AND T.DeDe¢As*S AT X =*
1+FB8.2,2X*NAUTICAL MILES®,
773X, % N0, %P 44Xy *HEIGHT (FT)*,2X,*TOTAL POWER DENS (D3)*,2X,
3*DIRETT POWER DENS (0B)*,2X,*MULTIPATH PHR (D3)*,4X,
. WEMINIMIM TOOA (SEC)I®,4X,*TDOA (SECI® 4X,2NS*/)
1220 FORMAT (2XyI395XsF9.299Xs3(FI.4,13X)41PELL.L,1PE1S. b'hxyIZ)
1230 FOIMAT (72X ,FI.ky2uX,1PELB.Y)
END

Mg, 61. (continued)
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SUBROUTINE PLOTTR
c
C--===THIS RIUTINE SETS U> THE AXES FIR ALL PLOTS
c
COMMON /THOCOM/ RA;IELX4AHOLELO(51) 4JRAY,IXMAX,,AHMAX,XFINAL
COMMON /THRCOM/ NELDJ.JPLOT,IPLAZE,VX(30),JCASE
1 24€¢51 43303 +6¢51+30) yHNESD) ,IN(SD) S 151,30)
2 2 XSIZyYSIZeJPLT 4 XMIN, YMIN,XDIV,YDIV
3 s XMAX 3 YMAX 4 NREF 4 NRAY 4 NPRO, NPLOT ¢ NGRAD
4 2 SREF L KGRADLKP_OT
DIMENSION AHD(8) 4TTL(B)4XTLI8),YTL(B),TLE(B)Y,ZT (1)
DATA YYIN,YSIZ,SIZE/0.0,5.040.1505/
DATA ZTL(1),IZTL+2SIZ,ZMIN,2ZDIV/10H GAIN (DB),1J),1.)
1¢-200y60.07 .
c
c SET UP INITIAL CONDITIONS IF THIS IS THE FIRST 3L0T
IF (JPLT) 10,10,20
10 YMAX=A4MAX
YOIV=(Y4aAX~-YMIN)/YSIZ
YDIVA=YDIV/1000.0
YO1=¥S12+1.6C
2°T=YSIZ¢0.5
YN=YHAX/7YOIV
YS=AMS/YDIV
JPLT=1
c
c READ P_.OT SCALE FACTOR AND PLOT BANNER
RtAD 11d,SCALE
READ 120,IAHO, (AHD(K) 9K=1,7)
c
c SCALE THE PLOT SIZE
CALL FATTOR (SCALE)
c
c POSITION THE PEN AN) PRINT THE PLOT BANNER
IF (JUCASE-1) 15,15,20
15 YA4AD=(10.0~-SIZE*IAHD} /2.
cALL P_OT (“009'30.3.'3)
CALL P.OT (0eD¢2.04~3)
catt SrvBOL (0.0,YA40.SIZEZ,AHD,30.0,I8HD)
[ g
c PDOSITION THE PEN FOX THE NEXT PLOT
CALL P_OT (6.0+4-30.0,-3)
CALL P.OT (0e0924045-3)
c - . .
c RZAD AXIS LABELS AND THO LINES JF PLOT TITLES
20 READ 120, IXTLs (XTLIL) 4K=1,7)
READ 120,IYTL, (YTL(L) 4K=1,7) -
READ 120+ ITTL, (TTL(L) 4K=1,7)
RZIAD 12064, ITLEs (TLE(L) 4+K=1,7)
Cc
c CHEZSC AHICH PLOT THIS IS
: IF (JP_J3T-2) 304,40,30
c - -
c SET JUP INITIAL CONDITIONS FOR RIFRACTIVITY PROFILE
c AND GRADIENT PLOTS

30 X4ax=420.0
XMIN=0.0

Fig. 61. (continued)
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60 1O 50

40 X4AX=130.0
XHIN==30C.0

50 XSIZ=4.0
XOIV=(XMAX-XMIN) /XSIZ
XDIVA=XDIV
G0 10 70

SZT UP INITVIAL CONDITIONS FOR RAY TRACE, FIELD STRENGTH,
AND POAZR DENSITY PLOTS
60 XMAX=EXMAX
XMIN=0,.0
XS$12=10.0
XDIV=(XMAX=-XMIN) /XSIZ
XDIVA=XFINAL/XSIZ .
XREZ=X$1Z-0.5

o000

[y X 1)

SET UP PARAMZTERS FIR AXIS LABELS AND PLOT TITL:ZS
70 XTTL=(XSIZ-SIZE*ITTL)/2.
XTLE=(XSIZ~-SIZE*ITLZ}/2.

