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1 INTRODUCTION

The use of pulse sounding as an experimental technique in
the investigation of the ionosphere can be traced back to Breit
and Tuve (1926). These authors invented such a technique to
prove the existence of the ionosphere. Modern reviews of these
early endeavors can be found in Waynick (1974) and Booker (1974).
The improved electronic technology after the Second World War
stimulated interest in the possibility of computing the electron
density profiles from pulse sounding data whose carrier frequency
was swept. While the major emphasis has been towards inverting
the vertical sounding data for electron density profiles, there
have also been sporadic attempts to devise techniques of obtaining
ionospheric structure from oblique sounding data. Our work, re-
ported here, is concerned with this later problem.

Mathematically, the group delay measured experimentally is

a nonlinear functional of the electron density profile. As such
this is very difficult to solve. Fortunately, for vertical inci-
dence case with the geomagnetic field ignored, the integral can

be cast in the form of a convolution integral known as Abel's

i g

integral equation which can then be solved, for example, by

R

g Laplace transform (Manning, 1947). Once the geomagnetic field
effect is introduced or when the propagation path becomes obli-

que, the convolution integral property is destroyed. The problem

becomes much more difficult. The methods that have been devised

in the literature are almost all numerical. Ours is no exception.

5 In this connection, the capability of homing the ray at a specified

R T e, O, TS xS Lt R
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location with specified tolerance must be established first.

This is the subject of Chapter 2. 1In ray homing we are interested
in three configurations: ground-~to-ground homing via a reflection
from the ionosphere, ground-to-satellite homing via transmission
through the ionosphere and satellite-to-ground homing also via
transmission through the ionosphere. In each case, the homing

is achieved through an iterative procedure whereby the ray lands
at a point successively closer to the given location. Several
examples are also given to illustrate the method used. The inver-
sion of backscatter ionograms utilizes the values of the minimum
group path computed for a given ionospheric profile. It is
therefore desirable to have the capability of computing the mini-
mum group path. A chopping method is used to achieve this and

two examples are given to illustrate the procedure involved. In
order to achieve these capabilities, the Air Force supplied three-
dimensional ray tracing program and the associated electron den-
sity model are augmented by seven subroutines. These subroutines
are fully described and documented with computer listings.

The major objective of this research is to investigate
methods whereby oblique radio propagation data can be used to
obtain ionospheric profiles. This is contained in Chapter 3.
There exist in practice two kinds of oblique propagation data:
point-to-point oblique ionograms and backscatter leading edges.
The nature of these data and their intuitive limitations are
discussed in section 3.1. In many ionospheric propagation
studies, the quasi-parabolic layer has been found to give ade-
qguate accuracy. Further, such a layer has a relatively small

nunber of parameters (3, consisting of critical frequency, base
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height of the ionosphere and the semi-thickness) and, in many
cases, the desired expressions can be evaluated analytically.

For this reason our inversion is based on finding the optimum
quasi-parabolic layer that fits the given data within a toler-
able error. After some discussion of the nature and properties
of the quasi-parabolic layer in section 3.2, we go directly to
the inversion problem. The inversion of a point-to-point obligue
ionogram is discussed first (section 3.3), which is then followed
by a discussion of backscatter leading edge (section 3.4). The
results are given in terms of graphs and tables. In addition to
approaches discussed in 3.3 and 3.4, we have also looked into

the inversion problem from general considerations (section 3.5
and Appendix 4). This inversion method makes use of the Backus-
Gilbert technique and seems to be very promising. Finally,

the report is concluded in Chapter 4 with recommendations for

future research.
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2. HOMING OF THE RAY
2.1 Introduction

Homing of the ray is the main objective of this chapter. 1
Our study deals with the modification of the three dimensional
ray tracing program to incorporate the homing features for ground-
to-ground, ground-to-satellite, and satellite-to-ground propaga-
tion.

Homing of the ray to the required location can be obtained
through an iterative procedure by homing first to the ground dis-
tance for a fixed value of the azimuthal angle. If the ground
distance homing is successful the azimuthal angle of the trans-
mitted ray is then corrected next. This type of iteration re-
quires back and forth transfer from homing in ground distance to
homing in azimuthal angle. The iteration stops when the errors
are smaller than the prescribed values.

For each of the three configurations studied we present a
detailed development of the technique applied to achieve homing
of the ray together with some examples. Difficulties encountered

during the course of the study are also pointed out. 1In section

2.2 we discuss the ground-to-ground homing procedure for a single
and multiple layer ionosphere. The ground-to-satellite and sated-
lite-to-ground configurations together with examples to illustrate
the homing technique are presented in section 2.3. 1In section

2.4 we discuss the chopping method utilized in finding the minimum
group path for a given transmitter location, azimuthal angle,

and oblique frequency. A listing of the computer programs devel-

oped under this study together with their description is included

in sectioh 2.5. Finally, in section 2.6 we discuss the current
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accomplishments and outline suggestions towards future improvement

and possible additions to the three dimensional ray tracing program.

2.2 Ground-to-Ground Homing

The ground-to-ground homing is the most involved configura-
tion of the homing study. Given the transmitter and receiver
coordinates on the Earth's surface, the electron density profile,
the oblique transmission frequency we find an initial approximate
elevation angle that will home the ray to the receiver via reflec-
tion from the ionosphere. This approximate elevation angle is
then used as an initial input for the final homing of the ray

through the three dimensional ray tracing computer program.

2.2.1 General Description

It is well known that for a given single-layer ionosphere
and a given radio frequency the one-hop ground distance, D, as
a function of elevation angle, B, has the dependence sketched in
Figure 2.1. Several features of this figure are worth noting.
Due to spherical geometry, the ground distance has some finite

value, Do’ even when the elevation angle is zero. As the eleva-

tion angle increases, the ground distance decreases to a minimum

value D, at Bs. This is the skip distance and consequently the
use of subscript s on all quantities related to the skip ray.
For B > Bs the ground distance increases again and approaches to

infinity at B = B, at which the ray becomes trapped. A figure

t
such as Figure 2.1 suggests the following three possibilities:
i) For D<DS the observer is in the shadow region and no
ray can reach the observer via reflection from the

ionosphere.

s
£
.




GROUND DISTANCE (km)

Figure 2.1.

Bs B

ELEVATION ANGLE (DEGREES)

Idealized sketch showing the nature of ground distance
dependence on the elevation angle of once reflected ray
from a single layer ionosphere.
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11) For DO<D<Ds the observer is in the illuminated region
within which a low ray and a high ray (Pedersen ray)
can reach the observer.
iii) For D>D the low ray is cut off by the earth shadow
and only the high ray can reach the observer. Generally,
the high ray with an elevation angle B near Bt is very _
much de-focussed and is very sensitive to elevation i
angles and small changes in the ionospheric model.
Based upon the above observations, we outline the procedure
to obtain an approximate homing elevation angle. This approxi-
mate angle is then refined through utilization of the three di-
mensional ray tracing program.
The given ionosphere at the midpoint of the transmitter and
receiver is approximated by segments of a second degree polynom-

ial which for the ith segment has the form

Ni(r) =a, +b, +

i g | < ENE X (2.1)

=l i

The coefficients are chosen by fitting to the given ionospheric
model and making sure that both the density and its derivatives

are continuous in going from segment to segment. Using the elec-
tron density profile given by (2.1) we find analytic expressions

for the ground distance (range) D and the virtual path (group

path) P'. Since the trapped rays are known to have ray apogee
slightly below the peak of the layer and since the high rays are

very sensitive near Bt we let the ray apogee occur at the ionospheric
peak as an approximation and find the penetration angle Bp. In

general Bp so found is slightly less than Bt. Then, from the range




of elevation angles we calculate the corresponding ground dis-

tances and group paths through the analytical expressions, thus

e R e AT O

generating a table of elevation angles versus ground distance

and group path. The ground distance between the transmitter and

receiver is compared with the tabulated ground distances. If
D<Dg there is no solution; if D=DS there is possibly one solu-
tion; if DS<D<Do there are two solutions; and D>DO there is one
solution. The solutions, if they exist, are found by linear
interpolation. Once the solutions are found, the approximate
elevation angles serve as the initial input in the ray tracing

program to eventually home the ray.

2.2.2 Approximate Elevation Angle-Single Layer Ionosphere

The geometry of the ground-to-ground homing problem is shown
in Figure 2.2. We assume that the transmitter and receiver co-
ordinates are given in geographic east longitude and north lati-
tude. The ground distance, DTR' between the transmitter and re-

ceiver is given by

Dpp = T, (2.2)

where r, is the earth radius in km and y is the angle subtended
at the earth center between the transmitter and receiver. Apply-
ing the cosine law of spherical trigonometry to Figure 2.3, angle
Y is
y = cos™! [cos 8, cOS Bp + sin 0, sin 6, cos (¢,-¢p)]
(2.3)

where eT, 6, are the colatitudes, ¢T' ¢R are the longitudes of

R

.

R AT e T, T
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the transmitter and receiver respectively. The coordinates of

the midpoint between the transmitter and receiver are then found
through the application of the sine and cosine laws of spherical
trigonometry to Figure 2.3. From Figure 2.3, the azimuthal angle

of the receiver as viewed from the transmitter is
o = sin—l [sin (¢.~¢.) sin 6/ sin %] (2.4)
T *R R 7
The colatitude of the midpoint, M, is

BM = cos_l [cos 6., cos Y + sin 6
x 2

sin ¥ cos wl
2

T
(2:5)
The relative longitude of the midpoint M with respect to the

transmitter longitude, 6¢M, is given by

6¢M = sin-l [sin o sin y / sin § (2.6)

]
3 M
The exact longitude of the midpoint M is found by adding or
subtracting the relative longitude 6¢M from the transmitter long-

itude ¢T’ Lees
Oy = Op * 6¢M (2 )

If the receiver is located east of the transmitter the positive
sign is used otherwise the negative sign is applied. The coordi-
nates of the midpoint thus found are compared with the coordinates
of the grid points at which ionospheric models are given. The
profile corresponding to the grid point having the smallest dif-

ference in coordinates is chosen to represent the profile at the

midpoint of the path.




12

The midpoint profile selected in this manner is approximated
by segments of a second degree polynomial which for the ith seg-
ment has the form given by (2.1). The coefficients in equation
(2.1) are found by making sure that both the density and its

derivatives are continuous in going from one segment to another.

Each segment value corresponds to the height increment dictated

g by the composite ionospheric profile. Utilizing equation (2.1)
we find analytical expressions for the ground distance D and the
group path P'. Neglecting the effects of the Earth's magnetic
field and collisions, the ground distance and the group path

can be expressed in the form

2

ia r cos B dr
D= 2 It 2 0 2! (2.8)
e 2
rlrfu r ® cos Bo]
o
and rt
p' = 2 J rdr (2.9)
3.0 L to 2 T
[reu r “cos Bo]
r

(¢}

where r, is the radial distance from the Earth center to ray

apogee, BO is the ray elevation angle, and uy is the refractive
index of the medium. The refractive index p and the plasma fre-

} quency fp are related through

pe = 1 - (fp/f)2 (2.10)

Since the density N is proportional to the square of the plasma

frequency, we can substitute (2.1) in (2.10) to obtain

2 _ L
My 1 72 (ai+3£ + Ei) (2+11)

b r r?
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Through substitution of (11) in (8) and (9), the ground distance

and the group path can be written in the form

n

B =B EE D, + D¢ (2.12a)
i=1

and
n
i
] - ] 1 L]

P' = P! +;Z_ R (2.12b)

i=1

The terms DO and Pé in (2.12) are evaluated from the earth sur-
face up to the base of the composite ionospheric profile. The

terms < D and — pu are evaluated from the base of the com-
TR
i=1 i=1

posite profile up to layer n just below the layer containing the

reflection height. The last terms D¢ and Pz are the contribu-

£
tions from the top of the nth layer up to the reflection height

of the ray. Explicitly, the terms in (2.12) are

- r, cos BO
Do = 2rO [cos . ) -BO] (2.13a)
b
P' = 2r v 2_ 20 g
o 1 (rb/ro) cos BO 51n80] {2.13b)
Tisl r02 cos B _ dr
D, = 2 & L - SRR (2.14a)
= [A,r*+B, r+G, 17
i i i
Ey
3
i+l
P} =2 L or ¢ 133,2,.. 40 (2.14b)
(A, r?+B,r+G, 1T
i i i
i




e

J r cosR_dr
O (0]

r

D, = 2 {2.15a)
f T 2
" lAnr +Bnr+Gn]‘3'
Tt
P = 2 [ r dr . (2.15b)
[A_r*’+B_r+G 17
- n n n
n

where ry is the base radius of the composite ionospheric profile,

and

o =l 2
Ai =1 ai/f
= 2
B, = bi/f (2-186)
= A 2 2
Gi gi/f r “cos BO

Analytical expressions for the integrals in (2.14) and (2.15) are
readily available from standard integral tables. The resulting
analytical expressions together with (2.13) are programmed on

the computer under subroutine FITT. Given the elevation angle
BO, the oblique frequency f, and the density profile N, the sub-
routine FITT calculates the corresponding ground distance and
group path.

Since we are seeking all possible homing solutions, we need
to generate a table of ground distances versus elevation angles
corresponding to the midpoint density profile. Due to the sensi-
tivity of the trapping angle to changes in the ionospheric model
we take the penetration angle Bp as the maximum elevation angle

possible. The penetration angle Bp is the solution of the equa-

tion




e Bl | i

T

2 v 2 2 .
roax M r ‘cos Bp 0 (2.17)

Therefore, Bp is given by

(0]

=1 rmax £ %
Bp = cos E— [ = (Te/f)?*) (2.18)

and the range of elevation angles 1is

0 <8 <8, (2.19)

The interval in (2.19) is subdivided into 50 subintervals of
elevation angles. For each of the resulting 51 elevation angles
the ground distance and the group path are computed through sub-
routine FITT. The generated values of ground distance and group
path together with their corresponding elevation angles are
assembled in a table. The table is then scanned to locate the

two successive entries within which the ground distance between
the transmitter and receiver is located. For each pair of entries
thus found we perform linear interpolation to locate a possible
homing solution within a specified tolerance. We assume that

the ground distance and the elevation angle within the two entries

are linearly related through
D= a+ b8 {2.20)

Starting with the two entries of ground distances and their cor-
responding elevation angles the coefficients a and b are found
and a new elevation angle and ground distance are computed. A
comparison test is then carried out between the new ground dis-

tance and the exact ground distance, DTR‘ If the difference is
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larger than the specified ground distance tolerance, §D, then the
procedure of calculating the coefficients in (2.20) utilizing
the two closest values of ground distances to DTR and their cor-

responding elevation angles is repeated until | D-D | < éD.

TR
The number of interpolations is limited to ten (10) trials for
finding the approximate elevation angle, otherwise homing of the
ray is said to be not possible. The specified ground distance
tolerance, 8§D, is an input parameter in W(387) of the ray tracing
program.

Every possible homing solution of elevation angles is
assembled in a table. Then, through the three-dimensional ray
tracing program these elevation angles are refined to obtain the
corresponding true elevation angles that will home the ray. In
some cases true elevation angles are not possible. In either
situation a message is printed to show whether or not a homing

solution has been achieved. The complete procedure described in

this section is simulated on the computer under subroutine HOME.

2.2.3 Approximate Elevation Angle - Multiple Layer Ionosphere
In a single layer ionosphere there are at most two approxi-
mate initial elevation angles, one for the low ray and the other
for the high ray. In a multiple layer ionosphere, the number of
approximate initial elevation angles depends upon the number of
layers in the given ionospheric profile. The approximate eleva-
tion angle solutions are designated by first layer low or high
ray, second layer low or high ray, third layer low or high ray,
and fourth layer low or high ray. 1In our study we selected four

as the highest number of layers. This restriction could be removed




17

with minor modifications on the computer code in subroutine HOME.
Whether the given ionospheric profile is single or a multi-
layered one, the procedure of finding the approximate elevation
angle is the same as the one described in section 2.2.2. The )
computer code does not differentiate between single and multi- d
layered prpfiles and it is written for a four-layered ionosphere.
A sample of the ground distance versus elevation angle curve for

a four-layered ionosphere is shown in Figure 2.4.

2.2.4 Refinement of the Elevation Angle

| Thus far we have discussed the computation of the approximate
t elevation angles. 1In this section we focus our attention on the
| procedure to refine these approximate elevation angles through
actual ray tracing.

Let the exact ground distance between the transmitter and
receiver be DTR' Then starting with one of the tabulated approx-

imate elevation angles, Bl, we trace one ray through the given

ionospheric model utilizing the three dimensional ray tracing

program. The ground distance corresponding to Bl is Dl' Utiliz-

ing the table of ground distances and elevation angles generated

in the previous section we increment or decrement elevation angle

T T

61. The value and sign of the increment depends on the relative
location of Dl with respect to DTR in the ground distance versus
elevation angle table. With the new elevation angle 82 we com-
pute D2 through the ray tracing program. The ground distance,

D R’ must then be located either above D1 and D2, below Dl and D2,

T

! or in between Dl and D2. For the cases where DTR is above or

be low Dl and D, the elevation angles and their corresponding ground
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distances are adjusted through linear interpclation in accordance
with equation (2.20) until DTR is either located between Dl and
02 or such a condition cannot be achieved. In the latter situa-
tion the elevation angle found through (2.20) lies outside the
range of elevation angles set for the ray in a multiple layer
ionosphere. In the event that DTR cannot be located between Dl
and D2' homing of the ray cannot be accomplished and one of the
statements 'High angle ray' or 'Discontinuity in the ray traced
range - Beta curve or range too close to the skip distance' is
printed from subroutine ADJUST.

Let us assume that we can locate DTR be tween D1 and D2 then

we can find 83 through linear interpolation on Bl, D, . 82 and D,.

With %3 we calculate a new ground distance D If the difference

3
be tween DTR and D3 is less than a specified ground distance toler-
ance, then 83 is the desired homing elevation angle except for
azimuthal angle corrections. The ground distance tolerance, 6D,
is an input parameter and is specified in W(387). However, if

the difference between Dog and D3 is greater than 6D then we need
to correct for the ground distance discrepancy. Since the depen-

dence of the ground distance on the elevation angle is known to

be nonlinear, we let

- 2 L{I.
Di - + alBi + aZBi 1i=1;2,3 (Z«21)

The coefficients a s a;, and a, are computed by inverting the
matrix resulting from the substitution of ground distances D,
D2, D3 and their corresponding elevation angles Bl, BZ’ 83. The

new elevation angle is then given by

BN T T ey, 2 A, ¥
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ot G - = i
R = 73: [ a1 *  ay- 4a2(aO DTR)] (2.22)

I+

If the quantity under the radical sign in (2.22) is negative,

then we cannot find an elevation angle and an appropriate message

is printed. Equation (2.22) yields two solutions, B, and B_.

+
In order to decide whether B+ or B_ is the desired elevation
angle we set up the following criterion. First, we take the
1 D2, D3 and the result-
ing three difference values are compared with each other. The

absolute differences between DTR and D

elevation angle Bl, 82, or 83 corresponding to the smallest dif-
ference is then selected. The elevation angles B, and B_ are
then compared with the selected elevation angle. The one yield-

ing the smaller difference is chosen as the new elevation angle

i.e. B4=B, or Bg= B_. With 84 we trace another ray and find Dy -
If the difference between DTR and D4 is within the specified tolerance
8§D, then 84 is the homing angle except for possible azimuthal
corrections. However, if the difference between Drr and D, is the
largest difference then we cannot home the ray and the message
'Discontinuity in the ray traced range~beta curve or range too
close to the skip distance' or 'High angle ray' is printed. On

the other hand, if D4 is closer to D than any or all of Dl' D2,

TR

D3 then the ground distance D or D, yielding the largest

it Yo 3
absolute difference with DTR is replaced by Dy and its correspond-
ing elevation angle by 84. The procedure starting with equation
(2.21) is repeated to find a new elevation angle and a new ground
distance. The comparison steps are carried out until the ground

distance tolerance criterion is met or a message is printed. The

number of.allowable tries to find the homing angle is controlled
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by an input parameter in W(386).

Once the ground distance tolerance criterion is satisfied
a first order elevation angle that will home the ray to the re-
ceiver is said to be found except for possible azimuthal devia-
tion correction. The azimuthal deviation is defined as the dif-
ference between azimuth of the computed receiving point from the
transmitter and the azimuth of the intended receiving point from
the transmitter. If the azimuthal deviation of the ray is within
the calculated azimuthal tolerance, 8A, the homing of the ray is
completed. Otherwise, the azimuth of transmission has to be cor-
rected in order to satisfy the azimuthal tolerance condition.
The azimuthal tolerance, §A, is computed with the help of Figure
2.5. In Figure 2.5, we show the transmitter T, the receiver R,
the computed receiver R', and the angles Yyr You Y3 subtended at
the earth center opposite arcs TR, TR', and RR' or &D respectively.

Applying the cosine law to the spherical triangle TRR' we obtain

Cos Y3 = COS Y, €Os Y2+ sin Yy sin Y, cos §A

(2:23)

If we let Y1=Y2=DTR/ro and Y3=6D/ro, then

cos §A = [cos (6D/r ) - cos? (DTR/rO)]/ sin? (Dgp/T,)
(2.24)
Since 8D is much smaller than Lo the argument of the cosine func-
tion, éD/ro is very small. Expanding this term and retaining two
terms of the expansion, (2.24) takes the form

cos 6A = 1 - 1 §D 12
2 » sintb, . /¥ ﬂ
0 TR "0

(2.25)
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Since the azimuthal tolerance SA is also small, we expand the
left hand side of (2.25) retaining two terms of the expansion.

The resulting expression for §A is

5D

r, sin (DTR/rJ) (2.26)

0A =

For each ray homed in ground distance a comparison test is per-
formed between the ray azimuth and the computed transmitter-re-
ceiver azimuth. If the ray azimuthal deviation is within the
azimuthal tolerance §A then homing is achieved and control is
transferred to another activity within the ray tracing program.
However, if the ray azimuthal deviation is larger than ¢A we
adjust the azimuth of transmission by the amount of the ray azi-
muthal deviation. With a new azimuth of transmission and the
same elevation angle we repeat the complete procedure of ground
distance homing and find a new homing angle. The ray azimuthal
deviation corresponding to this new homing angle is then com-
pared to the azimuthal tolerance, S§A. The above steps are re-
peated until both ground distance tolerance and azimuthal toler-

ance criteria are satisfied or a message is printed.

2.2.5 Group Path Homing

The capabilities of the three-dimensional ray tracing pro-
gram was extended to include homing of the group path. The pro-
cedure described in the ground-to-ground homing case is also used
for the group path homing. The only difference being in the para-
meters supplied to the ray tracing program through the W-array

data input.

e

PRSI G, TGP, T VR R, \ : R, I
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The parameters needed to perform group path homing are the
transmitter coordinates, the azimuthal angle of transmission, the
oblique frequency of transmission and the value of the homed in
group path. The homed in group path is supplied through W(394).
In the event that group path homing is not desired, then W(394)
should be set to zero. An example of group path homing is dis-

cussed in the next section.