C - DRAW AND LABEL THE AXES
CALL AXIS (0.0+40.0,YTL,IVTLsYSIZ,90.0,YMIN,YDIVR)
CALL AXIS (0.000e09XTLy=IXTLyXSIZ40.04XMIN,XDIVA)

PRINT THE PLOT TITLIS
74 CALL SYMBOL (XTTL+Y3T,SIZE,TTL93.0,ITTL)
CALL SYMBOL (XTLE.ZPToSIZEoTLE+D40,ITLE)

00

DRANW THE REFERENCE SCALE FOR ALL FIZLD STRENGTH AND
POWER DENSITY PLOTS :
IF (JP.JOT-3) 82,82+30

80 CALL AXIS (XRE¢ZPT4ZTLo4=TZTL4ZSIZ+06.3,ZMIN,ZDIV)
CALL P.OT (XSIZ,2PT,3)
CaLLl PLOT (XSIZ,YPT,2)

82 CALL P_.OT (0.0+0.0,43)

o0

a0

DRAN THE EARTH SURFACE IF NOT AT ZERO MEAN SEA L:ZVElL
IF (AHS) B6,485,86

‘B4 CALL P_OT (0.04YS,3}

© 7 CALL PLOT (XSIZ2,¥S,2)
CALL PLOT (0.040.0,3)

a0

PISITION THE PEN FOR THE REFRACTIVITY GRADIENT PROFILE PLOT
86 IF (JPLOT-2) 1080,96,10C
90 XN==-XMIN/XDIV
CALL PLOT (XN,0.0,-3) . ’ )
100 . CONTINJE
. RETURN

110 FOIMAT (3F15.7)
120 FORMAT (I2,8X,7A10)
END ‘

Fig. 61. (continued)
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TABLE 10

CARD INPUT DATA

- _CARD.__ _VARIABLE_____FORMAT__ ___DESCR/IPTION
ii 1 NCASE 15 NUMBZR OF PROGRAM RUNS,
- _2__ ___NRZE 15 CODE. FOR_REFRACTIVITY MOJEL. .
: NREF=0 FREZ SPACE LFRACTIVITY -
E MODEL
NRIF=1 ZXPONENTIAL REFRACTIVITY
9OO0EL__ ] -
NRZF=2 INPUT REFRACTIVITY .
PROFILE_MODEL__
3 NDATA IS5 NUMBZIR OF IEFRACTIVITY PROFILE
DATA_LEVELS., e
NDATA = 1 IF NRZF=( OR 1
2 HN.(1) 2F15.7 HN(1)_ IS THE MIGHEST ALTITUDE
IN THE REFRACTIVITY PROFILE.
_RNLL) _RN(1) IS REFRACTIVITY AT HN{il. ___
s (LZAVE THIS CARD 3LANK IF
EITHER NREF=0_OR NRIF=1)
3 HN(2) 2F13.7 HN(2) IS SECOND HIGHEST ALTITUDE
_IN THZ REFRACTIVITY PROFILE.
_N(2) RN(2) IS RESFRACTIVITY AT HN(2).
** (IMIT CARDS 5 THROUGH (NDATA+3)__
IF EITHER NREF=C 02 NRIF=1)
NDATA_ _HN(NDATA) ___ 2F15.7 _ _ LOWEST ALTITUDZ IN PROFILE.
+3 RN(NDATA) REFRACTIVITY AT HN(NJATA),
*% (OMIT TF NREF=( QR NRIF=1)
NOATA  AHS 3F15.7 EARTA SURFACE ALTITUDE IN FEET.
ek AH) EMITTER ALTITUDE IN SEET. _____
AHYAX MAXIMUM ALTITUDE IN FEET FOR
PRINTED AND_PLOTTED OUTPUT,
NDATA  XDELTA ZF15.7 DISTANGE INTERVAL IN NAUTICAL MI
_45 . ~ FOR PRINT AND PLOT OUT2UT,
XFINAL MAXIMUM DISTANCE IN NAUT MI FOR
: PRINTED &ND PLOTTED OUTPUT,
NOATA  ELOS1 2F15.7 HIGHZIST RAY ZLEVATION ANSLE IN
. 1) DESREES. __ _ _  __  __~
ELAS2 LOMEST RAY ELEVATION ANGLE IN

DESREES.

PP DU et P g
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TABLE 10 (continued)

®* THE QUANTITY (ELOS1-E.0S2)

SHOULD NOT EXGEZD 1.0 OEGREE.

_NDATA FR2 g 2F15.7 SMITTER FRIQUENCY IN MEGAHERFTZ._
+7 H EMITIER PULSE WIDTH IN MICROSEC.
: : SET PW=1(00300.,0 I® EMITTER IS ___
CONTINUOUS WAVE (C.H.)

 NDATA___ NHY 315 CODE_FOR EMITTER POLARIZATION. .
+3 NHV=1 HORIZONTAL POLARIZATION
_ _ NHV=2_ _VERTICAL POLARIZATION _
NSL CODE FOR EARTH SURFASE TYPE.

NSL=1 _SEA HWATER _

NSL=2 VERY ORY LAND

NSL=3 “AVERAGE™ LANOD

. . NSL=4 VZIRY MOIST _AND
NRYS CODE _FOR SURFACE ROUGHNESSs __

SEZ TABLE BELOW.

TABLE OF EARTH ROUGHNESS CODES

M LAND_AND_SEA™, _

c

(FROM MAURICE LONG, "RADAR REFLECTION_FRO
REF. (35), AND

THZ OFFIC:Z OF TELECOMMUNICATIONS, J.S. DEPT. OF COMMERZE,

REF. (39) )
cop: STANDARD DEVIATIONS OF HEIGHT
— SOR_SEA_AND .AND_SURFACES
NINS . (SEA) (LAND)
0 0.0 0 : —_
1 0.2 9
2 0.6 30
3 1.1 56
b 1.7 112 .
s 2.6 . 214
_6 4,3 429
7 8.6 - 1288
8 12.9 2146
NDATA  KPRD 415 CODE FOR REFRACTIVITY
_.*9 PRIFILE PRINTOUT,
. <PRO=0 NO PRINTIUT
» _XPRO=1 _PRINTOUT __
o KGRAD CODE FOR REFRACTIVITY GRADIENT
- PRIFILE PRINTOUT. =
Fa8 KGRAD=0 NO PRINTOUT
& _ 4GRAD=1 _ PRINTOUT
4 KRAY s T4IS VARIABLE IS NOT USED.
! _._SET KRAY=0 __ ____ . _____
KP.OT CODE FOR RELATIVE FIZLD STRENGTH
__OR POWER DENSITY PRINTOUT.
KPLOT=0 HNO PRINTOUT
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TABLE 10 (continued)

<PLOT=1 RELATIVI FIZ.0
STRENGT4 PRINTLU]T i

KPLOT=2 RSELATIVZ POWER

DENSITY PRINTOUT

NOATA  NPRO

4I5S CODE FOR REFRACTIVITY
PRIFILE PLOY.. _ _

,+10. 

NPRD=G NO PLOT
_.NPRO=t PLOT _________

NGRAD

CODE FOR REFRACTIVITY GRADIENT
PRIFILE PLOT.

NGRAD=0 NO PLOT
—-.-NGRAD=L PLOT

NRAY

CODE FOR RAY TRACE PLOT,
. NRAY=D _ NO PLOT ____

NPLOT

NRAY=1 PLOT
CODE FOR RELATIVE FIELO_STRENGIH_ ___

OR POWER OENSITY PLOT.
-NPLOT=0.. NO PLOT_

NPLOT=1 RELATIVE FIELD

eeoe.... STRENGT4 _PLOT.
NPLOT=2 RELATIVZ PONER
DENSIIY_PLOVT

'NDATA  SCALE
__+11

F15.7 SCALZ FACTOR FOR ENLARSING OR
REJUCING PLOT SIZE FROM ITS

NORMAL 5 X 10 INCH FORMAT,
NORMAL PLOT SIZE GIV’N WITH

SCALE=1.6
*% (OMIT THIS CARD AND aLL cArDS

THAT FOLLOW IF THERE ARE NO -

PLOTS)
NDATA  TIA4D 12 NUMBZR OF CHARACTERS IN PLOT
_ 12 _ _BANNER.. __

AHD 7A13 CHARACTERS IN PLOT BANNER.

__%® (THIS CARD IS ALWAYS READ_

WHZIN THERE ARE ANY PLOTS)

NDATA ___ IXTL__
+13
-—XTL

12 _NUMBZR OF CHARACTERS IN _X-AXIS_
LA3EL.
TALQ________CHARACTERS IN X-AXIS LASBEL.

*¥(THYIS CARD READ FOR ALL PLOTS)

_NOATA ___IVTL

+1h
LASS

12 —_NUMBZR OF CHARACTERS IN Y-AXIS_
LASEL.
7A1)_______CHARACTERS IN Y-AXIS LABEL.

s# (THIS CARD READ FOR ALL PLOTS)

NOATA _ ITTL

I2 _ _NUMBZR OF CHARACTERS IN FIRST:

+15

LINE OF PLOT TITLE,

PR YT S N Gl W ey
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TABLE 10 (continued)
]l TTL 7410 CHARAGTERS IN FIRST LINE OF PLOT
o 3 CTITLEe
. #% (THIS CARD READ FOR ALL PLOTS)
- NDATA__ ITLZ 12 NUMBIR_OF CHARACTERS _IN_SECOND
: +16 LINE OF PLOT TITLE. .
) TLE ALY, __CHARACTERS IN SECOND LINI OF__
PLIT TITLE. -
B e *¢(T{IS CARD READ FOR ALL PLOTS) _
o “wes®r REPSAT CARDS (NDATA+11) THROJGH (NDATA+16) FOR EACH PLOT
_______ _IN & GIVEN SIMULATION_ RUN.
bx
1 - we¥esy QREPIAT_CARDS (2) THROUGH (NDATA+16) FOR EACH SIMULATION
- RUN.
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