2.2.6 Examples and Discussion

In the preceding section we discussed in detail the techni-
que through which the ground-to-ground homing of the ray is
achieved. 1In order to illustrate the homing procedure we pre-
sent three examples. The first example is for a single layer
ionosphere, the second example is for a two layered ionosphere,
and the third example is for group path homing. In all cases the
ray is traced through the Air Force supplied ionospheric model.
This model gives the electron density profile on a geomagnetic
longitude-geomagnetic colatitude grid spanning from -130°E to
-110°E in geomagnetic longitude and 0° to 54° in geomagnetic co-
latitude. The increments in longitude, colatitude and height are
5°, 3° and 10 km respectively. The base height in all cases is
90 km extending upward to 600 km. Note that these increments are
very coarse for accurate ray tracing even with careful interpol-

ation routines. This causes some difficulty as discussed later.

Example 1. Single Layer Ionosphere
Let the transmitter and receiver geographic coordinates be

located at (125°W, 78°N) and (185°w, 56°N) respectively. For this
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configuration the ground distance DTR = 3296.55 km and the azi-
muthal angle of transmission is 258.2 degrees. Since the ion-
ospheric profile grid points are given in geomagnetic coordinates
we transform the transmitter and receiver geographic coordinates
to obtain colatitudes of 10.81658 and 40.06548 degrees and lon-
gitudes of 114.47052 and 128.20226 degrees east. Utilizing equa-
tions (2.4), (2.5), and (2.7) the geographic and geomagnetic co-
ordinates of the midpoint are found to be (-169.81, 69.18) longi-
tude and latitude, (-125.12, 25.33) longitude and colatitude re-
spectively. A comparison between the geomagnetic coordinates of
the midpoint and the given ionospheric profile results in the
selection of the density profile located at (-125.0, 24.0). For
an oblique frequency of transmission of 20 MHz equation (2.18)
yields the penetration angle of 14.236 degrees. Then, the in-
terval of elevation angles from zero to 14.236 degrees is divided
into 50 intervals. For each of the 51 resulting elevation angles
the ground distance and group path are calculated through equa-
tions (2.13), (2.14), (2.15) and (2.16) utilizing the density
profile of the midpoint located at (-125.0, 24.0). The result
of this calculation is shown in Figure 2.6. For the specified
ground distance tolerance of 5 km, figure 6 shows that the ap-
proximate initial elevation angle was found to be 3.312 degrees.
Figure 2.7 shows the steps taken in the refinement procedure
and the eventual homing of the ray. The top portion of Figure 2.7
displays the ground distance versus elevation angle homing steps.
The figure shows that the ray is homed in ground distance in the

5th step. However, the bottom portion of the figure also shows




*pPOUTWIS]}OP ST UOTILASTS T[ETITUT

92yl moy smoys ordwexs 9yl ‘*axaydsouoT Topow parrddns s0I04
ITYy 92yl bursn Hutwoy punoxb-oj-punoxb oy3z burtjexlsnTTt T o7duexdg °*9°z aanbtg
(S33493A) 319NV NOILVA3I3
9l bl 2l Ol 8 ) 14 4 0]
— T T T 1 T T T 0
. x o
<1000 ® ®
O X0
2Ie'e i o 9
TV &
0002 i
B O
34 o
000000 %0 o, , 1 T —
v s AR ERS AN R e Jooos = z
oy LT 3 M
Wy GG'962€ e 3 m
X x“ ﬂ “ ° ~ —
X “ “ . ml
x%e
¥ x3000¢ =
S334930d 9060600 3ONVYH3TIOL TVHLINWIZY
S33¥930 Z2IE'E 3ITONV NOILVAITI3 OSNINOH 3ILVNIXOYddVY -
Wy S 3JONVH3ITIOL 3ONVLSIA ANNOYO
(92202'821-‘8¥G90°0%) SILYNIGHOGO JILINOVWOID H3IAI3I3N : dooos

S334930 99G6602'8G2 3ITIONV TIVHLNWIZY
WY GG'962¢ 3JONVLSIA ANNOYIO

ZHNOZ AODN3NO3Y4

m (G81-°9G) ¥3AI303Y (G2I-°8L) Y3LLINSNVYL




m

27
GROUND-TO-GROUND HOMING
3450 ®°
€
x 3400
w
(&)
<
< 3350}
<)
o (5)
S O, ;9
33 b 0\
Eg OC)h <:)_—f__—— -
(1 el - @ °
© g ® ®
— 9 o
3250 1 | | | 1 1 1 | N
3.2 34 36 38 40 42
= ELEVATION ANGLE (DEGREES)
n 380r
L
w
* (0 g
O
W
9 370
w TO TRANSMITTER
(]
2 . le @ &:
= 40.0r o o o RECEIVER
| = ® ©
g @]
| 4101
)
= 0,
(T} °
.
2
| 1 | 1 J
= 420554 -1290 -1286  -1282 _ -1278 _ -I127.4
: w
{ O GEOMAGNETIC LONGITUDE (DEGREES)
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shows the refinement procedure in ground distance and
azimuth homing using 3D ray tracing.
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that the azimuthal angle of the ray is not within the calculated
tolerance. Prior to final homing of the ray, there were four
azimuthal corrections with no ground distance adjustments since

for each azimuth the ground distance was homed in.

Example 2. Two Layer Ionosphere

In a single layer ionosphere there are at most two initial
homing elevation angles while in a two layer ionosphere there are
four initial homing angles. Following example 1 we let the trans-
mitter and receiver geographic coordinates be (-175.0°E, 68.0°N)

and (-150.0°E, 72.0°N) respectively. The ground distance D for

TR
such a configuration is 1039.36 km and the azimuthal angle of trans-
mission is 53.51 degrees. Upon transformation, the geomagnetic
coordinates of the transmitter and receiver are found to be
(=127.7972, 27.21986) and (-114.25255, 19.5317) longitude and
colatitude. The geographic coordinates and the corresponding

geomagnetic coordinates of the midpoint are found to be (-163.72,

70.43) longitude and latitude, (-122.09, 23.22) longitude and

colatitude respectively. The density profile at the midpoint is
then located at (-120.0, 24.0) longitude and colatitude in the

) ionospheric profile. For an oblique transmission frequency of

7 MHz the rays do not penetrate the ionosphere and the penetra-
tion angle is set to ninety (90) degrees. Upon subdividing the
interval of elevation angles from zero to ninety degrees into 50
intervals, the ground distances and group paths of the resulting
51 values of elevation angles are calculated through subroutine
FITT. The result of this calculation is shown in Figure 2.8.

For a ground distance tolerance &§D=2 km Figure 2.8 shows that

NI IR - T G, ¥R R LR e
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there are 3 approximate initial elevation angles. These eleva-
tion angles are 7.415, 13.093, and 20.566 degrees and they are
designated by A, B, and C respectively. For each of these eleva-
tion angles we use the three dimensional ray tracing program to
refine them. Figure 2.9 displays the ground distance versus
elevation angle in the homing process for A and C. The circled
numbers are the steps taken to obtain the homing angle. Homing
for B cannot be achieved since it corresponds to a high angle
ray. In Figure 2.10 the geomagnetic colatitude versus geomag-
netic longitude is plotted for A and C. For case A the azimuthal
angle of transmission does not require any correction and the
homing angle is found by linear interpolation on steps 2 and 3
without recourse to matrix inversion. For case C the azimuthal
angle is corrected twice in order to meet azimuthal tolerance

criterion corresponding to ground distance tolerance of 2 km.

Example 3. Group Path Homing

Using the transmitter geographic coordinates (-150.0, 78.0)
longitude and latitude, the oblique transmission frequency of
12 MHz, and the azimuthal angle of transmission of 209.4 degrees

: we calculated the coordinates of the midpoint and the penetration

Hav

angle. The geographic and geomagnetic coordinates of the mid-

CIRE

point are found to be (-164.97, 66.86) longitude and latitude,
and (-119.04, 26.59) longitude and colatitude respectively. The
penetration angle is found to be 38.9 degrees. The calculated
ground distances and group paths for the 51 values of elevation
angles from zero to 38.9 degrees are shown in Figure 2.11. For
the specified group path value of 2654.08 km in W(394) the figure

i shows two initial elevation angles for which homing of the group
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path could be achieved.

Figure 2.12 displays the steps in the group path homing
process for both elevation angles of 2.758 and 5.679 degrees.
The upper plot shows that the given group path already lies be-
tween steps 2 and 3. Step 4 is obtained through linear inter-
polation and it coincides with the specified group path. How- L
ever, the azimuthal deviation of the ray is not within the cal- !
culated azimuthal tolerance. A correction on the azimuthal angle

of transmission yields step 5. Then, starting with step 5 and using

increments of the previously calculated ground distances and eleva-
tion angles we arrive at step 6. Since the specified group path
lies between steps 5 and 6, linear interpolation on them yields
values of step 7 which meets the tolerance criteria and homing

is thus complete for the first layer high angle. 1In the lower
graph the specified group path is higher than the values of steps
1, 2, 3, 4, and 5. Therefore, all the values of steps 1, 2, 4,
and 5 are discarded and only values of steps 3 and 6 are retained.
Linear interpolation on these values yields step 7 which satis-
fies the tolerance criteria and hence the desired homing elevation
angle.

The above three examples illustrated successful homing of the
ray. When homing is successful, a diagnostic stating that homing
is achieved is printed together with the homed in parameters.

When homing is not successful, a diagnostic stating that homing
cannot be achieved and the reason why it cannot be homed is printed.

There are several reasons for which rays cannot be homed.

i) high angle rays which are too sensitive to ionospheric
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parameters and small increments in elevation angles.
ii) ground distance too close to the skip distance or
discontinuity in the ray traced ground distance versus
elevation angle curve. These two reasons cannot be
separately distinguished.
iii) the specified number of trials exceeded.
Up to this point we are only concerned with the single hop mode
of propagation. The extension of the ground-to-ground homing to
the two-hop mode of propagation has been tried and found to be
only partially successful. The two hops are assumed to be similar
or mixed. Initially, the two hops are considered to be similar
and the two sets of ground distance versus elevation angle curves
corresponding to the ionospheric profiles at the two midpoints
are generated. Then, the initial elevation angle required in
the homing procedure is found by searching the two curves for
an elevation angle for which the sum of the two ground distances
is the desired ground distance. This initial elevation angle if
found 1s used in the same manner as for the single hop case to
carry out the homing. Utilizing the above technique we had success
in homing for a few cases while we encountered difficulties in
the majority of the cases studied. These difficulties may be
attributed to
i) the coarseness of the given ionospheric profile
ii) the interpolation procedure in the three-dimensional
ray tracing program
iii) the technique developed for the two hop.

Further study is necessary in order to achieve two-hop homing.

AEUNTRE SIS PN WL, N 8 T
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2.3 Ground-Satellite Homing

When the transmission frequency is much higher than the
critical frequency of the given ionospheric profile the ray pene-
trates the ionosphere. The geometries of the two possible con-
figurations are shown in Figures 2.13 and 2.14. 1In Figure 2.13
the transmitter is below the receiver and the configuration is
called ground-to-satellite homing. The satellite-to-ground homing
configuration is shown in Figure 2.14. 1In either case our objec-
tive is to home the ray to the receiver within a specified ground

distance tolerance and a computed azimuthal tolerance. The follow-

ing discussion is applicable to either configuration.

2.3.1 Approximate Elevation Angle

We assume that the transmitter and receiver coordinates are
given in east longitude and latitude north in degrees and their
heights above the earth surface in km. Then, to a first approx-
imation we calculate the initial or approximate elevation angle
for a straight line path between the transmitter and receiver.

let GT, eR, ¢T' ¢R be the transmitter and receiver colat-
itudes and longitudes respectively. Compute the cartesian co-
ordinates of the transmitter and receiver through the transfor-

mation

X = 1r sin 6 cos ¢

r sin 6 sin ¢

~
I

z = r cos 6 (2.27}

where r=ro+h and h is the height of the transmitter or receiver

s above the earth surface. From Figures 2.13 and 2.14, the vectors
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CT and CR are given by

—
CT

Kty Gha R (2.28)

R A
—XRl YR] ZR

Then the ground distance D R between the transmitter and receiver

T
can be found either through the use of the cosine law equation

(2.3) or by taking the dot product of the vectors in (2.28), i.e.

——
y = cos—l[—égiifgg]
|CT| [CR| (2.29)

The ground distance DTR projected at the transmitter radius is

given by

DTR = (ro+hT)Y (2.30)

In order to find the elevation angle, we define the straight

line path by the vector %R,

TR = CR = IC (2-31)

Applying the cosine law of plane trigonometry to triangle CTR,

angle CTR is found to be
¥ CTR = cos™LI(|TR|2+|CF|?)-|CR|2) /2| TR |&F|)
(2..32)
and the approximate elevation angle is given by

B =¥ CTR - 1/2 (2+.33)

In the ground-to-satellite case B is positive while in the satel-

lite-to-ground case 8 is negative. The above procedure is pro-




G

grammed in subroutine HOMES.

2.3.2 Refinement of the Elevation Angle

In section 2.2.3 we presented in detail the steps used to
refine the approximate elevation angle for the ground-to-ground
configuration. The refinement of the elevation angle for both
the ground-to-satellite and satellite-to-ground is basically the
same as that of the ground-to-ground case except for the initial
elevation angle increment. The computer code of ADJUST is used
for all three configurations. The initial elevation angle incre-
ment is only used once upon entry into routine ADJUST.

Starting with the known value 81=B of the approximate straight
line path between the transmitter and receiver we trace one ray

and obtain the ground distance D In order to find a new eleva-

1°
tion angle 82 we assume a plane earth geometry and consider the
equivalent triangle TRA in Figure2.15. In this figure, T is the
transmitter, R is the equivalent receiver, which, when a perpen-
dicular line is dropped on RC from T, is a distance D km away and
which is h km above the foot of the perpendicular point A as shown
in Figure 2.15. From triangle TRA, the approximate elevation angle
é is given by

tan 8 = h/D ' (2.34)

Differentiating both sides of the equation and solving for the

approximate initial increment in B we obtain the relation

~ ~

d8 = sin B cos B &6D/D (2«35}

where B=Bl, 6D=DTR—D1, and D=DTR' Then, with an elevation angle
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82=Bl+68 we proceed in the same manner as that described in sec-

tion 2.2.3 to find the true homing elevation angle.

2.3.3 Examples and Discussion
In order to illustrate our homing technique we present two

examples, one for ground-to-satellite and the other for the satel-
lite~to-ground case. In both examples we studied the homing tech-
nique for the different oblique frequencies. The initial eleva-
tion angle is independent of the freguency of transmission. Since
the straight line path approximation approaches the true path for
high frequencies we expect the initial elevation angle to be very

close to the true homing elevation angle.

Example 1. Ground-to-satellite.

Let the transmitter and receiver geographic coordinates be
(-165.0, 72.0) and (-170.0, 56.0) longitude and latitude respec-
tively. Also, let the transmitter and receiver heights above the

earth surface be 0.0 and 560.0 km respectively. Then, for such

a configuration the ground distance at the transmitter radius is
1793.97 km, the azimuthal angle of transmission is 190.1 degrees,
and the initial approximate elevation angle is 8.475. The obli-
que transmission frequencies considered for this example were

90, 170, and 250 MHz. For each of these frequencies and starting

T T

with an elevation angle of 8.475 degrees we utilize the ray trac-
ing program through subroutine ADJUST. The result of the calcu-
lation is presented in Figure 2.16. From Figure 2.16 we note |

that as the frequency gets higher the number of steps needed to

|

achieve homing decreases. We also note that neither matrix
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inversion nor linear interpolation is needed to achieve homing
for all three frequencies. In Figure 2.17 the geomagnetic co-
latitude is plotted versus the geomagnetic longitude to show the
homing steps for the three frequencies. For all frequencies the

figure shows that no azimuthal correction is needed.

Example 2. Satellite-to-ground

For this example we let the transmitter and receiver be
located at (-150.0, 78.0) and (~-165.0, 60.0) longitude and lat-
itude respectively. We also let the transmitter and receiver
heights above the earth surface be at 550 and 0.0 km. For
these geographic coordinates the ground distance at the trans-
mitter radius is 2251.96 km, the azimuthal angle of transmission
is 203.87 degrees, and the initial approximate elevation angle
is -23.472 degrees. For each of the oblique frequencies 70,
140, and 210 MHz we used routine ADJUST to find the homing ele-
vation angle. Figure 2.18 shows the ground distance versus the
elevation for all frequencies together with the number of steps
needed to achieve homing. t'or the 70 and 140 MHz it takes 4
steps while for 210 MHz only 3 steps are needed. One linear
interpolation and one matrix inversion are required for the 70
and 140 MHz while one linear interpolation is carried out for
210 MHz. Figure 2.19 displays the geomagnetic colatitude versus
geomagnetic longitude for the three frequencies. This figure
shows the number of steps along the azimuth of transmission for

each frequency. Homing for all frequencies is achieved without

azimuthal corrections.




46

*sotouanbaxy so1y3z TIe 3Ie HUTWOY IO0J pSpodU ST UOTIDSIIOD Teyjnurze
ou 3jeyl butrjex3ysnITT 9T7°Z °HBTJ ur umoys aTdwexs JO UOTIENUTIIUOCD

(S33493A0) 3ANLIONOT JIL3INOVWO3IO

€°Gll- p'Gll- S G- 9°Gll-

I @o | |

ZHN 062 -~

ZHN 041

ZHN 06 - Y31 1INSNVYl Ol
Y3AI3034 @

8L¢

LLE

9.¢

G.€

bLe

‘LTz @anbtg

(S334934d) 3ANLILVTIOD JIL3INOVINO3IO




~
<

*ZHW 0TZ PU®e ‘zHW OFT ‘ZHW 0L s®1ousnbaijy
OoTpeI 231Yy3 I0J HbutwWOoy punorb-o3-o3T1T[93Es burjeazsnyrt o7dwexdy °gT°z 2InbTg

(S33493A) 39NV NOILVA3T3
vee- 922- 822- oee- 2ee- vee- 9'¢e-
T I T T T T 0002

O
@ .
wy 96'162¢2 o@ : @t\@

® ®

-100¢2¢

o X

ki

JONVLSIA ANNOCYHS d3103r0dd

oove

-1 009¢

S334930 2.b'e2- 31ONV NOILVAI3 TIVILINI

@ ZHWN 012 o 10082
ZHN Obl  x
ZHN OL o

L

000¢

(wy)




|l

48

*soTtousnbaxy o21y3z TIe 3e HBUTWOY JI0J POPSdU ST UOTIOSIIOD TeyjnuwIze

ou 3jeyl burjzealsnITT 8T 7z °*HBTI UT smoys aTdwexs JO UOTIENUTIIUOD *gI°Z =2InbTg

(S33493Aa) 3ANLIONOT OJIL3INOVWNO3O

G2ll- o€~ &l o'bll -
I | | AH% | 1 0 | 1 | I | | |
(6296111 - ‘9652¢) Y i
® :
Y¥3AI1303Y g
® @eo -
@V‘.. o ,
ZHN 012 o
ZHN Obl «x .
T B Y311INSNVYL Ol
¥3IAIZ03H @ -

o'se

ove

oee

o¢ce

ole

(S33493d) 3ANLILVYTI0D JILINOVIWO3IO




49

2.4 Minimum Group Path

The technique of backscatter ionogram inversion utilizes
the values of the minimum group path computed for the given ionos-
pheric profile. Therefore, it is necessary to extend the ray
tracing program to include the numerical computation of the mini-
mum group path. The complete method is documented in subroutine

GROUP M.

2.4.1 The Chopping Method

We assume that the transmitter location, the ionospheric
model, the oblique transmission frequency, and the azimuthal
angle are given. In addition, the minimum group path tolerance
SP' is also specified. At the present, the minimum group path
tolerance is internally specified with a value of 1 km. With
the known transmitter coordinates we can select the closest
ionospheric model and find an approximate penetration angle Bp.
This approximate angle is found through equation (18). Utilizing
the ray tracing program and the given ionosphere we correct the
approximate penetration angle until 81 is just below the penetra-
tion condition. Since Bp is approximate we could encounter two
main possibilities; either Bp is larger or smaller than the true
penetration angle. Very seldom Bp will be equal to the true pene-
tration angle and this situation is included in the cases where
Bp is larger or smaller. For the case where Bp is larger than
the true penetration angle we successively decrement Bp by one
percent i.e. Bpi=0.998pi_l, 1=1,2,3,«+« ; and obtain Bl just below
Bp. While in the case where Bp is smaller we successively incre-

ment B8 by five percent i.e. B_ =1.058 v A=Ll,2434¢s+ MNEL1 the
P Pi pi-l

A

e
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ray penetrates the ionosphere and then we successively decrement

Bp by one percent and obtain Bl just below Bp.

Associated with Bl is a group path P In order to locate

1)
1"
the minimum group path we need three points along the group path
versus elevation angle curve. The general behavior of this curve
is shown in Figure 2.20. Define 82 and 83 as ninety five (95)
and ninety (90) percent of Bl and generate their corresponding

group path values Pé and Pg through ray tracing. A comparison

test is then performed on Pi, PLs and Pg. If Pi>Pé>P§ as in

Figure 2.2la we discard Bl and Pi, shift indices backward and
calculate a new 83 equal to ninety five (95) percent of the old

83. With the new 83 we generate a new group path Pé. On the

other hand, if Pi<P5<P§ as in Figure 2.21b we discard 83 and
Pé, shif’ indices forward and calculate a new Bl equal to 105
percent of the old Bl. With this new 81 we generate a new group
path Pi. In either case we repeat the comparison tests on P!, Pé,
and P5 until the condition Pi>Pé and P§>Pé is satisfied.

Let us assume that we finally arrive at the situation de-

picted in Figure 2.21c where the condition P'>Pé and P§>Pé

satisfied. Then, in order to decide whether the minimum group path

is

has been found or not we consider the following steps;
Step 1. Utilizing the chopping technique we take 84 and 85

at the mid point of the intervals Bl’ B, and 82, B

2
respectively. Tracing two rays with 84 and 85 we

3

obtain two group paths Pa and Pé.
Step 2. 1If ]Pé-Pé|>6P‘ then we transfer to actions taken
in step 3; otherwise, we have arrived at the mini-

mum group path and a decision is made to select the

bt o




Figure 2.20.
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smallest of Pé, Pa, and P!.

5
Step 3. Ef Pé>Pé then we concentrate on actions taken in

step 4. For Pé<Pé, the interval given by P!>P/

35

and Pé>Pé is our main concern. In this interval

2t Pi, Pé by the

Pé, Pé respectively and start over

we replace the values of 81, B

values £,, Bg,
from step 1.

Step 4. If |PZ-Pé|>6P' then we transfer to actions taken

in step 5. Otherwise, we have arrived at the mini-

mum group path and a decision is made to select the

smaller of Pé and Pa.

Step 5. 1If PA>Pé then we concentrate on the interval given
L) 1] )
by Pg>P) and PA>P2 and replace the values of Bl' 83,

Py, P3 by the values Bgr By Pl

Otherwise, ou: main concern is the interval given

Pa respectively.

by Pé>Pa and Pi>P&. In this interval we replace

the values 8 P!, P! by the values 84, 82,

AR
Pa, Pé respectively. 1In either case we transfer
to step 1 and start over again.
Once the minimum group path is found, control is transferred

to the main program to perform a prescheduled acitivity in accor-

dance with the input data through the W array.

2.4.2 Examples

In order to illustrate the technique of finding the minimum
group path we present two examples. Both examples are derived
from the same transmitter location at -175 and 40 degrees geo-
graphic longitude and latitude respectively. In the first example

the azimuthal angle of transmission is 330 degrees and the oblique
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frequency of transmission is 12 MHz, while in the second example
the azimuthal angle and the oblique freqgua2ncy are 308 degrees and

10 MHz respectively.

Example 1.

For an oblique frequency of 12 MHz the penetration angle
from equation (2.18) is found to be 52.91 degrees. Starting
with Bl=52.9 we generate the group path Pi through ray tracing.
Following the discussion in section 2.4.1 we take 95 and 90 per-
cent of Bl and define them as 82 and 83. The values of 22 and
83 then are given by 50.26 and 47.62 degrees. The corresponding

group path values P! and P! are found to be 1077.37 and 1022.81

2 3
km. Since Pi>Pé>P5 we discard Bl and Pi and shift the indices
backward to obtain Bl=50.26, Pi=1077.37, 82=47.62 and Pé=1022.8l.

Taking 95% of 47.62 degrees we generate B3=45.24 and its corres-

§=995.86. From the values thus known we

still have Pi>Pé>P§. Discarding Bl and Pi, taking 95% of 45.24

degrees we obtain the following three sets of values, Bl=47.62,

ponding group path P

Pi=1022.81, =45.24, Pé=995.86, B3=42.98, P21=981.11. Since the

3

is still satisifed we carry out the same opera-

B,
3 s 1 1 1
condition P1>P2>P3

tions as above and arrive at the values Bl=45.25, Pi=995.86, 62=

42.98, Pé=981.1l, B3=40.83, P!=973.56. Comparison of the group

O

path values reveal that Pi>Pé>P5 is the prevailing condition.

Therefore, the next set of values are Bl=42.98, Pé=981.ll, 82=

§=973.l7. Since the condition

is satisifed we carry out the calculations once more

40.83, é=973.56, B3=38.79, 1

1 ) L}
Pl>P2>P3

and arrive at the situation given by the values Bl=40.83, Pi=

973.56, 82=38.79, Pé=973.l7, 63=36.85, P§=976.87. An examination

68
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of the group path values showsthat the condition P!>P! and P.>P!

1 3772
is satisfied. Following t!# chopping method steps we find £, and
65 at the midpoint of the intervals ﬁl' Bou and 52, §4s respec-

tively. With the values of B4=39.81 and £.=37.82 we find the

5

group path values P&=972.60 and Pé=974.07. Going to step 2 of
the chopping method we find that fPé—Pé|>6P'=l. Therefore, we
find the minimum group path, it is either P!, PA or Pé whichever
is the smallest. 1In this case the minimum group path is given
by Pa=972.60 and the elevation angle is B4=39.81. Figure 2.22
shows the group path versus elevation angle for the values gen-
erated under this example. The test sequence and indices shift-

ing is also displayed on the graph. |

Example 2.

In this example we use an azimuthal angle of 308 degrees
and an oblique frequency of 10 MHz. The result of the calcula-
tion, testing and the value of the minimum group path are dis-
played in Figure 2.23. The circled numbers beside each point is
the sequence calculation number. The table in the figure presents
the sequence of operations performed before converging on the
minimum group path value. In this example also the chopping tech-

nique is applied only once to achieve the final result.

2.3 Computer Programs
During the course of the study we augmented the 3D ray
tracing program with six subroutines. They are discussed in

the following.

N 2.5.1 General Description

For each of these subprograms we will be presenting
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a description of their main purpose and the functions they perform.
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Prior to describing the subprograms we present a list of the

controls needed to successfully run the three dimensional ray

tracing program for the homing cases and the minimum group path

calculation.

These controls are either internal or external al-

locations in the already existing W-array input data.

The inter-

nal allocations are equivalence statements in the subprograms

and there is no need to specify them. The external allocations

are specified by the user in the input data of the W-array. The

internal and external allocations of the W-array are:

W

371
372
373
374
375
376
374
378

379

380

381

382

Description Intern
Extern

Control used for penetration conditions
Geomagnetic colatitude of the ray
Geomagnetic longitude of the ray

Local azimuthal deviation of the ray
Radial distance to the transmitter

ALPHA

THO, geomagnetic colatitude of transmitter
PHO, goemagnetic longitude of transmitter

Azimuthal deviation of the ray at the
transmitter

0 regular ray tracing
1 ground-to-ground homing

2 ground-to-satellite or satellite-to-gro
homing

3 minimum group path

Geographic East longitude of receiver in
degrees

Geographic latitude north of receiver in
degrees

al (In)
al (Ex)

(In)
(In)
(In)
(In)
(In)
(In)
(In)
(In)

(In)

(Ex)
und

(Ex)

(Ex)
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383 Height of the ray above the earth surface (In)
384 Ground distance computed in PRINTR (In)
385 Ground distance computed from the geometry (In)

of the problem

386 Maximum number of iterations for finding (Ex)
the approximate elevation angle

387 The tolerance allowed between the ground (Ex)
distance in W(385) and calculated ground
distance

389 Penetration angle used in homing (In)

390 Height of the bottom of the ionosphere (Ex)

above earth
391 Maximum height of the ionosphere above earth (Ex)
0 wutilizes the given ionospheric profile
393 (Ex)
1 generates a new ionospheric profile based
upon the given quasi-parabolic parameters
394 Value of the group path used in the group (Ex)
path homing
Subroutine HOME
Purpose:

The HOME subroutine calculates the initial approximate ele-
vation angle in the ground-to-ground homing for the ground distance
and the group path.

Description:

The HOME routine calculates several parameters and generates
tables prior to obtaining the final result of initial approximate
elevation angles. The azimuthal angle of transmission and the
exact ground distance are computed from the given transmitter
and receiver coordinates. The midpoint between the transmitter

and receiver is found and the electron density profile at this

midpoint is extracted from the given ionospheric profile. With
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the critical frequency of the midpoint profile and the given
oblique frequency of transmission the penetration angle is com-
puted from equation (2.18). Then, the elevation angle interval
from zero to this penetration angle is subdivided into 50 inter-
vals thus generating 51 values of elevation angles. For each
value of elevation angle in the interval a ground distance and

a group path value are calculated from the analytical expres-
sions for a quasi-parabolic density profile. These analytical
expressions are programmed in Subroutine FITT. Through this pro-
cedure a table of elevation angles, ground distances, and group
paths is assembled.

The exact ground distance is then compared to the ground dis-
tance values in the table. If the exact ground distance is lower
or higher than the ground distances in the table, then no approx-
imate elevation angles can be found. However, if the exact ground
distance is located between two ground distances in the table,
we interpolate linearly to find an approximate elevation angle.
Since there might be more than one homing solution we scan through
the table and locate all possible elevation angles.

The HOME subroutine is capable of storing approximate ele-
vation angles for a four layered ionosphere. In addition, this
subroutine has been mainly written for the single hop mode of
propagation. The two hop mixed mode of propagation is already

included as described in section 2.2.6.

Subroutine HOMES

Purpose:

The HOMES subroutine calculates the initial approximate ele-
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vation angle for a straight line path in the ground-to-satellite
and the satellite-to-ground configurations.
Description:

Given the transmitter and receiver coordinates and the obli-

que transmission frequency subroutine HOMES computes the azi-
muthal angle of transmission and the ground distance projected

at the transmitter radius. Assuming a straight line path between
the transmitter and receiver, the approximate elevation angle is
found from the triangle in the plane containing the transmitter,

the receiver, and the earth center.

Subroutine FITT
Purpose :

Given an elevation angle routine FITT calculates the corres-
ponding ground distance and group path from analytical expressions
for a quasi-parabolic density profile.

Description:

Utilizing the analytical expression given by equations (2.13)-
(2.16), the electron density profile at the midpoint of the path
between the transmitter and receiver, and the oblique frequency
of transmission, subroutine FITT computes the ground distance and
the group path for a specified elevation angle. The contributions
of ground distances and group paths are added up from the trans-
mitter height up to the ray reflection height. The integration

step corresponds to the height increment of the electron density

profile at the midpoint.




Subroutine RAYINT
Purpose:

Routine RAYINT initializes the ray parameters before any
actual ray tracing is performed.
Description:

The code in subroutine RAYINT is extracted from the main
subprogram of the ray tracing program to enable the homing and
minimum group path procedures to function independently from the main
program. With a specified elevation and azimuthal angles this
subroutine initializes the ray parameters prior to tracing the

ray via subroutine TRACE.

Subroutine ADJUST
Purpose:

The ADJUST subroutine takes the approximate elevation angles
for any of the three configurations, ground-to-ground, ground-to-
satellite, or satellite-to-ground and modifies them through the
ray tracing program to achieve homing.

Description:

Utilizing the initial elevation angle a ray is traced in
the ionospheric profile to obtain a ground distance value. Then,
the initial elevation angle is incremented or decremented by a
small amount depending upon the configuration under consideration.
In the ground-to-ground case the initial increment or decrement
is found from the table assembled in subroutine HOME, while in
the other two cases the initial increment or decrement is found
from equation (2.35). Adjusting the initial elevation angle by

the initial increment or decrement we obtain a new elevation angle
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and a corresponding ground distance through ray tracing. The
objective is to locate the exact ground distance between the
ground distances of the traced rays. Sometimes, the rays are
homed without further calculations and at other times we cannot
locate the exact ground distance between the ground distances
obtained through ray tracing at which point a message is printed.
Let us assume that the exact ground distance lies between the
two ground distances obtained from ray tracing. With the two
values of elevation angles and their corresponding ground dis-
tances we interpolate linearly and find a third elevation angle.
Utilizing this third elevation angle we trace another ray to ob-
tain the ground distance. If the ray is not homed in yet, we
have three elevation angles and their ground distances. Since

the variation between ground distance and elevation angle is

nonlinear we fit a second degree polynominal in elevation angle
and invert the resulting matrix to find a new elevation angle
that will eventually home the ray.

With this elevation angle we trace a ray and find the ground
distance. A comparison test on the ground distances will reveal
whether or not homing is achieved. 1In the event that homing is

not achieved, the procedure of fitting the second degree poly-

nomial is repeated utilizing the closest three ground distances

to the exact ground distance and their corresponding elevation

} angles. Then, either homing is achieved and no further calcula-
| tions are needed, or the above proccedure is repeated to attain |
| § homing. Homing may not be achieved due to discontinuities in

the ray-traced ground distance versus elevation angle curve, high

l g angle ray, or that the maximum number of specified trials to find
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an elevation angle have been exceeded.

Subroutine GROUPM
Purpose:

Subroutine GROUPM calculates the minimum group path for
given transmitter coordinates, azimuthal angle of transmission
and an oblique transmission frequency.

Description:

With the given transmitter coordinates, the closest density
profile is selected from the composite ionospheric profile.

From the knowledge of the critical frequency of the selected
profile and the oblique frequency of transmission, the penetra-
tion angle is computed through equation (2.18). Then, starting
with this penetration angle we initialize the ray parameters and
trace a ray through the given ionosphere. If the ray penetrates
the ionosphere we decrement the elevation angle (penetration
angle) by one percent and trace another ray. This procedure is
repeated until the ray is reflected and a value for the group
path is obtained. There, we take 95 or 90 percent of the result-
ing elevation angle thus generating two new elevation angles.
With these two new elevation angles we trace two rays to obtain
their corresponding group path values. The three values of ele-
vation angles and their corresponding group paths describe a curve.
This curve may assume three shapes, sloping to the left (most
common) , sloping to the right (rare) or concave upwards. In the
cases where the curve is sloping to the right or left we incre-
ment or decrement the elevation angle and trace rays until the

shape of the curve is concave upward. For this shape the values
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of the group paths are compared with each other to test for the
minimum value within a specified 1 km tolerance.

Let us assume that we did not attain the minimum group path
value, then we subdivide the two intervals in the curve and obtain
two elevation angles, one in each interval, thus generating two
additional intervals. Through ray tracing we obtain two values
of group paths corresponding to the two new elevation angles.

A test is performed between the five group path values and the
largest two are discarded retaining only three values and their
corresponding elevation angles. Through repeated application of
this procedure we converge on the minimum group path value with
the specified tolerance of 1 km. This tolerance is imbeded in

the subroutine and could be changed to any desired value.
2.5.2 Program Listings

A complete listing of all the programs discussed in this

section is given in Appendix 1.
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2.6 Discussion

We have modified the three dimensional ray tracing program
to include the homing features for ground-to-ground, ground-to-
satellite, and satellite-to-ground configurations. In addition,
the ray tracing program has been augmented by a chopping techni-
que to find the minimum group path. In the preceding sections
we presented in detail the approach and methods utilized in the
homing of the ray together with representative examples. We
also outlined the purpose and description of each computer sub-
program added to the originally supplied AFCRL three dimensional
ray tracing program.

The results of our homing approach for the one hop mode of
propagation show that homing is almost always achieved provided
the input parameters are correctly entered through the input
data. We say almost since there are situations where homing of
the ray may not be possible. During the course of our study we
came across three situations in the ground-to-ground case where-
by homing might not be possible. These three situations are

S5y high angle ray

1.1) ground distance too close to the skip distance or

discontinuity in the ray traced ground distance versus
elevation angle curve.

iii) number of tries to find an elevation angle is exceeded.

A preliminary investigation of the two mixed hop mode of
: propagation has been initiated and the technique has been imple-

mented in the HOME subroutine. The application of our technique
to achieve homing is only partially successful; the ray was homed

in for a few cases while for the majority of the cases tested we

)
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encountered difficulties in homing of the ray. These difficulti

may be attributed to the following reasons:

i) the coarseness of the given ionospheric profile
k) the interpolation procedure used in the ray tracing
program

iii) the technique applied to the two hop mode
Through further research, the true nature of the problem could b
pinpointed and if need be a sophisticated homing technique for
the multi-hop mode of propagation can be developed.

Aside from the homing probelms, we have also incorporated
a chopping method to find the minimum group path. The results
of such a method are quite evident from the examples presented
in section 2.4.2. For all the cascc studied we have been succes:
ful in finding the minimum group path within the specified tol-
erance. The number of steps needed to obtain the minimum group
path decreases as the frequency of transmission gets higher.
Once we arrive at the condition whereby the variation of group
path versus elevation angle curve is concave upward, the conver-
gence of the chopping method is very fast.

From the results presented in this report and other example:
derived from the techniques used in homing of the ray and findinc
the minimum group path it is quite evident that we have been
successful in achieving our objective. The difiiculties encounte
during the course of this study could be overcome through modi fi-
cation and refinement of the ray tracing program and the ionosphe

profile. Such modification and refinement can only be achieved

through further research.
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35 ANALYSIS OF OBLIQUE PROPAGATION DATA
il Introduction
The goal of this investigation is to devise techniques for

inverting h.f. oblique radio propagation data for ionospheric

models with horizontal gradients. There are two kinds of obli-
gue propagation data: (a) Point-to-point obligue ionograms, and
(b) Backscatter leading edge. 1In this section, we shall consider

briefly the nature of these two types of data and discuss quali-
tatively their capabilities and limitations in providing infor-

mation concerning ionospheric models with horizontal gradients.

3.1.1 Point-to-Point Oblique Ionograms

These are traces of group path (P') versus frequency (f)
for oblique propagation between two fixed points separated by
some distance. Since the end points of the propagation path are
fixed, the reflection points of the rays lie in the neighborhood
of the midpoint between the transmitter (T) and receiver (R) for
the one-hop mode of propagation, irrespective of the frequency,
as shown in Fig. 3.1(a). Similarly, for multiple-hop mode of
propagation, reflection for each hop occurs in the neighborhood
of a single location, for all frequencies capable of propagating

in that mode. A typical shape of the oblique ionogram trace for

the one-hop mode is shown in Fig. 3.1 (b).

It can be easily conjectured from Fig. 3.1(a) that a one-hop
mode oblique ionogram is capable of providing an equivalent verti-
cal profile of electron density valid near the midpoint between
the transmitter and the receiver, but is not by itself tco useful

for deriving the horizontal gradients of electron density. How-
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Figure 3.la. Ray paths for point-to-point oblique ionograms at different
frequencies.

(b)

Figure 3.lb. Typical shape of one-hop trace for point-to-point
oblique ionogram.
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ever, for a particular assumed model with horizontal gradients

near the midpoint, it is in principle possible to deduce the
parameters so as to achieve a best fit with the experimental
ionogram. The use of a two-hop mode trace in addition to the one-
hop mode trace would increase the utility of the ionogram for
deriving the horizontal gradients but still does not permit their
determination continuously along the azimuthal direction from

the transmitter to the receiver.

3.1.2 Backscatter Leading Edge

In the case of the backscatter mode of propagation, the
transmitter and the receiver are located at about the same loca-
tion and the time delay of the transmitted signal backscattered
from the ground and then received at the receiver is measured as
a function of frequency. For a given frequency, many returns are
possible corresponding to all elevation angles of transmission
and reception within the bandwidths of the transmitting and re-
ceiving antennas. There is however a minimum value for the time
delay which occurs near the transition from the low angle ray
mode of propagation to the high angle ray mode of propagation,
as shown in Fig. 3.2(a). Thus for each frequency, a continuum
of backscattered returns beginning with the minimum time delay
return will be received. Alternatively, the situation can be
thought of as a continuum of point-to-point oblique ionograms
corresponding to continuously increasing valuesof ground range
of the backscatter location away from the transmitter. Such a
continuum of oblique ionograms is shown in Fig. 3.2(b). The

tangent curve to these ionograms is the "backscatter leading
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st (a)

Figure 3.2a. Ray paths for backscattered rays at one frequency.

N
2

LEADING EDGE

(b)

Figure 3.2b. Showing that the leading edge of a backscatter ionogram
is the tangent curve to a continuum of point-to-point
oblique ionograms.




edge", and is generally the only useful portion of the backscatter

ionogram since all the other returns cannot be distinguished from
one another, except in the case of high resolution ionograms.

It can now be seen from Fig. 3.2(b) that points along the
backscatter leading edge correspond to rays reflecting at con-
tinuously increasing distant locations from the transmitter.
Hence in principle the bacdi:~catter leading edge contains infor-
mation concerning the horizontal gradients of electron density
outward from the transmitter location along the azimuthal direc-
tion corresponding to the backscatter ionogram. However to obtain
a vertical profile of electron density at any given location, a
minimum number of points along an ionogram are required. For
example, a quasi-parabolic profile requires a minimum of three
points. If we consider three points on the backscatter leading
edge, we must select them very close to each other in order to
obtain the vertical profile corresponding to a given location.

On the other hand, for three such points, the apogee heights of
reflection for the corresponding rays do not differ significantly.
Hence to increase the separation between the apogee heights of
reflection, the points must be selected farther apart. Thus it
becomes necessary to compromise between these two conflicting
requirements. A further point of interest arising from these
requirements is that it may not be profitable to invert the lead-
ing edge by employing a model which requires a large number of
parameters to describe its vertical profile. This observation

is augmented by the fact that simulated backscatter leading

edge data using three-dimensional ray tracing indicates that the

apogee heights of rays corresponding to points on the leading
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edge lie within a narrow range of values. This also makes it
impossible for the backscatter leading edge to provide the verti-
cal profile above the maximum apogee height. However, as will
be pointed out later, this is not a limitation insofar as the
application of the leading edge data is concerned, although it
may be a limitation for the purpose of obtaining the complete
ionospheric structure up to the layer peak.

Thus in this introductory section, we point out that while
the point-to-point oblique ionograms are capable of providing
the vertical profile near the midpoint between the transmitter
and the receiver, they are not too useful for obtaining hori-
zontal gradients over wide ranges of distance along the line
from the transmitter to the receiver. On the other hand, the
backscatter leading edge, while unable to provide the vertical
profiles above certain heights, is useful for deducing the hori-
zontal gradients over wide ranges of distance along the azimuthal
direction from the transmitter corresponding to the backscatter

ionogram.

Ja2 The Quasi-Parabolic Layer

Since the primary purpose of this investigation is to devise
techniques capable of yielding the horizontal gradients of elec-
tron density, it can be seen from the discussion in the previous
section that it becomes necessary to attach more importance to
the backscatter leading edge data than to the point-to-point ob-
lique ionogram data. Hence for selecting a model, the limitation

of the leading edge data need to be considered. In view of this,

an ionospheric model requiring a small number of parameters to
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define its vertical profile is more suitable. Such a model,
which is also amenable to analytical solution for the ray path
parameters, as compared to numerical ray tracing, is the quasi-
parabolic layer model. Hence this section is devoted to the

quasi-parabolic layer.

3.2.1 The Earth Concentric Quasi-Parabolic Layer
The quasi-parabolic layer is defined by the variation of
electron density Ne with the radial distance r from the center

of the earth as given by

\

2 12
r-r iz I
N [1 - m B ]  for =, <r<r ..
f m Yo T b m | r -y /
N,(x) =
0 otherwise
{3 1)
where
Nm = fé/80.6 = maximum value of electron density
fc = critical frequency
Ee = value of r at which Ne is equal to Nm
r, = value of r at the base of the layer
T = By T OEp ™ semithickness of the layer

The slight modification over the parabolic model, which is de-
fined by ignoring the factor (rb/r)2 in (3.1), enables the deri-
vation of exact closed form expressions for the ray path para-
meters for the quasi-parabolic layer (Croft and Hoogasian, 1968),

by application of Bouguer's rule for ray tracing in a spherically

symmetric layer. For a signal of frequency f and elevation angle
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of transmission B, these expressions for the ground range R, and

group path P' are given as follows (Rao, 1974; Rao, 1975):

2
e 2ro {'(Y-B) _ F r, cos B en Urb ‘}
2/C w2 (3.2)

2
BY = 2001 = §') ry sin y - 2r_ sin B - —EET n %2
2A7
{3.3)
where
F o= g/t
Y = cos 1 ig cos B|= elevation angle at the base
r
b

of the layer

r, = radius of the earth
U = B?-4AC
V = 2An + B+ 2er/X sin vy
W = 2/C Frb sin v + 2C + Brb
Boow PRl e )T
B --2rmrb2/ym2
¢ = (rbrm\z- F?r 2cos® 8
Ym

To find the minimum group path, which is equal to the mini-
mum time delay times the velocity of light in free space, we
first note that for a given frequency and for a given set of
layer parameters, the elevation angle of transmission corres-

ponding to the minimum group path ray is given by the solution

of the equation
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Pt _ Pt . BEC

38 2 (1= . + AV r sin g cos y
2B F? r, sin 8
-2 (1- )rﬂ cos B
VA U -
=0 (3.4)

Recognizing that 90P'/9d8 varies continuously from a large nega-
tive value near zero elevation angle to a large positive value
near maximum elevation angle corresponding to penetration of the
ray through the layer, we can solve (3.4) for R in an iterative
manner. The penetration condition occurs for the ray apogee
radius equal to - B/2A and hence for the elevation angle of trans-

mission given by
1
< 2
5 -1{ 1 [ brm) BZ‘J}
B, = cos - —
P Fro ym 4A

Thus starting with values of B near zero and Bp' the value of

8 for which 9P'/58 is a small specified value can be found in

s

(3.5)

an iterative manner. Substitution of this value of 8 in (3.2)
then gives the value of the minimum group path, P'min'

In the formulation of the procedures for inversion of the
point-to-point oblique ionograms and backscatter leading edges
for quasi-parabolic layer parameter, we will find later that

the partial derivatives of R and P' with respect to the layer

parameters are required. Expressions for these quantities, which

can be easily derived from (3.2) and (3.3) are given in the appendix.

3.2.2 The Eccentric Quasi-Parabolic Layer

In papers by Rao (1968, 1973), the ionospheric layer has
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been assumed to be still spherical but eccentric with respect

to the earth. Figure 3.3 shows the geometry pertinent to such

a layer with its center C' displaced by vector D from the earth's
center C. Assuming quasi-parabolic distribution of electrons

in the eccentric layer, the spherical geometry of the system with
respect to its own center enables us to use the formulas for the
concentric case (Section 3.2.1) with some additional computations
introduced by Rao (1968). Thus the eccentric quasi-parabolic
layer model, which permits the existence of gradients in the
electron density, is completely defined by the following six

parameters:

f : «critical frequency of the layer

h_ : wvertical distance between the base of the ionosphere
and the surface of earth along vector )

Y. + semi-thickness of the layer

D : the distance between the centers of the earth and

the ionosphere

the angle between the displacement vector D and the

radius of earth through the transmitter

a : an angle pertinent to the azimuthal angle of transmission

For simplicity, we assume no gradient lateral to the transmission
path (a = 0) and the model is then defined by the first five
parameters. The consideration of non zero a will not affect the
presented techniques and will only add an additional dimension

to the problem.

It is essential to have a feel for the type and amount of




Figure 3.3.
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The eccentric gquasi-parabolic layer with its
defining parameters.
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the gradients introduced by D and w, parameters of the eccentric

t
layer. To accomplish this, we must make a few simplifying assump-
tions and approximations. The geometry of Figure 3.3 suggests

that we have gradients in the base and peak heights of the layer.
To obtain realistic relative values for these two gradients, we
will assume that the base height of the layer above the transmitter
be a constant value for all cases. In Figure 3.4, T and R are

the locations of the transmitter and the receiver with M and 60
being the location and the angle of their mid-point. The base
heights of the layer above T and R are denoted by hé and hg.
Expressions can now be derived for the gradients at angle 60
(@approximately where the reflection takes place).

The equation of the base-height circle can be written as

(x + D cos wt)2 + (y + D sin w.)? = D? + (r, + h(':)2

t

+ 2D(rO + hé) cos wy (3:6)

Writting (3.6) in polar coordinates, we get

2 - = 2 ' )
r° + 2rD[cos (8 wt)] (rO + ho) 4+ 2D(rO + ho) cos w

Differentiating 3.7 with respect to 8, we have

or or . =
2¥ 36 + 2D 35 cos (6 - wt) - 2Dr sin (6 - wt) =0
D 8in(8. = w,)
3{ o 0 t
36 D
1+ = COS(BO - wt) (3.8)
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Figure 3.4. The geometry for computing gradients as a

§ function of Wy o D




where

rl

r,+ hé for the base height gradient

r" r + hé 7t o for the peak height gradient.

o

Since, in general r >> hé and Y+ We can assume that the gradient

is equal for both base and peak heights (r' = ro).

As a typical example, let us assume TOR = 10° correspond-

ing to a ground range of R = 1111.8 km (eo = 5°). The gradient

given by (3.8) 1is evaluated for several values of D and Wy and

Fig. 3.5 shows the peak height gradient (r' = 6370 + 150 + 200
6720 km as a function of D for several values of Wee Figure 3.5
also shows the forbidden regions, characterized by the ionosphere
going underground at the receiver. This happens when the gradients
are large, forcing the base height of the layer to be less than
zero above the receiver (hg < 0). The gquantity h; can be derived

by solving (3.7) for r and setting 8§ = 260. Thus

+ h" = - -
r, ho D cos(26O wt)

2

z 2 "
= /B cos (2eo-w ) + (ro+hé) + 2D(ro+hé)005w

t (=

(3.9)
The above equation can also be used to set an upper limit for

h; as well as a lower limit. This will result in a usable region

on Fig. 3.5 for the values of D and Wy
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3.3 Inversion of Point-to-Point Oblique Ionograms

In this section, we report our investigation of techniques
for inversion of point-to-point oblique ionograms. The inversion
of such ionograms for earth-concentric ionospheric layers already
exist in the literature. Hence, we consider here their inversion
to a layer with horizontal gradients, and in particular the eccen-

tric quasi-parabolic layer discussed in Sec. 3.2.2.

3.3.1 Sensitivity Analysis

First we need to explore the individual behavior of the
five parameters of the eccentric Q-P layer model with respect
to numerically synthesized oblique ionograms, so that we can de-
vise an efficient numerical procedure for inverting a given oblique
ionogram to the model's parameters. In Figs. 3.6-3.10, four of
the five parameters are held constant, with the fifth varying
over a small range, and the resulting oblique ionograms are plotted.
Investigation of these graphs showsthat small changes in fc' ho,
and . parameters have a relatively linear effect on their re-
spective ionograms, that is, the curves are shifted by a similar
amount for equal changes in each of the three parameters. How-
ever, for changes in the gradient parameters (wt, D), the shifted
ionograms actually tend to converge to a certain curve and do
not demonstrate the linear behavior associated with the variation
of the first three parameters.

The above conclusion can also be verified from the geometric
point of view. Since Wy is a periodic variable, the constructed

ionograms will not be linearly shifted as the Wy parameter is

increased. Also the constructed ionograms can be very insensi-

P, £ :::'%:‘-“?rka-yh‘i-‘
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tive to changes in D for large values of D (the layer approaches
a plane slab) and be highly sensitive for negative D values.
These facts tend to suggest that most standard numerical pro-
cedures have the potential for inverting for the fc’ ho, and .
parameters, but could easily encounter convergence problems when
the gradient parameters are introduced.

Rao (1975) successfully inverted an oblique ionogram, using
three data points, to the three defining parameters of a concen-
tric guasi-parabolic layer using Newton's iterative technique
(this procedure is described and used in Section 3.3.3). An
attempt to extend this attractive technique to include two more

parameters, D and w failed because of convergence problems

t’
caused by the nonlinear behavior with respect to the gradient
parameters. These observations suggest that a slower and more
controllable technique is needed to converge to the final solu-

tion.

3.3.2 Determination of Initial Set of Parameters

In every complex numerical convergence procedure, it is
essential to have a reasonable set of approximate starting values
in order to be able to converge to the desired solution. 1In the
present problem we have five data points (frequency-group path
pairs) corresponding to five rays with frequencies fi' group
paths Pi and all having a constant range R. It is desired to
find a set of parameters and five elevation angles Bi' so that
the reflection of each ray (with frequency fi and approximate
elevation angle Bi) is ensured with small errors in their cor-

responding group paths and range.

Sl e el bt
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A concentric layer is a practical choice for initial approx-
imation, thus assuming D = wy = 0. Using the geometry of Fig.
3.11(a) and applying Martyn's theorem, we can derive approximate
expressions for i the angle of ray at the reflection point and

then Bi, the elevation angle:

-1 %o R
Yi = sin EI sin 7;3 (3.10a)
Bi = n/2 - ¥; © R/2ro. (3.10b)

The critical frequency fc is chosen to be equal to the highest
ray frequency (fs) to ensure the reflection of all five rays by
the modelled ionosphere. Since the zero frequency ray (with
group path Pé), reflects from the base of the layer, the geometry
of Fig. 3.11(a) can be usec¢ for determining the initial base
height ho. A linear interpolation of two data points (prefer-

ably in the lower frequency region) is made to find an approxi-

mate value for Pé [Fig. 3.11(b)] and then by using the simple

geometry of Figure 3.11l(a), hO is determined:

R e
Po'Pl-__fl
f2 - fl (3.11)
Pl
e O _ 2 e _
ho - R cos(R/2ro) + Z— r_ sin (R/2ro) r, .
(3.12)

Initial value of is not as critical as the other two parameters,
we will simply use a physical constraint. Here, we have chosen
Y ™ 300 - ho(in kilometers). Using these sets of approximate

2 starting values, we are now ready to consider techniques in order

BHDE S0G,~ TV WL, TR ve.




3

Figure 3.11.

Determining an initial set of parameters.
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for the solution to converge to an optimal set of parameters.

3.3.3 1Inversion of Synthesized Oblique Ionograms

Rao (1975) employed a version of Newton's technique in order
to invert a concentric Q-P layer in its three parameters. In
each iterationj this procedure requires evaluating the partial
derivatives of the group path and the range with respect to the
three parameters and three elevation angles (subscript i =1, 2,
3 refers to the data point used). The matrix equation (3.13) is
then used to find the required increments in fc’ ho’ and o and
the three elevation angles and then update these quantities as

shown in (3.14):

o A AR A R

e s 2 A i S Sl S 700
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[fc]old + Af

C

[ho]new iy [ho]old * Aho >

(3.14)

where APi and ARi are defined to be the differences between the
actual and the computed values of group path and range using
the latest values of the parameters.

The iteration in (3.14) is repeated until the errors in the
group path and range satisfy a given convergence condition. As
mentioned in Section 3.3.1, our attempt to extend this convenient

technique to include two more parameters, D and w failed to

£’
result in a stable procedure. However, by employing a bisection
search on D and Wy and repeating the iteration for every change
in these two parameters, the procedure becomes stable. Fig. 3.12
contains the flow chart for such a technique, and for simplicity,

it only optimizes D with w, constant. This technique can also

€
be demonstrated graphically in Fig. 3.13. Several oblique iono-
grams are synthesized for different values of the D parameter,
satisfying three common data points at all times (step 3.14 is
repeated for every value of D). It is clear that by selecting
the fourth and the fifth data point in the high frequency region
of the ionograms, which is the most sensitive region with respect

to the gradient parameters, a bisection search can be used to

optimize the values of D and Wy e
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FIND INITIAL SET OF
PARAMETERS
(SEC 3.2)

l

SET INITIAL STEP-—
SIZE = A,

| |

SATISFY FIRST THREE
DATA POINTS BY

—™1 NEWTON'S TECHNIQUE
(3.3.1)

COMPUTE,

ERROR = (Af?+ (Afy)f

IS

SMALL
ENQ’UG

i .

Figure 3.12. Inverting numerically synthesized data.
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The error function used for the bisection search was initially

proposed to be:

Error = (AP&)Z + (APé)Z A (3.15)

However, as apparent from Fig. 3.13, for a given set of parameters,

a ray with frequency fi might penetrate the ionosphere making
APi approach infinity. This problem can be solved by consider-
ing the ray with group path Pi and finding the error in its fre-
quency Afi (this value is always finite). Based on this explan-
ation, the final error function used in the inversion technique

is chosen to be:
Error = (Af4)2 + (Af5)2 - (3.16)

It is important to note that Afi (1 =4, 5) is defined to be

the frequency deviation of the modelled ray, from the actual
data value, which has its group path equal to Pi and the range
equal to R (the elevation angle Bi is adjusted so that the error
in range vanishes). This technique is completely programmed and
simulated on an IBM-360 digital computer, and Table 3.1 contains
an example in which a numerically synthesized oblique ionogram

is inverted with excellent accuracy to the model's parameters.
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TABLE 3.1. Inversion of Synthesized Oblique Ionograms

Using the Technique in Section 3.3.3

Model parameters: fc = 12 MHz

h = 150 km
o
W B 100 km
D = -2000 km
w, = 0

Range = 1111.8 km

Synthesized data points used:
i 1 2 3 4 5
fi 12.23 19.03 22.10 23.57 24.15 MHz

Pi 1161.3 1173.1 1186.3 1200.9 1217.2 km

Inversion results:

£ h, i D we Afz+Af;

MH z km km km deg (MHz) 2
1st iteration 13.07 136.4 £25.3 0 0 <031
Zﬂd iteration 12.96 138:5 123.5 -500 0 .026
3rd iteration 12.78 141.3 119.6 -1000 0 .018
4th iteration 12.48 144.9 L112.3 =1500 0 .0081
5th iteration 11.99 150.0 99.89 =-2000 0 .00004

ar i 1 o Wbt R '-"""""',
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Since Newton's technique attempts to converge the error to
zero, problems can be encountered in case of real data because
of the finite errors involved in the final solution. In order
to adapt this technique for inversion of real data, a steepest
descent method (discussed in detail later in Section 3.3.4) is
employed to find an optimal set of starting parameters for three
of our data points. Then the group paths of the three rays were
computed using the parameters and used to replace the original
group path values (Fig. 3.14). These adjusted data points are
indeed well behaved and we can continue our procedure as before
for minimizing (Af4)2 + (Afs)z. Table 3.2 contains a numerical
example for this technique; it must be noted that in this example
the fourth and the fifth data points are chosen in the nearly
horizontal region of the ionogram, therefore making Af4, Af5
correspond to a much smaller error in group paths (AP, APé).

Because of the two-step optimization involved in inverting
real oblique ionograms, the final result is not guaranteed to
be optimum. In fact, different combinations of the real data
points used in the inversion procedure tend to converge to dif-
ferent sets of parameters (in that case, the combination with
the least amount of error is the final solution). Even though
the technique converges quite rapidly in the synthesized data
case, the computation time becomes an order of magnitude larger

for the real data case, which could be considered undesirable.
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—a=

X ORGINAL DATA POINTS Af,
O ADJUSTED DATA POINTS

Figure 3.14. A technique for the inversion of real data-
The first three data points are adjusted so
that the technique in Section 3.3.3 can be
employed for minimizing (qu)2 + (Afs)z.
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TABLE 3.2. Inversion of Real Oblique Ionograms,

Using the Technique in Section 3.3.3

Range = 1421.5 km
Frequency, MHz 14
actual (P') km 1532.0

adjusted (P') km
(after steepest descent) 1527.0

Parameters £ h
MHz km

Iteration #1 12.87 236.7

Iteration #2 12.73 244.6

Iteration #3 12.80 240.3

Iteration #7 12.82 239.2

18

1540.4

1530.3

Ym

km
74.2
72.1

73.3

73.5

22
1556.1

1559.4

D

km

0
-1000

=500

-375

16 20 ;»
1528.5 1539.0 ;

S ame same

2 2
we (8£,) "+ (bEg)

deg (MHZz) ?
0 26.8
0 27.4
0 26.6
0 26.2
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Based on the controllable convergence behavior of the
steepest descent method, a different approach to the inversion
of real data is proposed and discussed in detail in the following

section.

3.3.4 Inversion of Experimental Oblique Ionograms
Actual oblique ionograms are not smooth and nicely behaved

as the numerically generated ones. In fact, one can frequently

find discontinuities, and other peculiarities on the plots of
actual data. Ideal zero error cannot be accomplished when actual
data points are used, requiring the optimization of the error %

function to a minimum value.

It is convenient to approximate the gradient, in the actual
data case, by using only one parameter. Referring back to Fig.
3.5, it is apparent that a wide range of gradients can be obtained
by holding w, at a reasonable value and varying D. In the ex-
amples to follow, wy = 0 is chosen not only to span a wide range
of gradient values by varying D, but also to force hO to repre-
sent the actual base height value of the layer above the trans-
mitter. The steepest descent method, with it's controlled step
size is an ideal choice for simultaneous inversion of the remaining
four parameters. Figure 3.10 outlines the procedure in a simple
flow chart.

Since, in fact, we are finding a best fit curve through

the data points, we need not be limited to using five points,

and obviously the more data points used the more descriptive

the model will be. The error function is chosen to be:
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TAKE 5-POINTS
OFF THE
IONOGRAM

|

FIND INITIAL
SET OF PARA-
METERS

!

o FIND THE
GRADIENT A

|

FIND STEP-SIZE

H TO MINIMIZE

ERROR, NEW PARAM

= OLD PARAM -
H-A

ERROR YES

CONDITION STOP
SATISFIED
Figure 3.15. Method of steepest descent for inverting

actual data.
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N
E =>_ (AP!)?
i=1 1

where N is the number of data points and APi is the error in
the ith group path as defined in Section 3. 3.

The gradient vector A is defined to be: |
r‘ -—

of
c

(a1 =

—_— Evaluated at the current
- J parameter values

The theory of steepest descent uses the fact that contin-

uous functions decrease along the negative of their gradient.

Thus
EA B
h h
o) o)
New = 01ld - H x [A]
Ym Ym
D D
s L s L -/




o .

105

where H is a positive scalar step size. For this iteration to

be most efficient, we like to choose an H such that the resultant

-

error function from the new parameter is at a minimum. This can

be accomplished by simply setting H to zero, and then incrementing

it by an interval such that none of the resultant parameters
change by more than a specified amount (this ensures a slower
but smoother convergence to the final solution not accomplished
by the Newton's technique in Section 3.3.3). Error is computed
for each value of H and minimized by performing a simple inter-
val halving routine on H. The old parameters are replaced by
using the optimal step size H and if the convergence criterion
is not met, the gradient is reevaluated and the procedure is
repeated. This technique is also programmed on a digital com-
puter and Tables 3.3 and 3.4 contain examples using five data

points from actual oblique ionograms.
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TABLE 3.3(a). Inversion of an Actual Ionogram
Data points scaled from obligque ionogram (Range = 1421.5 km) :

i 1 2 3 4 5
fi(MHz) 14. 16:. 18. 20. 22.

Pi(km) 1536 1536.5 1540.5 1545.3 1555.5

Inversion results:

5
Iteration$# f_(MHz) h (MHz) y_(km) D(km) Error = <_ (AP!)?
(5. o) m / i
i=1
0 22.00 252 .2 50.0 0.0 290.1
i | 18.28 254.5 51.6 342.2 133.8
2 12.67 250.0 55.5 =797%:7 14.5
3 12.47 249.9 55.5 ~836.7 1255
4 12.71 249.6 55.5 —831.4 31253 ;
i }
10 12.63 249.0 55.6 -803.6 3 :
The final individual group path errors (in km) :
APi =rLeli, APé = -1.46, APS = -1.00, APA = =1.11L,
APL = 2.30




1
£
‘

PN S VATt TN N, T

107

TABLE 3.3(b) Inversion of an Actual Ionogram

Data points scaled from oblique ionogram:

i 1 2 3 4
fi(MHz) 14. 16. 18. 20.

Pi(km) 1533

Inversion results:

(Range = 1421.5 km):

5

22,

1539.0 1546.2 1555.8 1566.0

5

Iteration # fc(MHZ) h  (km) Ym(km) D(km) Error = 2{ (APi)2

0 2120 220.0 80.0 0.0
1 12.58 227.9 88.5 1237.3
2 12.60 227.9 88.6 1239.1
3 12.59 227.9 88.5 1239.3

The final individual group path errors (in km)
AP: = .49, APé = 1.6, AP% = 2.3, APA

AP = -2.3

Ul=

i=1
5838.5
20.6
20.5

20.4
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3.4 Inversion of Backscatter Leading Edge

The most important task of this project is to develop a
technique of inversion of the sweep frequency backscatter leading
edge data for various azimuthal directions, to an ionosphere vary-
ing in three dimensions, which can then be applied for the purpose
of other ray path computations. In this section, we report our
work on this problem. Several of the results can be found in
the various progress reports but not in the order presented here.
Here we discuss the solution of the problem in a step-by-step
manner and its eventual application to the important problem of
finding the ground range for a measured group path for reflection

from a target.

3.4.1 Basic Inversion Technique

In a paper by Rao (1974), it has been demonstrated that
three data points taken from the leading edge of a backscatter
ionogram can be used to obtain the quasi-parabolic layer parameters
fc' Iy and T corresponding to those three points. Briefly,
this method consists of starting with an initial estimate of the
layer parameters and then calculating the minimum group paths,
Péi, corresponding to the three frequencies at which data points
are taken from the leading edge. The differences between these
computed minimum group path values and the actual minimum group
path values, Pi, from the leading edge are then used in an itera-
tive procedure to obtain a final solution for the quasi-parabolic
layer parameters. This final solution is such that the differ-
ences between Pi and Pé are less than a certain specified value

o
(theoretically zero).




109

When the above described procedure was applied to synthe-
sized leading edge data polluted intentionally by adding or sub-
tracting a few kilometers from each of the Pi values, thereby
simulating the actual data case, it was found that in order for
the differences between Pi and Pé‘ to go down to less than a
small specified value, one or mor; of the layer parameters often
got incremented to physically unrealizable values. The reason

for this was found to be that the backscatter leading edges cor-

responding to quasi-parabolic layer profiles have certain shapes

and it is not in general possible to fit a synthesized leading
edge exactly through three points on an experimental ionogram.

In view of this, the method was modified for use in this work.

The modification involves the minimization of the following

sum-squared error function:
3
= I L 112
E (rb' L fc) = EZ [Pci (rb, ro fc) Pi]
o (3.17)
Fig. 3.16 depicts the strategy graphically. Assume that (fl'

Pi), (f2, Pé), and (f3, Pé) are the points we have chosen from

the backscatter leading edge. As before, we start the procedure
g with an initial set of layer parameters, which are denoted by

(rb, Ty fc)o. Corresponding to these starting parameters is a

m

unique backscatter ionogram leading edge trace [P' (f)] . We
0
note that the error function E is simply the sum of the squared

distances between the ordinates of the ([P' (f)] curve correspond-
0

ing to the frequencies fl' £ and f,, and the chosen backscatter

2’ 3

i ionogram minimum group paths P!, Pé, and P§° As I rm, and fc (

1
g
‘
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P

Figure 3.16. Graphical illustration of the least sum-squared error
method of backscatter ionogram leading-edge inversion

for a Q-P ionosphere.
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are varied to minimize E, we see that we are effectively fitting
the P' (f) curve to the three data points in the least-squared
error sense. Furthermore, the magnitude of the minimum of E
provides an indication of the noisiness of the data with reference
to a synthetic leading edge. If the data points are from a syn-
thetic curve, computed by assuming the Q-P model, the error E
will then be zero.

The error E is in general a nonlinear function of Tpe Tpe
and fc and an iterative method is required to seek its minimum.
Numerical minimization techniques are available which seek a
local minimum for a given starting point in parameter space.
The nonlinear minimization alogorithm employed in this study
is described by Fletcher and Powell (1963) and is supplied in
IBM's scientific subroutine package as subroutine DFMFP. This
routine was modified for use with our computer. The Fletcher-
Powell method performs, for each iteration step, a linear mini-
mization along a direction determined by the current gradient
and an updated estimate of the Hessian. The size of the steps
taken through the parameter space as the minimum is sought is
proportional to the difference between the current value of the
function to be minimized (e), and the user-supplied minimum value
(EST), typically taken to be 0.001 km?, and inversely proportional
to the current magnitude of the function gradient (|§E|). In this
manner, rapid convergence is assured. The minimization procedure
is terminated when the function value has not changed by more

than a user-specified value (EPS), or if |VE| has become less
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than EPS. This routine requires an external function subprogram,
->

which supplies DFMFP with E and VE as the parameters Lpr oo and
fc are varied. The components of ;E, which involve derivatives of
P' with respect to the layer parameters are calculated using the
expressions provided by Rao (1974) and repeated here in the appen-
dix.

Thus far we have discussed the procedure for the inversion
of three data points on a backscatter leading edge to Q-P layer
parameters. Since each point on the leading edge corresponds to
a different ground range, it is obvious that the three points
must be chosen fairly close together if horizontal gradients are
present. The three data points must correspond to three ionos-
pheric propagation paths which are in such horizontal proximity
as to validate the assumption of a locally horizontally uniform
ionosphere. These considerations give rise to a method of deriv-
ing the horizontal ionization gradients from the leading edge.
Three closely spaced points on the leading edge just above the
critical frequency at the backscatter sounder site can be used
to determine the layer parameters of the ionosphere at a range
which is in close proximity to the site. Next, three closely
spaced points further up the leading edge can be used to obtain
the layer parameters at a greater range than that corresponding
to the previous set of data points. 1In obtaining these layer
parameters, the solution for the first set of three data points
can be used as the starting solution. A repetition of this
process continuously along the leading edge for successive sets

of three data points yields the layer parameters as a function
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of distance away from the sounder site. This is the technique

we employ in the following sections.

3.4.2. Inversion of Synthesized QP Layer Data

The basic technique of inversion of points on the backscatter
leading edge for quasi-parabolic layer parameters is tested by
simulating the leading edge for assumed QP layer parameters and
then polluting the simulated data by adding a few kilometers to
one or more of the points. The assumed values of the layer para-
meters are rb=6570 km, rm=6720 km, and fc=5.0 MHz. Minimum group
paths for frequencies of 10, 11, and 12 MHz are synthesized to
be Pi=1866.1 km, é=2133.8 km, and P3=244l.3 km, respectively.
Table 3.4 shows the results of the test by indicating the errors
introduced in Pi, P!, and Pa and the corresponding solution ob-

tained by inverting the polluted data. For each case, starting

values of layer parameters used are r, =6500 km, rm=6650 km, and

b
fc=4.0 MHz. From Table 3.4, it can be seen that even small
measurement errors seem to appreciably affect the results of
inversion of the leading edge data.

To investigate further the sensitivity of the inversion
process to measurement errors, the procedure has been generalized
to permit the use of a variable number (N) of data points in the
inversion technique, that is, for minimizing the error function E.
Leading edge data are synthesized for an earth-concentric QP layer
having the parameters rb=6570 km, rm=6720 km, and fc=7.0 MHz and
at increments of 0.25 MHz throughout the frequency range of 10.0

to 13.0 MHz. These data are then made noisy by the addition of

samples of a random variable uniformly distributed over the interval
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-1.0 km to +1.0 km, as illustrated in Table 3.5. These random
noise values were chosen to be the rightmost three digits from
consecutive entries on a page of the local telephone directory.
Using an initial estimate of layer parameters rb=6600 km, rm=6700
km, and fc=9.0 MHz. These data are inverted by using different
sets of points, as shown in Table 3.6. It can be seen that the
percent error in determining the actual parameters of the QP

layer decreases as the number of noisy data points used in the

inversion process is increased.




o .

-
1l

Point
No.

10
11

12

Table 3.5.

Centered Q-P Ionosphere

£
(MHZ)

10.00
10.25
10.50
10.75
11.00
11.25
11.50
11.75
12.00
12.25
12.50

12.75

Noisy Backscatter Leading

Edge Synthesis -- Assuming Earth-

rb=6570 km,

rm=6720 km, and fc=7.0 MHz

Precise P

(km)
1233.388
1268.959
1304.946
1341.369
1378.250
1415.611
1453.475
1491.867
1530.814
1570. 344
1610.486
1651.272

Additive Noise

(km)
.114
.096
.257
. 332
.576
.945
.988
.062
.600
. 760
o TL

wd

Noisy P&_
(km) *
1233.502
1268.863
1304.689
1341.037
1377.674
1416.556
1452.487
1491.929
1530.214
1569.584
1610.215

1652.203




Table 3.6.

Results of Inversion of the Data in

Table 3.4, Using Various Numbers

Number of
leading edge pts
used

N=3
using points
1, 6, 12

N=6

using points
1,3,5,
7,9,12

N=9

using points
1,2,4,5,
7,8,10,
11,12

Optimized
value of
E (km?)

.17203

1.8730

2.3943

% error
in
)

.1040

.052

.0472

of Points in E.

$ error
in
X
m

.155

.0327

.0193

% error
in

.659

- 129




118

3.4.3 Inversion of Synthesized Data Involving

Horizontal Gradients

To investigate the technique of inversion of successive sets
of three data points on the leading edge for the horizontal grad-
ients, the eccentric QP layer model discussed in Sec.3.2.2 is
employed. First, for assumed layer parameters of rb=6570 km, E_m
6720 km, fc=5'0 MHz, D=1000 km, and wT=0, data points on the lead-
ing edge trace are computed for every 0.5 MHz from 7.0 to 11.0
MHz. Next, the points are grouped in four sets of three, starting
with (7.0, 7.5, 8.0), then (8.0, 8.5, 9.0), etc. Each group of
three data points is then inverted for the parameters of a concen-

tric QP layer. The first group is inverted by using an arbitrary

starting set of layer parameters (rb=6500 km, rm=6650 km, and fc=
4.0 MHz). Succeeding groups of data are inverted by starting with
the layer parameters obtained for the previous group of data
points. The synthesized data as well as the computed layer param-
eter values are shown in Table 3.7. It can be seen from this
table that inverted layer parameters indeed exhibit horizontal

gradient. When the magnitude of the gradient in r, or r is com-

b
pared with that predicted from the model, with the use of Fig. 3.5,
they are found to be in good agreement.

For a practical example of the backscatter ionogram leading
edge for horizontal gradients, we consider the data supplied by
the contract sponsor. These data of minimum group paths are sim-

ulated by 3-D ray tracing for models of the ionosphere, derived

! from ITS-78 predictions by applying various linear tilts and

gradients to a median profile. This median profile, shown in

ina e
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Fig. 3.17, is assumed to represent the vertical profile at a
range of 3500 km from a backscatter sounder site. A linear in-
crease or decrease of the layer parameters along the sounder

boresight is then introduced as follows:

(1) Gradients: fOF2 = (fOFZ)median + na
hmFZ " (hsz)median

(ii) Tilts: fOF2 = (foFZ)median
hsz = (hsz)median o

where n, p=0,1,2,3 and a=1 MHz/3500 km, and b=10 km/3500 km.
The simulated minimum group values are shown in Table 3.8. The
numbers in each box corresponding to one leading edge. Thus we
have 31 leading edges.

Each set of leading edge data in table 3.8 are inverted for
QP layer profiles along the boresight by considering overlapping
sets of the three data points. Thus a set of five data points
for the minimum group path yield three sets of QP layer parameters
corresponding to different ranges from the sounder location.
The inversion results are shown in Tables 3.9 through 3.12, which
correspond to the ground range, peak height of the layer, base
height of the layer, and the critical frequency of the layer,
respectively. These results indicate that while it is difficult
to compare quantitatively the gradients with those of the original
model in view of the differences in the two vertical profiles, the
directions of the gradients are generally determined correctly by

this procedure.
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Table 3.8

Group Path (km) to Leading Edge of Backscatter Ionogram for ‘
Various Linear Tilts and Gradients.

P |
-3 =2 = 0 1 2 3 n
n
f=11 MHz 1036 1038 1041 1044
14 1388 1395 1402 1409
-3 17 1815 1828 1838 1852
20 2398 24273 2459 2499
23 = = . e
11 1025 1028 1031 1033
14 1364 1370 1377 1384
~2 17 1766 1777 1788 1802
20 2288 2312 2334 2372
23 3128 3216 3305 3395
i1 ) 1015 1017 1021 1023
14 1343 1349 1354 1361
=] 17 1724 1736 1743 1755
20 2194 2215 2235 2264
23 2855 2926 2992 3044
11 1005 1008 1011 1014 1017 1019 1021
14 1322 1328 1334 1338 1345 1351 1357
0 17 1685 1674 1704 1715 1725 1743 1761
20 2114 2132 2152 2184 2209 2232 2254
23 2698 2735 2785 2848 2875 2905 2930
11 1004 1006 1009 1012
14 1320 1324 1330 1336
1 17 1677 1688 1705 1718 1
20 2110 2133 2155 2176
23 2679 2717 2751 2787
1 995 998 1000 1003
14 1302 1307 1312 1317
2 17 1643 1654 1668 1682
20 2049 2069 2088 2107
23 2550 2584 2617 2647
11 987 989 992 994
14 1284 1289 1294 1299
3 17 1611 1622 1636 1648
20 1993 2012 2029 2047
H 23 2449 2475 2503 2531
[y
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Table 3.9

Ground Range (km)

P
" -3 -2 -1 0 1 2 3
f=14 MHz 1291 1302 1310 1320
-3 17 1722 1738 1751 1768
14 1245 1256 1268 1282
-2 17 1658 1671 1684 1706
20 2182 2208 2229 2278
14 1200 1218 1221 1237
-1 17 1597 1616 1622 1641
20 2071 2099 2113 2157
14 1145 1104 1173 1184 1198 1220 1358
0 17 1530 1539 156 3 1580 1595 1625 1755
20 1969 2006 2018 2061 2085 2113 2251
14 1132 1150 1178 1193
1 1% 1517 1537 1569 1585
20 1966 1993 2024 2046
5 14 1061 1083 1122 1145
2 2 17 1450 1471 1508 1528
g 20 1878 1902 1937 1957
1
14 : 958 1006 1052 1084
3 17 1381 1404 1443 1466

20 1795 1816 1842 1871

1
g
.
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Table 3.10

Height of Maximum Plasma Frequency

(h_F,)
(kilometers)
p
o -3 -2 =3 0 1 2 3
£=14 MHz 235 236 2139 239
-3 17 230 232 220 214
14 244 243 247 249
-2 17 245 239 238 3%}
20 245 239 236 238
14 264 2632 260 262
=1 17 274 282 258 250
k 20 276 262 258 256
14 289 347 283 270 269 249 234
0 17 303 276 290 266 260 263 268
20 290 278 997 268 277 307 319
14 305 288 269 259
1 17 292 281 286 280
20 292 290 311 311
14 340 324 302 283
2 17 321 311 305 306
h 20 320 315 328 332
F 14 391 364 336 315
, 3 17 351 339 330 324
6 20 346 344 356 358

——T

.
g
‘
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Table 3.1l

Base Height of Ionosphere (km)

P
-3 -2 -1 0 1 2 3
n
f=14 MHz 136.7 129.4 126.4 122.1
-3 17 142.6 135.1 142.2 139.1
14 164.5 156.8 147.7 136.6
-2 17 161.3 163.2 159.9 151.1
20 160.9 163.3 169.9 135.4
14 186.7 169.5 174.7 158.9
-1 17 174.7 159.1 179.5 1732
20 174.7 177.8 202.0 156.1
14 215.9 224.1 196.3 201.1 189.3 181.7 175.7
' 0 17 207.6 211.8 187.0 204.2 205.2 165.5 157.3
T 20 225.1 169.4 2135 182.5 167.0 148.7 150.5
14 215.4 212:3 198.9 195.5
1 17 228.1 222.4 178.9 177.0
20 205.4 194.2 168.6 166.8
i 14 248.9 245.0 222.4 216.1
1 2 17 2623 256.4 205.3 191.3
d 20 231.4 226.2 191.0 187.1
|
; 14 291.4 274.2 258.1 2487.7
I 3 17 286.7 283.6 233.4 221.0
3 20 258.0 251.0 218.3 210.7
1
g
.
L]
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Table 3.12

Critical Frequency (foFZ)

(in MHz.)
p
1 " -3 -2 -1 0 1 2 3
f=14 MHz 6.237 6.207 6.224 6.156
-3 17 6.140 6.158 5.872 5.725
L 14 6.568 6.523 6.567 6.530
=2 17 6.610 6.448 6.386 6.198
] 20 6.613 6.447 6.334 6.316
14 7.148 7.061  7.002 7.005
| 17 7.378  7.466 6.943 6.740
20 7.413 7.072 6.873 6.856
14 7.804 9.232 7.644 7272  7.251 $.732 6.322
0 17 8.173 7.488 7.816 7.146 6.937 7.078  7.118
20 7.814 7.614  7.444 7.265  7.400 7.830  7.990
14 8.235 7.784 7.274 7.001
1 17 7.853 7.546 7.706  7.538
20 7.937 7.868 8.184  8.125
14 9.193 8.739 8.176 7.679
& . 17 8.558 8.262 8.288 8.264
b 20 8.713 $8.547 8.763 8.7%2
k
5 14 10.537 9.831 9.072 8.481 |
¢ 3 17 9.414 9.037 9.020 8.814 i
F | 20 9.450 9.378 9.595 9.559 |

e .
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3.4.4 Inversion of Synthesized Data for Three-Dimensional

Ionosphere

For nonzero value of the parameter w that is, when the trans-

£’
mitter is not situated along the line joining the Earth's center
to the center of the ionosphere, the eccentric quasi-parabolic
layer provides a three-dimensional variation of the electron
density with respect to the transmitter location. Hence when
backscatter leading edge data are synthesized for various azimu-

thal directions from the transmitter, they will all be different.

To test the inversion of synthesized data for a three~dimensional

ionosphere, leading edges are synthesized by assuming eccentric
QP layer parameters of rb=6570 km, rm=6720 km, fc=7.00 MHz, D=
500 km, and wT=5°, and for azimuthal beam headings from 0° to
70° in steps of 10°. The leading edge data for each azimuth is
then inverted in the usual manner. The resulting concentric QP

layer parameters as a function of range from the transmitter and

azimuth are shown in Table 3.13. The entries in each box of this

table correspond to values of r, , Lo and fc' respectively. It

L A b bt L e et

can be seen that the inversion resultsdo indicate the three di-
mensional variability of the assumed ionospheric model.
As a further test of the inversion technique, the three-

dimensional ionospheric model supplied by the contract sponsor

R R N TWRYY IS POr g

is used and by three-dimensional ray tracing including magnetic
field backscatter leading edges are generated for two azimuths

(330° and 358°) with the transmitter located at the geographic

coordinates of 40°N lat. and 175° long. The generated minimum

group path values and other propagation parameters versus fre-
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quency are shown in Tables 3.14 and 3.15. To invert these lead-
ing edge data, a QP layer is fitted to the actual vertical electron
density profile existing above the transmitter location. By

using these QP layer parameters as the starting solution, over-
lapping sets of three data points along the leading edge are
inverted for QP layer parameters. In inverting a given set other
than the first one, the solution found for the previous set is

used as the starting solution. For each set of data inverted,

the corresponding ground range is computed and the QP layer param-
eters are assigned to a location half that distance from the trans-
mitter and along the pertinent azimuth. The layer parameters and
the corresponding ranges generated in this manner are listed in
Tables 3.16 and 3.17. It can be seen that in this manner, actual
experimental backscatter leading edge data for various azimuthal
directions from the transmitter location can be inverted for a
three dimensional ionosphere specified by QP layer parameters at

a set of grid points located along the azimuthal directions.
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Table 3.14. Computed minimum group path data and other
propagation parameters for transmitter
location of 40°N, 175°W, and 330° azimuth.

Minimum
Frequency, Group path, Ground range, Apogee height,

MHz km km km

10 798. 35 468.81 220.26
14 884.79 590.29 222.25
E2 972.60 708.63 222.02
13 1062.92 826.38 220.63
14 1155.56 929.67 223.15
15 1251.66 1041.29 222.89
16 1349.12 1150.64 222.91
17 1450.55 1261.44 223.20
18 1555.26 1370.37 225.13
19 1665.43 1483.68 227.10
20 1780.63 1604.12 227.60

-~

- v‘r‘,.‘rt’-%:;‘?u-‘h-‘., '”“?N-.
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Table 3.15. Same as Table 3.14 except for 358° azimuth

Minimum
Frequency, Group path, Ground range, Apogee height,

MHz km km km

10 805.04 474.50 222.20

11 894.16 598.72 224.30

12 984.55 719.84 224.14

13 1077.68 840.37 222.70 ?
14 1173.13 954.99 222.23

15 1273.45 1062.07 225.29

16 1376.13 1172.57 227.20

17 1483.70 1293.45 225.99 i
18 1596.70 1417.13 224.96

19 1714.86 1531.40 230.46

e .

N R e T, ¥ o




Table 3.16. Computed QP layer parameter values and
the corresponding ground ranges for ;
330° azimuth '

Range, km fc' MHz Ny km I km
327.56 9.2406 6556. 4 6676.2
377.18 9.3493 6561.9 6679.5
431.21 ©9.3344 6561.2 6679.1
486.87 9.2511 6557.4 6676.4
531.07 9.7489 6565.8 6694.9
577.99 10.0895 6573.9 6707.4
632.21 10.1063 6574.6 6708.0
689. 80 10.0427_ 6572.1 6705.8
749.46 9.9502 - 6568.2 6702.9

Table 3.17. Same as Table 3.16 except for 358° azimuth

Range, km fc, MHz Ly km T km
373.28 8.3981 6509.2 6661.6
414.73 8.9054 6519.1 6680.1
461.30 9.0253 6526.2 6681.9
515.75 8.9677 6522.8 6680.9
568.43 8.9757 6523.2 6681.1
619.54 9.0693 6529.0 6682.8
676.62 9.0482 6527.7 6682.4

732.96 9.2278 6528.4 6690.8

\
g
¢
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3.4.5 Application of the Backscatter Inversion Technique

It has been pointed out in Sec. 3.1, that while the back-
scatter leading edge is not capable of providing the ionospheric
vertical profiles above certain heights, this is not a limitation
in so far as the application of the inversion technique is con-
cerned. In this section, we shall prove this point and provide

an explanation for the applicability of the inversion technique

despite the limitation for obtaining the complete ionospheric

structure. To do this, we consider an important application,

s e e e

which consists of finding the ground range for a given group

path (not a minimum group path) at a known frequency, and com-
pare the applicability of the deduced three-dimensional ionosphere
by inversion of the leading edge data, relative to that cf the

originally assumed three-dimensional model. ;

Referring back to Sec. 3.4.4 in which we presented the re-
sult of inversion of synthesized leading edges for two azimuths
for the Air Force supplied model, we now trace rays at one fre-

quency (16 MHz) in the original as well as the computed ionos-

pheres for an azimuth of 340° (lying between 330° and 358° cor-
responding to the inverted backscatter data) and for several
elevation angles of transmission. For tracing rays in the com-
puted ionosphere, it should be noted that the rectangular grid
of the originally assumed model is uniformly spaced, whereas

the grid generated by the inversion of the leading edge data is
nonuniformly spaced, in addition to being in azimuth-range space,
rather than in the latitude-longitude space. Hence it has become

necessary to generate vertical profiles at the uniformly spaced

.
£
¢
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rectangular grid of points by applying an interpolation procedure
to the QP profiles at the grid point in the azimuth-range space.
The result of these ray tracings are shown in Tables 3.18 and
3.19, which correspond to the originally assumed model and the
computed ionosphere, respectively. The quantity (P'-R) is shown
plotted versus P' for the two cases in Fig. 3.18. A comparison
of the two curves indicates that the computed ionosphere gives
the correct range to within *+ 2 km for a wide range of group
path values. The discrepancies greater than *+ 2 km toward the
low end of the curves are attributable to the fact that the
region is close to the minimum group path, whereas the discre-
pancies greater than * 2 km toward the high end of the curves
are attributable to the fact that the region is beyond the range
corresponding to the inverted backscatter data.

We shall now provide a simple explanation for the success
of the technique in finding the range for a given group path to
a good accuracy, despite the fact that the minimum group path
rays all reflect from below a certain apogee height, as can be
seen from Tables 3.14 and 3.15 and hence cannot yield the verti-
cal profiles above those apogee heights. To do this, we refer
to Fig. 3.19 which illustrates the fact that the backscatter
ionogram is a continuum of oblique ionograms corresponding to
sucessively increasing values of ground range away from the
transmitter. Let us suppose we have found the range corresponding
to a particular point A (fl, Pl') on the leading edge. Then a
point B, corresponding to the same group path as that of A but
to a frequency f2 < fl’ corresponds to a range greater than that

of A. Alternatively, it corresponds to a range corresponding to
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Figure 3.19. Limitations of information contained in data.
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Table 3.18. Group path and ground range versus elevation
angle for 16 MHz and for 340° azimuth, using
the originally assumed model.
Elevation Group path Ground range (P'=R)
angle, deg. P', km R, km km
10 1985.06 1888.14 96.92
12 1795.51 1693.76 101.76
14 1661.89 1552 .97 108.92
16 1563.03 1444.75 118.28
18 1490.80 1361.39 129541
20 1435.69 1293, 32 142.37
22 1393.93 1236.40 157.53
24 1371.43 1196.75 174.68
|
Table 3.19. Same as Table 3.18 except using the computed
ionosphere
Elevation Group path Ground range (P'-R)
angle, deg. P', km R, km km
14 1921.58 1833.31 88.27
16 1892.55 1796.50 96.05 {
18 1725.20 1619.59 105.61
20 1555.49 1437.47 118.02
22 1458.60 1321.65 136.95
24 1422.14 125731 176.83
{
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that of a point C on the leading edge, lying above the point A.

Hence the ray of frequency f2 and group path Pi reflects below

the apogee height corresponding to the point C. Since this argu-

ment is true for any point on the low-ray portions of the oblique
ionograms, it follows that one can always find the range corres-

ponding to such a point, although the backscatter leading edge is
‘ not capable of yielding the ionospheric profile above the apogee

heights corresponding to the minimum group path rays.

Spurred by the success of the application of the backscatter
leading edge inversion technique in the determination of the
ground range for a given group path, we decided to combine the
inversion problem and the subsequent range determination into
one computer program. Thus, provided with the input of back-
scatter leading edge data for several azimuths and the group
path values (non-minimum) at several frequencies for a different
azimuth, the program computes the ground ranges. To carry out

the range computation, we decided to employ a simple homing tech-

nigue in conjunction with the exact ray path computation for the |

i concentric QP layer rather than the elaborate three-dimensional
i ray tracing including the Earth's magnetic field. The details
| of the entire program are presented in the appendix.

To describe the procedure briefly, first each backscatter
leading edge is inverted for a series of QP layer profiles along
the corresponding azimuth, in the usual manner. For each speci-
fied group path value (P') for which the ground range is to be

determined, the program then computes a rough estimate of the

range, based on specular reflection at an assumed value of base

o .

|
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height of the ionosphere. By an interpolation procedure involv-
ing two azimuths and two ranges along each azimuth as shown in
Fig. 3.20, the program then computes the QP layer parameters at
half the estimated ground range along the azimuth (a) corres-
ponding to the group path data. Using analytical expressions

for ray path parameters and the interpolated QP layer parameters,
a ground range value is computed for the specified group pvath,
employing an iterative technique. If this range value is close
to the original estimate to within a specified tolerance, it is
the desired result; otherwise, the procedure is repeated until

a final range value is obtained which agrees with the prvious
value to within the specified tolerance. The technique is illus-
trated in the block diagram of Fig. 3.21.

As a test of the above discussed simplified method of appli-

cation of backscatter ionograms, the leading edge inversion results

presented in Tables 3.16 and 3.17 are used to compute the ground
ranges for various values of group path for £=16 MHz and azimuthal
angle of 340°. The results are shown in Table 3.20, which indi-

cates larger errors in (P'-R) than in Table 3.19, but still less

than 15 percent of the actual values of (P'~-R) given in Table 3.18.
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TWO AZIMUTHAL DIRECTIONS
IN WHICH IONOSPHERE HAS

BEEN PROBED BY BSI

a7 QAUTH = AZM

x DENOTES POINTS ON SURFACE OF EARTH
FOR WHICH QPP HAVE BEEN DETERMINED
IN ORDER TO DESCRIBE OVERHEAD IONOSPHERE

Figure 3.20. Interpolation procedure.




M s

mrae . o .

i

' Read backscatter

leading edge data

™~

-‘_\‘\\/

y i

Invert for a-grid
\\

gy
of QP layer profiled~__
1 4

A\

Read £, P', a

N

Compute rough

estimate of range, R

-

Interpolate between the

grid of QP layer profiles

R
corresponding to _©

2
and o

to find QP layer parameters

v
Compute R for

N\

Is

given £ and P'

\%

| R-R | <e?

g

Figure 3.21. Block diagram of steps involved in backscatter
leading edge inversion and application.




o .

Table 3.20.

Simplified Ionospheric Model

Group path Ground range
P', km R km
1985.06 1904.16
1795.51 1707.41
1661.89 1565.75
1563.03 1457.76
1490.80 1375.62
1435.69 1308.68
1393.93 1252.20
1371.43 1216.52

Same as Table 3.18 except using the

(B*~R)

km

80.50
88.10
96.14
105.27
115.18
127.01
14173

154.91
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3.4.6 Uniqueness of the Application of the Inversion Technique

In this section we will consider the effect of the initial
estimate of QPP (QP layer parameters) upon the inversion of group
delay into ground range. The motivation for this simulation was
to determine the possible effects of the nonuniqueness of the
inversion of backscatter ionogram data into ionospheric refrac-
tive index. Also we were interested in the reliability of the
present technique in providing a reasonably consistent inversion
between group delay and ground range, despite the uncertainty
involved in the initial estimate of QPP.

The results of this analysis, to date, are presented in the
following set of tables. The procedure used in generating these
tables was to vary one of the three initial QPP while keeping

the other two parameters fixed, and observe the effect of this

variation upon the inversion of a fixed value of group path

into a computed value of ground range. For our present purposes,
we will consider the QPP to consist of the semithickness of the
layer (ym), the height of the base of the ionosphere (hb), and
the critical, or maximum, plasma frequency (fon). Other param-

eters such as rb(hb+6370 km) and rm(ym+h +6370 km) may be ob-

b
tained easily once Y and hb are specified. Table 3.21 speci-
fically indicates the effect of varying Iy which is equivalent
to varying hb. The last column illustrates the small variation
in the computed ground range thereby induced in the case of an
untilted (no horizontal gradient) ionosphere. Table 3.22 dem-

onstrates the effect of varying the initial estimate of the

maximum plasma frequency (or critical frequency), and again we

o .
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UNTILTED IONOSPHERE

Table 3.21: The Effect of Varying r, Initial Estimate Upon
Inversion of Group Path into Ground Range.

Theoretical Grp. Initial Est. of Computed Grnd.

Path (km) Iy Range (km)
1700 6510 1591 .89
6520 1591.26

6530 1591.93

6540 1590.95

6550 1590.53

1900 6510 1809.76
6520 1809.26

6530 1809.79

6540 1808.96

6550 1808.65

2100 6510 2020.76
6520 2020.43

6530 2020.79

6540 2020.15

6550 2019.98
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see that the effect upon the computed ground range is small.
Table 3.23 demonstrates the effect of variations in the initial

estimate of rn while keeping r, fixed. This corresponds to ex-

b

pansion and contraction of the vertical dimensions of the ionos-

phere through the variation of Yoo The variation in the com-

puted ground range is somewhat larger than the variation obtained ‘
in the previous two tables. Nevertheless, it should be noted
that even though is varying by less than 1% from its nominal
value of 6610 km, the really significant parameter is the semi-
thickness (ym) of the ionospheric layer, and this latter param-
eter is varying over a proportionately larger range--i.e. e

6600 km corresponds to a 70 km semithickness, while rm=6620 km

corresponds to a 90 km semithickness,

This type of analysis has also been performed for a tilted
ionosphere (an ionosphere with a horizontal gradient). Tables
3.24, 3.25, and 3.26 correspond to Tables 3.21, 3.22, and 3.23 :

respectively, and in comparing these two sets of tables, it would :

appear that the inversion of group path into ground range is more
sensitive to the variability of the initial QPP in a tilted ion-
osphere. This effect would seem to be most pronounced in the
case of variations of roe

We therefore decided to consider the possible causes of
the relatively large variation in ground range resulting from
the simulated uncertainty in the initial value of T By narrow-
ing the uncertainty in the initial estimate of r by a factor

of 2, it can be seen that the variability of the ground range




Table 3.22:

UNTILTED IONOSPHERE

The Effect of Varying the Initial Estimate of
Critical Frequency Upon Inversion of Group Path

Into Ground Range.

Theoretical Grp. Initial Est.

Path (km)

1700

1900

2100

1
g
¢

Iy (km)

of Computed Grnd.
Range (km)

1592.09 I

1591. .35

1591.:.93

1591.17 ;

1591.04

1809.92
1809.33
1809.79
1809.19

1809.11

2020.28
2020.46 |
2020.79
2020. 39 i

2020.35
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UNTILTED IONOSPHERE

Table 3.23: The Effect of Varying Layer Semithickness
Upon Inversion of Group Path to Ground Range.

Theoretical Grp. Initial Est. of Computed Grnd.

Path (km) ro (km) ¥ (km) Range (km)
1700 6600 70 1590.60
6605 75 1.590.56

6610 80 1537193

6615 85 1592.26

6620 90 1591.96

1900 6600 70 1808.73
6605 75 1808.67

6610 80 1809.79

6615 85 1810.06

6620 90 1809.81

2100 6600 70 2020.08
6605 75 2020.14

6610 80 2020.79

6615 85 2020.98

6620 90 2020.80

1
£
5
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TILTED IONOSPHERE

Table 3.24: The Effect of the Initial Estimate of r, (Radius to
Ionospheric Base) Upon the Inversion of Group Path
into Ground Range.

Theoretical Grp. Initial Est. of Computed Grnd.

Path (km) Ty (km) Range (km)
1700 6510 1584.67
6520 1583.57

6530 1586.57

6540 1586.86

6550 1583.67

1900 6510 1798.66
6520 17927, 39

6530 1794.79

6540 179577

6550 1792 .42

2100 6510 1996. 30
6520 1994.87

6530 1996.97

6540 1998. 44

6550 1994.96

Do A0 Ay o g 1 by fr. Shedy s v e b
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Table 3.25:

Theoretical Grp.
Path (km)

1700

1900

2100

149

TILTED IONOSPHERE

Initial Est.

£

(o]

6.75

7.50

7.00
1e25

7.50

1586.
1586.
1586.
1587.

1586.

1795
1796.
1794.
1796

1795,

1997.
1999
1996
1999
LII9H

The Effect of Initial Estimate of
Critical Frequency (fc) Upon Inversion.

Computed Grnd.
Range (km)

41

89

57

24

37

11

12

79

61

26

62

.02

97

62

90
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Table 3.26:

Theoretical Grp.

Path (km)

1700

1900

2100

SNEENANTINEFE TRACTE

TILTED IONOSPHERE

The Effect of Initial Estimate of r_ Upon
Inversion of Group Path into Ground Range.
Program was allowed to go 40 Iterations

Initial Est.
Ym

rn (km)

6590
6600
6610
6620

6630

6590
6600
6610
6620

6630

6590
6600
6610
6620

5630

164

o o
T m—

of
(km)
60
70
80
90

100

60
70
80
90

100

60
70
80
90

100

Computed Grnd.
Range (km)
1578135
1582.48
1586.57
1586.67

1590.76

1786.76
1790.84
1794.79
1798.14

1801.60

1988.81
1892.96
1996.97
2001.28

2005.76

» ane




TILTED IONOSPHERE

Table 3.27: The Effect of Varying the Layer Semithickness Upon
the Inversion of Group Path to Ground Range.

Theoretical Grp. Initial Est. of Computed Grnd.
Path (km) 3 (km) ¥ Range (km)
1700 6600 70 1582.48
6605 7.5 1582.13
6610 80 £586.57
6615 85 1587.62
6620 90 1588.67
1900 6600 70 1790.84
6605 75 1790.62
6010 80 1794.79
6615 85 1797508
6620 90 1798.14
2100 6600 70 11992296
6605 745] 1992.82
6610 80 199697
6615 85 2000.16
6620 90 2001.28 #

o .

H=F (1) ~EARTHR
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is also reduced, as shown in Table 3.27. In order to consider
the effect of allowing the program to perform a greater number

of iterations, we have repeated the calculation of Table 3.26

by doubling the number of iterations which the program uses in
computing a final set of QPP. The result is shown in Table 3.28.
Although this increase in the number of iterations generally
improves the result, this is not always the case, as can be seen
in Table 3.29. The significant quantity, o, denotes the standard
deviation of the ground range values from their respective means.
For the smaller values of simulated group path, increased itera-
tions produce a smaller standard deviation. For the largest value
of group path (2100 km) the standard deviation is actually larger

‘ in the case of 80 iterations, as opposed to the case of 40 iterations.

x® ,H.’E o
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TILTED IONOSPHERE

Table 3.28: The Effect of Initial Estimate of r_ Upon
Inversion of Group Path into Ground Range.
Program was allowed to go 80 Iterations
in Fitting QPP.

Theoretical Grp. Initial Est. of Computed Grnd.

Path (km) ro (km) ¥ (km) Range (km)

1700 6590 60 1580.18

6600 70 1582.72

6610 80 1586.97

6620 90 1587. 40

6630 100 1588. 40

1900 6590 60 1778.40

6600 70 1781.92

6610 80 1788.25

6620 90 1789.21
6630 100 1790.48 3
; 2100 6590 60 1973.34 |
: 6600 70 1977.90 ﬁ
6610 80 1986.09 |

6620 90 1987.49
: 6630 100 1989.10 |

L]

SUBFOUTINE BACK UP(HS) 167 3332
CIMENSICN NWORL1(2) ,NWORL2(2),NWCRD (2)
CCMMKCN /FRy NI,STEP,!CDE,!1!!!,I1!IN,EZHAX,EZQIN,PICT,ESTART €333
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TILTED IONOSPHERE

Table 3.29: Variance Resulting from Different Yalues of
r as Affected by Number of Iterations (IT).

Theoretical Grp. il
Path (km)

1700 40

80

1900 40

80

2100 40

80

D

1585.37

1585.13

1794.43

1785.65

1997, 16

1982.78

Ko 't ol st U o o Ammintrer it AT g S

168

SUBEOUTINE RKAM

NUMERICAL INTEGRATICN CF CIFFERENTIAL FCUATIONS
CCMMCN/FLAGS/IFLIAC
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0889
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B General Consideration of the Inversion Problem

In the past two sections of this chapter we have presented
several techniques that can be applied to deduce the ionospheric
structure by using point-to-point oblique ionograms (section 3.3)
or backscatter leading edges (section 3.4). 1In both cases our
computations have been carried out for quasi-parabolic profiles.

Recently an inversion technique developed in connection with geo-

physical problems has shown great promise. This technique, known

as Backus-Gilbert technique, can be adapted to inverting obligue

ionograms of both kinds. The problem has been formulated in a
§ paper "A Method for Inverting Oblique Sounding Data in the Ion-

osphere" which is attached as Appendix 4. Initial application

to the vertical incidence data demonstrates its rapid convergence.
The technique has yet to be applied to inverting oblique iono-

& grams. It is desirable to carry out many computations in order

| to understand the capability, the characteristics and the limita-
tion of this inversion technique. So far the problem has been
formulated for inverting either the backscatter leading edge or
the oblique ionogram. In both cases pherical stratification is

assumed. Details can be found in Appendix 4.

L0 15C 1=1,NN 0937
180 PULIFM _TV\=TYTTITY AGi3R



3.6 Conclusions

In conclusion, we have in this section discussed our efforts

to devise techniques for the determination of ionospheric struc-

ture from oblique radio propagation data. Particular attention
was devoted to the problem of obtaining the horizontal gradients.
The major findings of the effort are: a) point-to-point obligue
ionograms, by themselves, are not very useful for obtaining the
horizontal gradients, while b) backscatter leading edge data are
capable of providing information concerning the horizontal gradients.
We have provided several examples of inversion of the obligue
radio propagation data and even investigated the application of
the backscatter technique. We have demonstrated that despite
the fact that the inversion technique does not necessarily yield
a unique solution for the ionospheric structure, this uncertainty

is not an important factor in the application.

.
g
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4. Recommendations for Future Work

Based on the efforts of our work reported in sections 2

and 3 and the conclusions reached therein, we make the following

recommendations for continuing work on this project:

1. Since the backscatter data and the corresponding inversion
results involve a grid of points in the azimuth-range space, it
is desirable that the electron density model employed in the
three-dimensional ray tracing be specified in the azimuth-range
space rather than in the latitude-longitude space.

2. The basic inversion techniques of backscatter leading edge
data need to be tested by employing simulated data for progressively
complicated ionospheres. 1In this connection, it is necessary
that the simulated data points be closely spaced in range, in view
of the fact that successive data points correspond to successively
increasing values of range away from the transmitter. Hence for

the derivation of local horizontal gradients, it is necessary to 1

consider sets of data points, closely spaced in range, and hence
in frequency.

3. In addition to the inversion of backscatter leading edge for

S-S AU o -

ionospheric structure, further tests are necessary with regard to
the application of the inversion results for computing the ranges
for non-minimum group paths. 1In this connection, it is necessary
to have simulated ray tracing data for non-minimum group path rays
for the same model ionospheres for which the backscatter leading :
edges are simulated. i

4. The dependence of the inversion result upon the choice of

o .

the initial set of layer parameters should be further investigated E
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with a view to determining how in actual practice, the initial
set of layer parameters must be chosen in order to minimize the
uncertainty of the inversion technique.

5. The present scheme for homing the ray after one reflection
from the ioncsphere is very successful as demonstrated by several
examples in this report. However, in extending the present scheme
to multi-hop modes some difficulties are encountered. Some of
these difficulties have been identified: the coarseness of the
grid points at which the electron density is given, and inflex-
ibility in the computer program to handle mixed and complex modes.
To remove these difficulties requires further refinement of the
ray tracing program.

6. Preliminary analysis shows promise in applying the Backus-
Gilbert technique to inversion of the oblique propagation data.
This technique has been applied to the vertical ionogram and
very rapid convergence is obtained. Even though the mathematical
formulation for the inversion of oblique data has been carried
out, its application to data has yet to be made. One possi-
bility is to choose a model profile (such as piece-wise parabolic
profile) for which analytic expressions are available so as to
reduce the computation time. Another area of interest is to
generalize the Backus-Gilbert technique by including the horizontal
gradient. In this latter case the Bouguer's rule is no longer

valid, one must reformulate the problem anew.
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APPENDIX 1

The computer programs for ray homing are listed in the following
pages. These programs are discussed in section 2.5.

Ll
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c [FCITES WBICH RAYS ARE TC RE TPACED ANL SETS THE IN 0002
CCNLCITICNS FCE PACH FAY BEPORF CALIING TGKACF, WEICH CALCULATES THE RAY 2603

DIMENSTCN TYPE (2) ,TYE®2 (3) n00u
DIMENSICN MCDEIT (4)

COMMCN ,CCNS?, EI,PIT2,PIT2,C%GS,RAL,K,C,LCGTEN nNO0S

COMFCN /FK/ N,STEE,PCCE,E1MAX,F1MIN,E2MAX,EZ¥IN,PACT,RSTART 2006

CC¥FCN /FIN/ N2,MUY,EN2(8) ,ECLAE (4),SPACE,CCLL,FIELD 097

COMMON /PLG,/ NTYP,RNPWW,ENEWW,RAYBEG,RAYSET,LINES,IHOP,NUTEST,APHT 0298

CCMECN /PODELS, MCDEL(4) 0099 '
COMMCN ,XX/ X,PY¥PE,PYXPTH,PXPPH,EXPT,HMAX 2010

COMMCN K (12),T,STE,CRDT (12) /WW/ ID(13),WC,W (400) €011

CO¥MON ,VPRN1, VN(250), VNPR (250),VNPTH (25C) ,VNEEH (250) 11 KV 1
COMMCN /VPRN2, VRANGE (250) ,VAT (259) 11 Kv 2

COMECN /NDOET, NPRINT,KCET,MERT 11 RV 3

COMMCN /CENSC/ CUM2 (683) ,NCUM(2),JFLAG, NSCL,CBMIN(21),JTEMP UOFI 1
FOQUIVALENCE (F,W(3)), (PLCN,W(13)), (LCN,%(14)), (PLAT,W (15)), 1012

1 (LAT,W(16)), (BFTA,W(17)), (AZ1,W (18)), (EARTHEF,W (19)), n013

2 (XMTRH,W (2C)), (INTYP,W (41)), (MAXERK,W(42)), (SRATIO, W (43)), 0014

3 (STEP1,w(44)), (STPMAX,W (45)), (STPMIN,W (46)), (FACTR,W (47)), 0015

4 (RAY,W(€7)), (MAXSTE,W(93)), (SKIF,W (18C)), (HCP,W(254)), 0016 |
& (FLBEG,W (255)), (ELENC,W (256)), (ELSTEP,W (257)), (FBEG, W (258)) ., 2017 |
6 (FEND,%(259)), (PSTEE,W (26C)), (AZBEC,W (263)), (AZEND,W (264)), 0018

7 (AZSTEE,W(26%5)), (PLT,W(272)), (CNLY,W(27S)), (WN,W (299)) 0019
EQUIVALENCE (RC,W (375)), (ALPHA,W (376)), (THO,% (377)), (PEJ,W(378)) UOFI 2

REAL LCGTEN,K,Nz,MUX,MAYSTE,INTYP,MAXERE,MU,ION,LAT 1020

CATA MCCFLT,KCLL1,KCIL2/2%1B ,4HCIEC,1H ,UBEWITH,4H NO/
PATA TYFEF,TYPFZ/UHY-CR,UHNC F,UHORDI,U4ENARY,2*1H /

CATA MCFEW/O/ UOFI 2A
SECCNL (A)=10.C
c CALL CSEXOUN €023
c NCATE=IL2TE (0) o024
€ SECCND=KIOCK (C) *.C01 2025
TIME=SECCND (A)
IINES=C
NPAGE=)
LC 5 1=1,400
5 W (1)=0.C
FTELIC=1.0
COLL=0.¢
KOLI=KCL12
NCATE=C
IF(CCLI.NE.0.0) KCLI=KCLL1
€
c CCNSTANTS €029
PI=2, 1415926536 0030
FITZ=2.*EI 0031
FILZ=FI/Z. 0032
DEGS=18C./PI 0033
RAC=PI/1€0, 034
K=BC.EF-€ 0035 :
€=2.997925E5 036 :
LOGTEN=A10G (1C.) :
Lo z I=1,4
2 MODEL (1)=MOTELT (I)
c 0036
c INITIALIZE SCME VABIABPLES IN THE W ARFAY €039
FLCK=0. cou0
FLAT=PILZ 0041
PARTHR=€370. 0042

INTYP=3, cou3
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MAXFRE=1.E-8 9044
ERATIO=SC. cous
STEE1=1, COuk
STEMAY=1C0. 0047
STPFIN=1.E-U 9048
FACTF=0.% 0049
MAXSTP=1C00., €050
HCE=1, 0051
ELT=0, N052
€053

CALL REAL W J054
MPRT = ( KV 054
on .0

BETA=0.C

AZ1=0.0

IP (WN.IT.7.) WE=7. 0056
IF (WN.G1.12.) WN=12Z, 0057
IF (SKIF.EQ.0.) SKIE=MAXSTE c0s8
NTYE=2.+4FIELD*FAY+0.C1 0059
PRINT 7,1D,KDAT¥,PODEL,TYPF (NTYE),TYFE2 (NTYE),KOLL

FORMAT (1E1,10A4,2CX,I8/5X,4 (1X,A4) ,2X,2A4,' COLLISIONS'y)

PRINT 8 0063
FORMAT (65H INITIAL VALUES FCR THE % AFREAY -- ALL ANGLES IN RACIAN  CO064
1S, CNLY NCNZEFC VALUES PRINTEL/) N065
pDC 1C 1=1,400 0066
IF (W(I).NE.O.) EFIST 9, I,W(I) 9067
FORMAT (I4,E19.11) 0068
CONTINUE 9969

LET SUERCUTIINES PRINTIR ANC RAYFIT KNCW TRERE IS A NEW W AFFAY 2070

RNERW=1,C
€e72
INITIALIZ?E PARRAMETFERS FCF INTSGERATICN SUBFCUTINE FKAM 0073
N=WN+0,.C1 2074
MOCE=INTYP +0,.01
STEF=STEE1 2076
STP=STEFE1 1,2€/71
ETMAX=MAYERR c077
E1MIN=KAXERR/ERATIO co078
E2MAX=STEBAX 0079
E2MIN=STEMIN 0080
FACT=FACTE co081
0082
CETERMINE TRANSMITIER LCCATICN IN CCPPUTATICHAL COCKDINATE SYST 0083
(GECMAGNETIC CCORLCINATIES IF CIPOLE FIELL IS USED) 0084
RC=FARTBE+XMTFH 0085
SP=SIN (EIAT) €086
CP=SIN(EIL2-PIAT) 0087
SINCPA=SIN (LON-ELCN) coss
COSCPH=SIN(FILC2~- (LON=-PLCN)) n089
SL=SIK (1AT) €C90
CL=SIN(EILC2-1AT) 0091
ALPHA=AT2N2 (-SINDEH*CP,-COSDPH*CP*SL+SP*Cl) 0092
THO=ARCCS (COSLEE*CP*CL+SP*S1)
PHO=ATANZ (SINIPE*CL ,COSDEH#*SP*CL~-CP*ESL) 0034
THIS PCRETION IS ALDEL POCR THE HCMING PEATUFE. IT REACS THE DENSITYUOFI 3
PROFILIE FRCM ELECTX UOFI 4
IF(W (38C).EC.C.0) GC TC €558 UOFI S

IF(MOREW.EQ.1) GC TO 555 UOFI 5A
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MCREW=1 UCFI 5B
CALL FLECTX UCFI 5C

c 0095
c LCCE ON FEECUENCY, AZIMUTH ANGIEF, ANL ELFVATICN ANGLE 0096
555  NFFEQ=1 JOFI SD
IF (FSTEE.NE.O.) NPFEQ= (FFNC-PBEG)/FSTEE+1.5 0098

NAZ=1 2099

IP (AZSTEP.NF.0.) NAZ=(AZEND-AZEEG)/AZSTEP+1.5 9100
NBFTA=1 €101

IF (ELSTEP.NE.O.) NBETA=(FLENL-ELBEG)/ELSTFE+1,5 €102

LC S0 NEF=1,NFFEC 1103
F=FBEG+ (NF-1) ¥FSTEP 2104
IF(W(38C).BC.0.C) GC 1C &€ UCFI 6

CALL ECME UOFI 7

ge DO 45 J=1,NAZ UCFI 9
TF(W(38C).NB.0.C) GC TO €0 UOFI 10
AZ1=AZBEG+ (J-1) #A2STEFP 0106

60 AZA=AZ1*LEGS UCFT 11
GAMMA=FI-AZ1+ALEHA 0108
SGAEMA=SIN (GANNA) 2109
CGAMMA=SIN (PID2-GAMMA) <110

DO 40 I=1,NBETA 0111
IP(W(38C).NE.D.0) GC TO 70 UCFI 12
EETA=ELPEG#+ (I-1)*ELSTEP €112

70 CERETA=SIN(PID2-EETA) UCFI 13
¢ THIS IS USBEDC FCR THE HOMING FEATURE CNLY UOFI 14
IF (% (380) .8C.D.0) GC 1TC 32 UCFI 15

CALL ALJUST UOFI 16
MPEFT=0 UCFI 17

GC 10 0 UOFI 18

32 R (1) =RC UCFI 19
R(2) =TEQ 0115

R (2)=PEC €116
F(4)=SIN(EETA) 9117
R(5)=CEETA*CGAMMA c118
R(6)=CEETA*SGAFKFA 0119

1=0. €120
RSTART=1. c121
CALL RINCEX 0122
EL=EETA*[EGS €122

IF (I.KE.1.ANC.NEAGE.LT.3.ANL.LINES.IE.17) GC TC 18 0124

NPAGE=0
LINES=C

PRINT 7, ID(1),ID,NCATE,NGCFL,TYEE (NTYP),TYEE2 (NTYP) ,KCLL 0126

PRIKT 17, F,AZA €127

17 PORMAT (18X, 11HFREQUENCY =,F12.6,37E MEZ, AZIMUTH ANGLE OF TFANSMI 0128
1SSICN =,F12.6,U4F L[EG) 0129

18 NPAGF=NE2GE+1 0130
PRINT 1S, EL 0121

19 PORMAT (/31X,33HFIEVATICN ANGLF OF TRANSFMISSION =,P12.6,4H DEG/) €132

IP (N2.G1.92.) GC 10 2% 0133

CALL ELFCIX 0134
FN=STIGN (SQRT (ABS (X)) *F, X) 9135

PRINT 21, EN 0136

21 FORMAT (S@HOTFAKSPITTEF IN EVANESCENT REGICN, TRANSMISSION IMECSSI 0137
1BLE/20ECELASMA FREQUENCY = ,E17.10) 0138

GC 10 Uy 0139

25 MO=SCRT (NZ) C140
R(U)=MU*E (4) 0141
R(5)=MO*E (5) 0142
R(6)=MU*E (6) 0143
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DC 28 NN=7,N

28 R(NN)=C.
CAII TFACE
SECCNLC=KICCK (J) *.C01
CSEC=TINE
TIME=SECCKD (R)
CIFE=TINF=-QSEC
ERINT 3C, CIEFF

3¢ PORMAT(34X,26HTHIS RAY CALCULATICN TCCK ,F8,3,4H SF

)

NDPRINT IS THE CETICN FCR FRINTING ELEC., CENSITY AND LERIVATIVES

IF(NPRINT.EQ.0) GC 1IC 3790

PRINT ELFCTRCN CENSITY PROFILE AND TEE [ERIVATIVES
USING AFPLETCN - HBARTREE FCRMULA

ERINT 331
331 FORMAT (1H1, 48P FLECTRCN [ENSITY EFCFILF AND ITS DERIVATIVES
1 40H CCOFTESY ARCCN CORF.  K.VANGURI P
2 60H N=C * X, C = 12400%F#*2 F IK KHZ, N = FL. PFF CC
3 4OF AFEIFTCN-HARTIREE FOEMULA /
4 60H DN/LR = C * EYER IN EL/CC/KNM
S 50H DNyLTH = C * PYXETH * FAT IN EL/CC/LEG
6 60E DN/CPH = C * PXEPH #* KAT IN EL/CC/LEG
7 6X,5HFANGE,5X,6HHEIGHT, 1CX, 14N, 9X, SHDN/DR,7X,6HDN/DTH,7X,
8 6HBDN/LPH,7X,4HSTEP,/ SX,2BKN,8X,2HKM,EX,SHEL/CC )

DC 3€%5 MJ = 1,FPFT
PRINT 345, VEANGEF (MJ),VHET (MJ),

2 VN (MJ) ,VNPF (MJ) ,VNFTIH (MJ) , VNPPH (MJ) ,MJ

345 FORMAT (1X,F10.4,2X,F10.4,04(2X,E11.4),2X,I5)
365 CONTINUE
370 CONTINUF

MPET = (

IF (NUJIEST.EQ.1.AND.CNLY.NE.O..AKD.IEOP.EC.1) GC TC uu

LC CONTINUE
44 IF (FIT.NE.C.) CAIL ENCPLT
45 CONTINUE
S0 CONTINUE
GO 10 1

ENT

NN

150

151
157

151
151
151
151
o
151
151
151
15°%
137

i

2144
€145
0146
€148

150
KV 1
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SUEFOUTINE TRACF €186
CIMENSICN ROLL (12),CROLD(12) 0187
CCMMCN /FK/ N,STEF,PCCE,ET1MAX,E1MYN, E2MAY,FZMIN,FACT,RKSTART 0188
CCFFMCN /FINy MNZ,PM2(R),TECLAK,FFOLAR,SPACE,CCLL,FIFLD 0189
COMMCN /1RAC/ GECUNL,FFRYCL,THREFE,MINDIS,UNCER £199
CCMFMCN /FLIG/ NTYF,UNEWW,FNFWW,FAYREC,RAYSFT,LINFS,IHOP ,NUTEST,APHT 0191
CCMMCN XX/ Y,PXPF,PXPTH,PYFPH,EXET,HFAX 1192
CCMMCN/FIAGS/IFIAG
COMMON & (12) ,1,STP,LRET(12) /WW,/ ID(10),W",w (400) 0193
EQUIVALENCE (FARTER,W (19)), (HS,% (40)), (MAXSTE,W(93)), (SKIP,W (180)) C154
1, (HCP,W (Z54)), (PLT,W (272)) 0195
EQUIVALENCF (CNLY,N (371)), (STEB1,W (44)) UOFI 1
RFAL MAXSTP 0196
CCMELEY MN2,TECLAR,RECLAR 0197
LOGICAL SPACF,HCME,WASNT,FASSEL,UNDKGL,GROUNL, FERIGE, THERE, 0198
1 MINDTS,UNDER €199
CNLY=C.C UCFI 2
STEE=STFE1 BEeFL 3
STP=STEE1 UOFI 4
NHCE=HCE+0.01 0200
MAX=MAXSTE+C,01 c201
NSKIEF=SKIE+C.C1 0202
FSTART=1. £263
CALI HASEFL £224
IF(IFLAG.NE.0) GC TC S50
B=F (1) -ERRTER 0205
BCMF=CELT (1) * (H-HS) .GF.0. 0206
RAYEEG=1. £207
RAYSET=C. 0208
CALL PRINTR (EHXMIR ) 0209
IF (PLT.KE.D.) CAIL FAYFIT 0210
RAYEEG=C(. 0211
C €212
€ ICCE ON NUFEBER CF HCES 0213
DO 45 JHOF=1,NHCP
IHCE=JECE
RAYSET=C. 0215
NUTEST=C c216
APBT=HS 9217
TECIAR=FEOCLAR c218
c 0219
¢ LCCE CN MAXIPUY NOUMEEF OF STEPS PER HCE 0220
DG 28 J=1,MAX 0221
IF (ABS (E-ES) .GT.AES (APHT=-HS)) APHT=H 0222
IF (.NO1.SPACF) GC 10 12 0223
CALI REACH 0224
IF(IFLAG.K®.0) GC TC 50
RSTART=1, 0225
IF (IHCE*J.EQ.1) TPOLAR=RECLAR 0226
IF (GRCUKC) GC 10 22 0227
IF (PFFIGF) CAIl FRINTR (EREEFRICGEE ) 0228
IF (THEEE) GO TC 40 0229
IF (MINKLIS) GC 1TC 32 0230
IF (PLT.NE.O.) CAIL RAYPLT 0231
12 DO 13 1=1,N 0232
ROLC (L) =F (L) 0233
13 CRCLL (L)=DRDT (L) €234
TCLL=1 0235
CALL RRAM 023€

IF (IFLAG.NE.0) GC TC 50
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H=F (1) ~FARTHR

WASNT=.NCT.HCME

HCME=CELT (1) * (H=HE) .GF.0.

X=(CRCT (1) =CRCLEL (1)) # (T-1CLD)

SMT=1.

IF (X NE.O.) SMT=0,%#% (R(1)-ROLL (1) +5.5%X)**2Z,ABS ()

UNCEGD=Ho.LT.0.+CR.DRLCT (1) «GT,.C, .AND.CRCLD (1) «LT.0..AND.SMT.GT.H

PASSED=(H-HS) * (FCID{1)-EARTHR-HS).LI.J.
IF (PASSEC.ANC. (+NOT.UONDBGLC.OR.HS.G1.C.)) GC TIC 35

IP (HS.FC.ROLL (1) -EARTHR ANC CRCLD(1)*CELT (1).1T<Q..ANL.HCLKE)

1 6¢c To 39

IF (HCME.AND.,WASNT.AND. (NCT,UNLRGD.CR«FS.GT.%.)) GC TC 17
IF (UNCRGD) GC 10 18

GE TC 23

RAY MAY HAVE MACE A CIOSEST AEEFCACH
IF (SMI.GT.ABS(KE-ES)) GO TC 36
NUTFST=4
IF (E({(5) -NE.O..CR.R(6).NE.0,) CALL GEAZE (HS)
IF (UNLEE) GO TC 19
IF (NUTEST.EC.0.) GG TO 26
GO T0 32

RAY WENT UNDERGRCUNC

IF (DRLT (1).LT.C.) GC TC 21
UNLCFE=.FALSE.

CAII ERINTR(EHUNLERGREL)
Lo zC¢ L=1,N
R(L)=RCLL (L)
CRDT (L)=LECLD (L)
T=TCLC
CALI RINLCEX
IF(IFLAG.NE.D) GO TC t0
CALL EACK UP(3.)
R(1)=EARTHR
R(U4)=AES (R (4))
DRDT (1)=ABS (DRLT (1))
RSTARI=1.
CALL PRIKTR (8EGENL FEF)
IP (HS.EC.0.) GC TO 41
B=0.
GO IC =25

IF (CROILC(1).LT.0..ANC.DRDT(1) .GT.0.,) CALL EFINTR(BHPEFIGEE
IP (CRCIL(1) eGT+.0..ANL.DELCT (1) .LT.0.) CALL ERINTIR(SHAPCGEE
IF (DRCLIL (2)*DRLCT (2) «LT.0Q.) CALI PRINTEF (BHMAX LAT )

IF (DRCIL (3) *CRCT(3).LT.C.) CALL PRINTR (8HMAX LONG)

DC 24 1=4,6

IF (ROLC (I)*R(I).1T.0.) CALL PRINTR (EHWAVE REV)

CCNTINUE

IF (PLT.NE.O.) CALL RAYELT

IF(IFLAG.NE.0) GC TC 50

IF (F«GT.BMAX.AND.H.GT.HS.ANC.DFLCT(1).GT.0.) GO TO 30

IP (MCD(J,NSKIF).FQ.C) CALL PRINTR(EH )
CONTINUE
EXCEFEDEFD MAXIMUM NUMRER OF STEES
NUTEST=2
RAYSETI=1.

CALL PFINTR(BEMAX STEF)
RETURN

)
)

0237
€238
239
€249
0241
0242
243
n2u4
0245
0246
c2u7
248
0249
0250
€251
€252
0253
€254
8255
0256
06257
£258
0259
€260
€261
€262
0263
2264
€ 2865
€266
0267
0268

0269
0270
€271
0272
0273
C274
0275
€276
0277
€278
€279
0280
€281
0282
€283
0284
0285
0286

0287
0288
0289
0290
0291
0292
0293
€294
0295
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FRY EENETFATED
NUTEST=1
FAYSETI=1,
CNLY=1.C
CALL EFINTR (BHFENETFAT)
EFTURN

RAY MADE A CIOSFST AEEFCACH
NUTFST=4
CRET (1) =C.
RAYSET=1,
CALL FRINTR (8BHEMIN LCIST)
IF (PIT.NE.O.) CAIL RAYFLT
IF (IHCF.GE.NHCE) GC IC 45
JHCE=IHCE+1
CALL EFINTR (EHMIN LIST)
GO TO 4t

SAY CROSSEL FECEIVFR EFIGHT
IFP (HCKE) GO TC 3¢
CCNTINCE
CALL EFINTE (8EX FCVRHT)
pC 37 1=1,N
R(L)=ECIE (L)
CRDT (L) =LROLL (L)
T=TCID
CALL RIMNLEX
RSTAET=1,
CALL EACK UE (HS)
R(1)=EARTHR+HS
FAYSET=1.
CALL EFINTR (8KEEKCVE
IF (FLT.KE.O.) CAIL FAYELT
HCME=.TFUE.
RETURN
NUTEST=1
FYTEST=1.0
CALL EEINTR(8H CUT ICX )
IFLAG=C
RETURN
END

0296
3297
€298
02939
UQFI 5
2300
€301
2302
€303
0304
€305
£ 306
€307
n308
0309
€310
€311
€312
0313
0314
€315
316
€317
0318
€319
€320
0321
€322
0323
0324
€325
0326
€327
3328
3329
€230

0331

PN—
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SUBFOUTINE BACK UP(HS)
CIMENSICN NWORL1(Z) (NWORL2(2),NWCRD(2)

CCMMCN /FK/ NK,STEP,FCDE, F1MAX, F1MIN,E28AX,E2MIN,FACT,ESTART

COMMON /1FAC/ GRCUNL,FEFIGF,THEFE,MINDIS,ONCEF

COMMCN /FIG/ KTYF,RNEWW,ENFWW,SRYBEG,RAYSET,LINES,IHOP,NUTEST,APHT

COMMON F (12),1,STP,CRDT (12) /%W, ILC(10),W0,% (4CC)
EQUIVALENCE (EAFTHR,WN(19)), (INTYE, W (41)), (STEPT, R (44))
SEAL INTYE
LOGICAL CNDER
CATR NWCRD1, NWCFLZ/4RBACK,4EUF ,8HGFAZ,4HE
STPS=STE
NWOED (1) =NRCRL1 (1)
NWCED (Z) =NWCRL1(2)
Do 1 I=1,19
IF (DRLT(1).%C.C.) GC TC S
STEE=- (K (1) ~-EMRIHF-ES) /CRLT (1)
STE=SIGN (AMIK1 (ABS (STP) ,ABS(STEE)),STEF)

IF (ABS(F(1) -EAFTER-HS) LT+ SF-U,ANI,STEF.1T.1.) GC TC

CAII ERINTE (BBECFMING )
MCDE=1
CALL RKAPM
CCNTINCE

ENTEY GER?2E
STES=STE
NWOED (1) =NWORECZ (1)
NWORD (2) =NWORL2 (2)
po 2 I=1,10
IP (DRLT(4) .EC.C.) GO TO &
STEE=-F (4) /DRLT (4)
STP=SIGN (AMIN1(AES (STP) ,AES (STEP)) ,STEE)
IF (ABS(R(4)) -LE-1.F-6.ANL.STFE,LT.1.) GC TC &
CALL ERINTEF (EHECHING )
ROLL=F (1)
MCDE=1
CALL RKAE
IF (R(1)-EARTHR.L1.C.) GC 10 &4
IF ((R(1)~EARTHE-KS)® (ROLC-EARTER-HS).LT.C.) GC TO 3
CONTINUE
GC TC ¢
NUTEST=0
GO 10 ¢
UNDEF=.TEUE.
MODE=INTYE+C.C1
STEE=STEE1
STE=STES
RSTART=1.0
CALL EFIMR (NWCEL)
FETURN
ENC

2332

€333
0334
0335
0336
3337
0338
€339

€340
341
0342

344
0345
C346
0348

€350
€351

0352
0353
0354

0356
9357
0258
0359
0361
2363
0364
€365
0366
0367
€368
€369
0370
€371

0372
0373
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SUEEOUTINE RKAM 168
NUMERICAL INTEGRATICN CF CIFFERENTIAL FCUATIONS
CCMMCN/FLAGS/IFIAC
CCMMCN sEK/ NN,SEACE,MCDE,F1MAX,E1MIN,EZMAY,E2MIN,FACT ,RSTART
CCMMCN Y (12),1,STEP,CYDT (12) sW¥W, IL (1C),WC,W (400)
CIMENSICK DELY (4,12),RET (4),XV(5),FV (4,12),Y0(5,12)
REAL*8 YU
EQUIVALEKCF (EAFTER,W(19)), (HMIN,W (399)), (HMAX,% (391))
CATA XFF/1.0E-€/
IF (FST2FT.EC.0.) GC IC 10C9
LL=1
MM=1
IF (MOCE.FQ.1) EM=U
MLEHA=T
EPM=0.C
BET (1)=C.S
PET (2) =C.5
FET (3)=1.0
BET (4) =0.0
§=19.9,270.9
XV (MM) =T
IF (E1¥IN.LE.C.) E1MIN=F1MAX/55.
I1F (FACT.LE.0.) FACT=".S
CALL HASEL
IF(MODE.KE.1) STRE=SEACE
IF (IPLAG.K8.0) GO TC 1C0
DO 320 I=1,NN
FV(MM,I)=CYCT (I)

320 YO(MM,I)=Y(I)

FSTART=0.
GC TC 1CC1

1000 IF (MCLCE.NE.1) GO 10 27200

FUNGE-KUTTA

CR1=DYDT (1) #STEE

DR2=HMIK4EARTHE-Y (1)

IF((DR1.1T.DRZ).AKD. (DR2.LT.0.C)) STEP=LF2,CYDT (1) +XHM
DR3=HMAX4EARTHR-Y (1)

IF((DR1.GT.DRZ) .AND. (CR3.GT.0.C)) STEP=LR3,LYCT(1)+XNN

1001 DO 1034 K=1,4

CC 1250 1=1,NN
CELY (K,I)=STEP*FV (MM, T)
Z=YU (PK,I)

1359 Y(I)=Z+EET(K) *CELY(K,I)

T=BET (K) *STEP+3XV (EN)
CALL HASEL

IF (IPLAG.NE.Q) ¢C TC 109
DC 1034 1=1,NK

1034 FV(MM,I)=CYDT(I)

DO 1C3S I=1,NEK
DEL=(DELY (1,I)+42.0*DPLY (Z,I)+2,C*DELY(3,I)+LELY(4,I))/€.0

1239 YU(MM+1,1)=YOU (NM,I)+[EL

MM=MN+1
XV (BM) =3V (NM-1) +STEE
CO 14CC I=1,NN

1407 Y(I)=YU(BNM,I)

T=1V (KF)

CALL HASEL

IFP (IFLAG.NE.0) GC TC 100
IF (MCLPF.EQ.1) GC TC 42

7890 |

ceg2 |

CE9u ]
0895 |
€896
0e97
7898
0899
€900
7931
€502
0993
€905
€306
0937
€908
3909
1/28/71

€910
€911
0912
€513
0914
0915
€916
0917

€918
0919
€920
6921
€922
€923
0924

0925
€526
0927
0928
0929
0930
0931
€932
0933
0934
0935

0936
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159

20090

zJus

3033

3935

5363

42

12

52

L0 150 1=1,NN
FV (¥M,I)=CYCT(I)

IF (MM.LE.3) GC TC 1071

ACAPS-MCLLICN
DO 2048 I=1,NN

DEL=STEP* (S5.%FV (4, T)-59. %PV (3,1)+37.%FV (2,1)-S.*FV(1,1))/24.

Y(I)=YU(4,I)+CFL
DELY (1,I)=Y(I)
T=XV(U4) +STRE
CALL HASFI

IP(IFIAG.XE.OQ) GC TC 10C

XV (5)=T
DO 2051 I=1,NN

DEL=STEP# (9, *DYLT (T) +19,%FV (4,I)-5,4FV (3,I)+FV(2,1))/24.
YU (S,I)=Y0(4,I)+CEL

Y(I)=Y0(5,I)
CALI HR2SEL

IF(IFLAG.KE,0) GC TC 100
IF (MCCE.LE.2) €O T0 42

EFFCR ANALYSIS

SSE=0.C
Lo 3032 I=1,NN

EPSIL=R*ABS (Y (I)-LEIY (1,I))
IP (MOCF.FQ.3.AND.Y (I).NE.C.) EFSIL=FPSIL/AES (Y(I))
IP (SSE.IT.EPSIL) SSE=FESTL

CONTINUE

IF (ETMAX.GT.SSE) GC 1IC
IF (ABS (STEP) .1E.E2MIN) GC TC 4Z

LL=1

MM=1
STEE=STFE*FACT
GC TC 1CC1

IP (LI.LE.1.0F.SSE.CE.ETMIN.CF,E2MAX.IF.ABS (STEF)) GC TO 42

IL=2

mM=2

XV (2)=1V(3)

XV (2) =XV (5)

DO 5362 I=1,NN
EV(Z,I)=FV(3,I)
FV (3,I)=LYDT (I)
YU (2,I)=YG(3,1)
YU(3,I)=YU(5,1)
STEE=2.C*STEP
GO TC 1€C1

EXIT RCUTINE
11=2
MN=U
LO 12 k=1,3
XV (K) =3V (K+1)
Lo 12 I1=1,NN
FV (K, I)=FV(K+1,1)
YO (K,I)=Y0(K+1,1)
XV (4) =XV (5)
DO 52 1=1,NN
FV(4,I)=CYCT (I)
YO (4,I)=Y0(5,1)

IF (MOLCE.LE.2) FETUEBN

E=AES(XV(4) =ALEER)

0937
9638
£939
J949
cou1
csu2
0943
Couy
c9us
C9u6
ceu?

£sus8
cou9
€950
€951
3952
€9€3

€954
£9s5
0956
0957
¢958
€959
€960
£961
09€2
€s63
cg64
G965
C9¢€6
0967
0c6e8
£969
€970
e
€972
€973
C97u
€975
€976
c977
0978
€979
€980
€981
€982
0983
0984
0985
2986
0987
0988
€989
1999
0991
€992
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0995
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IF (E.LE.EPM) GC 10 2000 €996
EPM=F 0997

100 FFTUERN
ENL €999

e
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SUPFOUTINE ERINTE (NWHY)
c FRINTS A LINF EACH TIME IT IS CALLIC

CIMENSICN G(3,3),€1(3,3),A1(3),E1(2),C1(3)

1,TITLE1(17) ,TITLEZ(1C),UNIT (10)

CIMENSICN NWRY (Z),IBINK(2)

COMPCN CCNST, EI,PIT2,FIT2,LEGS,RAL,CUN(3)

COMMON ,FK/ N,S1EP,MCCF,E1MAX,E1MIN,E2MAX ,E2NIN, FACT,RSTART
CO¥MCN sFINy N2,MUX,EN2(8),TECLAF(2) ,FEOLAR(Z),SPACF,COIL,FIFLL
CCHMCN /FLG, NTYP ,RNEWW,ENFWW,RAYBEG,RAYSFT,IINES,IHOP,NOTEST,APHT
COMMCN B(12),T ,WW/ IL(1C),&wC,W (4C0)

CCMFCN /XX, X,EXEF,EXETH,EXEFH,EXPT, EMAX

COMMCN ,VERN1/ VN (250),VNEF (250) ,VNETH (250) , VNEPH (250)

COMMCN sVERN2, VWEBNGE(25C),VHT(250)

COMMCN /NCOPT, NPRINT,KOPT,MPET

CCMPCN JEPLL; SILEG

BQUIVALENCE (TEETA,B(2)), (EHI,R (3))

EQUIVALENCE (P,W(2)), (PLCN,W (13)), (LCN,W(14)), (PLAT,W (15)),

1 (LAT,%(16)), (PETA,%(17)), (AZ1,(18)), (EARTEE,® (19)), (XMTRH, W (20))
2,(P7,W(2E0)), (E€,W(281)), (E9,¥ (282))

EQUIVALENCF (FANGE,W(384)), (AZLEV,W (379)), (H,W (383))
EQUIVALENCE (F2IT,W(372)), (E3L1,% (373)), (AZA,N (374))

REALI NZ,ICN,LAT,NCX

CATA A1,E1,C1/1E®,1HN,1H0, 14X, 1HF, 168, 1ET, 1HI, 18D/

DATA TITIE1(7),TIITLE2(7),UNIT(7)/4H EH.,4HPATH,4H KM/

DATA TITLE1(8),1I1LEZ(8),UNIT(8)/4H ABS,UECFEN,4H TB/

DATA TITLE1(9),TITLE2(9),UNIT(J)/4H COE,UHELER,4H C/S/

CATA TBLNK/2%4H

P7=(.C
PS:C'O
E9=C.0
IF (PNEWRW.EC.C.) GO TC 8
€
& NEW W ARFAY -- REINITIALIZE

ENFaW=C,

SPL=SIN(EION-LCN)

CPL=SIN(EIL2- (PICN-ICN))

SP=SIN(ELAT)

CP=SIN(EIC2-PLAT)

SL=SIN(LAT)

CL=SIN(EIL2-LAT)

G(1,1)=CEL*SE*CI-CP*SL

G(1,2)=SEL*SP

G(1,3)=-SI*SP*CEL-CL*CP

G(2,1)=-SPL*CL

G(2,2)=CE1l

G(z,3)=S1*SPL

G(3,1)=CL*CP*CP1+SP*SL

G(3,2)=CE*SPL

G(3,3)=-SL*CP*CEL+4SE*CL

DENM=G (1, 1) *G (2,2)*G(3,3) +G (1,2)*G (3,1)*G(2,3)+G(2,1) *G(3,2) *G (1,3
1)-G(2,2)‘G(3,1)*G(1,3)-G(1,2)‘G(2,1)‘G(3,3)'G(1,1)‘G(3,2)‘G(2,3)
G1(1,1)=|G(2,2)'G13,3)-G(3,2)‘G(2,3))/DEKH
G1(1,2)=(G(3,2)*G(1,3)~-G(1,2)*G (3,3))/LENN
G1(1,3)=(6(1,2)*G(2,3)-G(2,2)*G(1,3))/DENM
G1(2,1)=(G(3,1)‘G(2,3)-G(2,1)‘6(3,3))/£ENH
G1(2,2)=(6(1,1)*G(3,3)-G(3,1)*G(1,3))/DENNM
G1(2,3)=(G(2,1) *G (1,3)-G(1,1)*G(2,3)) /LENM
G1(3,1)=(G(2,1)’G(3,2)-6(3,1)‘GlZ,Z))/DENH
G1(3,2)=(G(3,1)‘G(1,2)-G(1,1)'G(3,2))/DENH
G1(3,3)=(G(1,1)'G(Z,Z)-G(2,1)‘G(1,2))/£EKH

Cu93
049y

0496

0437
duqs
N499
2560
gs01
501 KV
501 KV
591 KV
501 KY
SO 1#KV
€502
0s03
nc04
€S05

UOFI 1
0506

FUNWN =




RC=FAFTEF4XMTSH 2842
XE=F0*G (1,1) 0543
YR=FEN*C (2,1) CEuu
ZR=F0O*G (3, 1) n545
CCSTER=G(2,1) 05u6
SINTHR=SIN(ARCCS (COSTHE)) 0547
FHIF= ATAN2 (YR, ¥R) CSu8
ALEE=ATANZ (G (3,2) ,G(3,3)) 0549
TF (E8.NF.D.) PUNCH 5, E1(NTYE),IC 0550
5 POFMAT (}1,SA8,A7) €551
IF (F9.NE.C.) FUNCH &, C1(NTYE),IT 0552
I® (E7.NE.D.) ECNCH €, A1(NTYE),ID €553
€ PCEFMAT (A1, 1X,S28,A€) 0554
c £555
8 IF (RAYEECG.EQ.C.) GC TO 12 €556
NK=FINC (},9) 0557
PRINT 10, (TITLE1(NE),TITIF2(KR),NR=7,NN) 5558
1) FORMAT (€1X,7HAZIMUTH/60X,9HCEVIATICN,7X,9HELEVATICN/2CY, 15HEEIGHT
1 RANGEF, 3, 3HESI, 3X, 11HCOLAT 1CNG,Z(5X,12HYMTF  LCCAL), 560 KV i
2 ZX,12HECLARIZATICN,ZX,%H GR.PATH,U4Al) 561 KV
PEINT 11, (UNIT(NE),NR=7,NN) 0562
11 PORMAT (16X,2 (7X,ZHKM) ,UX,
2 *HDEG, €(SX, 3HLCEG),3Y,UYHRFAL,UX,4HINMAG, 563 KV
1 SX,2HKM,1X,2 (26,2X)) S5€4 KV
12 v=0. 0565
I? (N2.NE.D.) V= (R(U)**24F (5)*%2+R (€)**2) /Nz-1. 0566
H=F (1) - EARTHR n567
SINTH=SIN (THETA) 0568 -
COSTH=SIN (PIL2-THETA) CS€9 1
XP=F (1) *SINTH*SIN (PIC2-FHI) -XR 9570 !
YP=F (1) *SINTH*SIN (PHI)-YF ceEM ‘
ZP=F (1) #*CCSTH-ZF 3572
FES=XP*G1(1,1) +1P*51(1,2)+ZP*G1(1,3) 2573
STA=XE*G1(2,1)+YE4G1(2,2) +ZE*G1 (2,3) 0574
ZETA=XE*G1(3,1) ¢+YE*G1(3,2) +ZP*G1(3,3) €575
RCEZ = ETA%%2 + ZETA#%2 3576
RCE=SCKT (RCE2) 0577
RANGE=FC*ATAN2 (FCE,F0+EPS) UCFI 2
ANGDEG=ATAN2 (R (4) ,SCRT (R (5) **2+F (6) #%2) ) *TEGS 0579
SR=SQRT (FCE24FPS*#2) €580
c
c CHANGES MADE EY ARCCN CCRFP. BY K.VANGURI 580 KV 1
c
€ STCRE THE ELECTRCN DENSITY EROPILF AKD THE CERIVATIVES 580 KV 2
¢ CALCULATE N THE ELECTRCN L[ENSITY IK AFELEICN - HARTRTE PCRMULR 580 KV 3
c N = 12UCO*F#*; * Y FLECTRCNE/CUEIC CWN. 580 KV 4
c IN/JCR - PL/CC/KN.
c IN/CTH - FL,CC/LEG
C F = FREQUENCY IN MHZ SEC KV S
- IN/CEH - EL/CC/LEG
g DERIVATIVES CF FI. DFN. W.R.T. R,1H,FE ARE CCMPUTEL RY ‘
c MULTIELYING PXPR, FXPTH, EXEEH &ITF THE CCNSTANT C.
c
C = 12400.0 * F ##% 2 580 KV10
MPET = MERT + 1 580 KV11
CALI ELECTX 580 KV12
VN (MERT) = 124CC.C*F#%2 #X 580 KV13
VNEF (MEET) = C * PXPR 580 KV14
VNPTH (MEFT) = C * PXETH * RAD 580 KV1S
VYNEEH (MPFT) = C * PYEPH * FAL 580 KV16
VRANGE (Mt 2T) = FANGE 580 KV17

1
g
.
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VHT (MPET) = H 580
IF (KOFT.®CoQ.ANC.NWEY (1) .EC.IELNK(1) .ANC.NWHY(2) .EC.IBINK (2)) RETU
1RN

PRINT CCIATITULE ANL ICNGITUILF SeC
R2LT IS COLATITODE ANC R3LT IS ICNGITULCE SEOQ
R21LT = F(2) * [EGS 589
R3LT = F(3) * CEGS 58C

CCMPUTE SIDEG - ANCLIF BETWSEN WAVE NCEFMAI AN[L THF MAGNETIC FIELDSRQ

** CALI MAGY FCE CPTICNS 1 + 3, *%x CALL TRUFLLC POR CETION Z, ** S€3
CALL TRUFIC OFT
IF (SR.GE.1.E-2) GC TC 20

PRINT 15, V,NWHY,E,FANGE, SIL®G,R2LT,R3LT, 562
1 ANGDEG,ECLAF, T, (K (I),I=7,NN) 5€2

15 PORMAT (1X,E8.1,1X,Z04,F€.2,1X,F€.2,3F7.1, 23X, 6FR.2,F6.1)
GO 10 4¢
20 ANGE=ATAN2(EES,FCE)
EL=ANGE#TEGS
IP (RCE.GE.1.E-2) GC 1C 3C
EFINT 25, V,NWEY,E,FANGE, SICEG,F2L1,R3LT,
1 F1,ANGLEG,ECLAE,T, (F(I),I=7,NN) 588
25 PCKMAT (1X,E8.1,1¥,224,P8,2,1X,F€.2,3F7.1, 15¥, 7TFB8.2,F6.1)
GO 10 u¢
30 ANGA=ATANZ(ET2,2F1TR)
ANA=ANG2-2LPH
SINANKA=SIN (ANA)
SINPHI=SINANA*SINTHEF/SINTH
COSEHI=-SIN{(PILZ-ANA)*SIN(EILC2- (EHI-FHIR)) +SINANA*SIN (EHI-PHIR)*
1 COSTEF
AZCEV=18C.-AMCE (540 .- (AZ1-ANGA) *CEGS, 3€C.)
IF (F(5) .NE.O0..CR.R(6).NE.C.) GC TC 34
ERINT 23, V,NWFY,H,FANGE, SIDEG,K2LT,R3L1,
1 AZLEV,EL,ANGDEG,PCLAR,T, (R (I),I=7,NN) 599
33 FORMAT (1X,E8.1,1X,2A4,P8.2,1X,F8.2,3F7.1,F€.2,7X, TFR.2,%6.1)
GC 1C uC
34 AZA=18C.-AMCL (40.- (ATANZ (SINPHI,COSEHI)~-ATAN2 (F (6),R(5))) *DEGS,
1 36C.)
PRINT 3¢, V,NWEY,H,RANGE, SILEG,E2LT,R31T,
1 RZLCEV,AZA,FL,ANGDEG,EOLAR,T, (R(I),I=7,NN)6CU
35 PCEMAT (1X,E8.1,1X,2A4,F8.2,1%X,FE.2,4F7.1, 8F8.2, F6.1)

40 IINES=IINES+1
IF (N.IE.9) GC 1C 4
PRINT 42, (R(I),I=1C,N)
42 FCRMAT (110X,ZFE.2) 609
LINES=LINES+1
45 IF (RAYSET.EC.C.) FETURN
ELA=BETA*DEGS
IF (H.IE.1.) ANGDEG=ABS (ANGLEG)

2-D RBYSETS
IF (P8.EC.D.) GC 10 €t
TLCK=LCN#*LEGS
IF (TICKR.LT.0.) TICH=TLCN+360.
TLAT=LAT#*LCEGS
IP (TIAT.LT.0.) TIAT=TLAT+3260,
AZ=PNGR*LEGS
IF (AZLEV.LE.-100.) AZDEV=AZLCEV+360,
IP (AZAL.IE.-1C0.) AZA=AZA+360,

Kv18

Kv21
KV22
Kv23
KV24

Kv27
V2R
ICN 2

0581
KV 1
KV 2

Cc8u
€585
0586
CS87

RV 2

Cc90
0591
€Ss2
6593
Cscu
€555
€596
€E97
3598

KV 2

Ce01
2602
0603

KV 2

2606
€607
2€08
KV
€610
c611
€612
c613
0614
Ce1s
0616
c617
0618
€619
€620
0621
0622
€623
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PUNCH S50, BY(NTYP),YC (1) ,XMTFH,TLAT,TLCN,H,FANGE,2Z,F, IHOF,
1 AZLEV,AZA,ELP,ANCDEG,TPCIAR,ECIAR, PUTEST

50 FORMAT (»1,BA3,2FFP6.C,VP2FU,.Q,2PF€,0, 1FFE.C,F5.0,3PP7.0,11,2PUFS.0,

1 1F4F4.C,I1)

SUEE. BAYSFIS |
5SS IF (ES.NF.O.) PUNCH: €7, C1(NTYP),IC(1),F,IHCE,ELR, (R(I),I=7,19),
1 T,NUTEST
60 FCRMAT (P1,A3,3FF7.C,I1,2PFS.C,CPSP1Z.4,13)

<-T FAYSETIS
IF (NUTEST.NE.O) PRPET=H
IP (P7.NE.0.) BONCH 70, A1(NIYF),IC(1) ,F,IHCPF,ELA,ANGDEG,T,R(7),
1 RANGE,AERT,NCTEST
70 FORMAT( A1,1X,A3,3PPF7.0,12,¢%PF1C.5,F9.5,3F11.,4,F12.5,1X,I1)
RETOEN

ENC

3624
CE25
£626
0627
Ce28
€629
{630
£631
1632
C633
C634
C635
€636
0637
C638
0639
céu0
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SUBFCUTINF ADJUST
A SUBRCUTINE TC ATLJUST THE FIEVATICMN ANGLE EETRA
AZIMUTH TCLERANCE TS SPECIFIEL IN KM THEN CCNVERTEC TO RADIARNS
CIMFNSICK A1(3,3),B1(3),C1(2),DGKE1(S)
CCPFCN/CCNST/ EI1,EIT2,FILZ,CEGS,FAL,LON (2)
COMMCN Y (12),1 sWk/ ID(13),W3,W (4d0)
CCMMCN/TENSC/ CENS(S2) ,HEIT(52) ,FLKANJ(S1,2,2),APROX (8,2,2) ,FRATIO
1,NMAX ,NSTART,JEIAG, NSCL, LEMIN(21),JJJdH1
CCMMCN/EK/ N,STTE,MCLCE,DUMY (5), FSTAFT
CCFFCN/EIN/ NZ,MUX,EN2(8) ,FCLAR(4), SPACF,CCIL,FIELD
COMMCN /NCOPT/ NPEFINT,KCET,MEET
RFAI NZ,PUX,MU
FQUIVALENCE (GRANGF,W(2E%)), (CRANGE,W(2€4)), (BETA,W (17)),
1 (CCNTRL, % (386)), (ICLERF,W (387)), (AZ1,W(1€)), (RC,% (375)),
2 (ALPHA,W (376)), (TBO,% (377)), (PHC,® (378) ), (BZL%V,W(379)),
3I(AZE,%(274)), (EETAT,W (389)),(H,W(383)), (PZIT,W (372)),
4 (R2LT,% (373)), (FAETER,¥W (1€))
CATA A1¢1,1),P1(2,1),A1(3,1) /21,0y
¢ SET UP TFE MAXINUFM EEIGHT FOF GRCUNI - SATFIIITE CASE
IF(NSOI.EC.0) FETUEN
NHCE=W (254) +0.1
KCNTRL=CCNTRL
RALIUS=EARTHR+W (4C)
IF(CRANGF.NE.C.C) GC TO ECE6
AZTCL=TCIERE/FRALIUS
GC 1C €C3
A2TCL=TCLERE, (RACIUS*SIN (GFANGF,/FAL1US))
DA?T01=AZTOLALEGS
ERINT €08,TOLFRE,CAZTCL
808  FORFAT (1X,16FEANGE TCIERANCF=,F1Z.6,3H KM, 3X,1EHAZIMUTE TOLFFANCE=
1,P12.6,€F DEGFEES)
AZ2=A71
DC 800 IIL=1,KNsSCL
INCF=0
CONT=0.0
FRINT €CE
805  FORFAT (1E1)
IF(W(3EC).NE.1.() GC 10 24S
PRINT ZSZ,LIL
252  FORMAT (2%,26HECMING EOR SCIUTICN NUMEEF,13)
: c SET UP AM INITIAL SLCPE EASEL UTCN FIAN! GECPFTRY CCNSICERATICN
| c FOR SATEITITE TC CRCUND CF GECUMNC TC SATFLLITE CASES
; 249  CINCF=-GFANGF/ (SIN(AFFOX(LLL,1,1))*CCS (RPRCX (LLL,1,1)))
| IP(W(38C).NF.1.C) GC TC 252
DINCR=C.C
INDEX=RAEFCX (LIL,Z,1)
IO 2%4 1I=1,NHCE
DINCR=CIKCR+ (FLFANJ (INCEX,2,I)-FLRANJI (INLEX-1,2,1I))/
1(ELFEANJ (INDEX,1,I)-FIFAKJ (INDEX-1,1,1))
4  CONTINCE
3 Coust=C.C
BETA=AEBCX (LL1,1,1)
IF (W (38C) .NE.1.C.CR.NHOE.KEF.1) GC 1IC 3CO
LO 260 I=1,JJJK1
IP(EETA.GT.CBXIN (I+1)) GC TC 26C
JIK=1
PLEFT=CEFIN (JJK)
BRIGHT=LEMIN (JJK+1)
GC TO 3CC
260 CCNTINCE

" I
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310

12

311

176

FRECE IN COMPUTIMG HCMING ANGLE
ERINT €1

FCRMAT (2Y,39H***EFRCR IN CCMFUTING HCMING

GO TC ECC

CALL FRAYINT (AZ1,EETR)
EL=EETR*TEGS
AZ3=A714[EGS

ERINT SS,EL,AZ3

IF(W(287) .NE.1.C.CR.NHCE.NE. 1) GO 1C 3C1

IP(EFTA.1T.BLEFT.CR,PETA,GT.BRIGHT) GOC 1TIC 7CC

CALL TEACE
FRINT 75,R2LT,FZLT,RZDEV,AZA

FORMAT (1X,10FRAY COLAT=,F12.5,2X,9HFAY ICNG=

114HF. AZCEV AT T.,=,P12.5,2X,YERLCCAL AZLCFV BT

IF (% (294) .NE.C.C) CPRANGE=1

IF(PES(GRANGE-CHEANGE) .LE.TICLERE) GO 10 E£CC

IP (F.GT. (W(40)40.1) .CR H.LT. (¥ (42)-0.1)
MPFT=C

E1(1)=CFANGE

A1(1,2)=EETA

P1(1,3)=21(1,2) *%2

IP(INCR.FC.Q) GC TO 310

CINCE= (E1(1)-B1(2))/(21(1,2)-A1(2,2))
INTEFECLATE LINEARLY TF EOSSIBLF
IP(E1(1) .LT.GRAMGE.ANC.B1(2) .LT.GRANGE)
IP(E1(1) .GT.GEAKGE.ANL.E1(2) .GT.CRAKCE)
E= (E1(1)-81(2))/ (A1(1,2)-21(2,2))
A=B1(1)-E*A1(1,2)

BETA= (GRANGE=2) /B

GO 1C ©9¢C

INCFEMENT OR CECREMENT THFE AFFRCXIMATE ELEVATICN UTILIZING THE

SLCEE CF THE I-E CUFVF
CIFFR=CRANGE-CFANGE
EETR=EETA+DIFFE/DINCK
IF(EETIA.GT.C.0.CE.W (38C).NE.1.0) GC 10
IP(CCNT.EC.1.0) €0 TC 2190C

EETR=0.0

CCNT=1.C

CAIL RAYINT (A21,BETA)

EL=EFT2*LEGS

AZ3=R2Z1*LEGS

ERINT SE,Fl,A23
IFP(%W(38C) . NE.,1.C.CR.NHCE.KF.1) GC TC 31

IP(EETA,IT.BLFFT.CR.FETR.GT.ERIGHET) GC 1C 7CO

CALL TEACE
PRINT 7€,F211,F:LT1,AZLEV,A2A
IF(W(394) .NE,C.C) CEANGE=1

} &€

GC IC
GC 1C

1

IF (ABS (GFANGE-CFANGE) .LE.,TCLESF) GO TO E£CO

IFP(H.GTo. (W(UC)+C.1) .CR .H.IT. (W (40)=C.1)
MPRT=0

BE1(Z) =CFANGE

A1(2,2)=EETA

R1(2,3)=21(2,2) **2

DINCR= (E1(1)-E1(2))/ (A1(1,2)-A1(2,2))
INCF=INCE+1

IF THE GIVEN FAKGE IS PETWEEN TEE FIRST ANL SECONLC RANGE THUS

COMEUTEL , INTFFEECLATF LINFARLY CN EFTA.
IP(E1(1) .LT.GRANGE. ANC.E1(2) . LT .CRAKGE)
IF(E1(1) +GT.GRANGE.ANC.B1(Z) «GT.GRANGE)
INTEFECL2TE USING RAKGE=A4E*EETA

E= (E1(1) -E1(2))/(A1(1,2)=21(2,2))

) GC

cC 1C
GO 1IC

ANGLE =*x*=)

TIC 780

580
£80

oy
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SN el

co

650

Do
100

127

A=E1(1)=E*A1(1,2)

BETA= (GRANGE=-R) /B

GO TO £9C

INCEEMENT OR CECREMENT TEF AFPRCXIMATFE FIEVATICN UTILIZING THE
SICFE CF THP [-B CUEVF

CIFFR=GFANGE-CRANGE

FETA=BETA4DIPES,/CINCR
IF(EETA.GT.0.0.CR.W (390) .NE, 1.0) GC TC =81
IF (CCNT.EQ.1.9) €0 TC 213¢C

EETA=0.0

CONT=1.0

IF (INCE.GT.KCNARL) GC TC 20C0

GO 1C 3CC

CALI RAYINT (AZ1,EETA)

FL=FETA*TLEGS

AZ3=AZ1*LEGS

PRINT SS,EL,AZ2

IF(W(38C) .NE.1.0.CF.NHOF,NE,1) GC TC 5¢1
IP(EETA.IT.BLEFI.CR.BETA.GT.BFIGHT) GO 1C 7CO
CALL TBACE

PRINT 7%,R2LT,R3L1,R2CEV,AZA

TP (W (394) .NE.C.0) CRANGE=T

IP (PES (GFANGE-CRANGE) .IF,TCLEFE) GC 1IC £70
IF (F.GT. (W(4C)+C.1) .CR H.LT.(W(4C)-0.1)) GC I3 780
MPET=0

E1(3)=CRANGE

A1(3,2) =EFTA

21(2,3)=21(2,2) **2

CALL EQSCLV(BE1,A1,3,2,1,C1,CUM1,1.CE-8,1FR)
USF CUPCFATIC FCRMUIA TC CCMEULE EETA

C1(3) *BETA**24C1(2) *BETA+C1 (1) ~CFANGE=(
ARG=C1(2)**2-04,C%*C1 (3)*(C1 (1) -GRANGE)

IP (AKG) 200,21C,210

THE ARGUMENT IS NEGATIVE , NC SCLUTICN
IP(W(3€C).EQ.2.C) GC TO 611

PRINT 2C1C,LLL

PRINT €1C

GO 1C 1CCC

PRINT 2C11

ERINT €12

FCRPAT (€X,S3HCISCCNTINUITY IN TFF RAY TFACFL RANGE-ELFVATICN CURVE

)
GG 19 1€C0
EETAP=(-C1(2) +SQRT(ARG) )/ (2.0%C1(3))
BEETAM= (=C1(2) =SCRT (ARG) )/ (2.C*C1(3))
FINT TEF CLOSEST FANGE
FINT TEE CLCSEST ANGLE TO THE GIVEN FANGE
DIFF1=ABS (GRANGE=E1 (1))
DIFFZ=AES (GRAKGE=E1 (2))
DIFF3=AES (GRANGE=-B1(3))
IP(CIFF1.LT.DIFF2.ANC.DIFF1,LT.TIFF3) AKNG=A1(1,2)
1F(DIFF2.1T.DIFF1.AND.CIFF2 . LT.LIFF2) ANG=A1(Z,2)
IF(CIFF3.LT.DIFF1.ANL.CIFP:.LT.LIPPZ) ANG=21(3,2)
EETA=EFTAM
IP (ABS (ANG-BETAE) .LT.ABS (ANG-BETAM)) BETA=EFTAP
FL=EETA*LEGS
AZ3=A71%LEGS
PRINT S5,FL,AZ3
FORMAT (/ SX,33HELEVATICK ANGLF CF TEANSMISSICN =,F12.¢, 4%
11HAZIMUTE ANGLF OF TRANSMISSICN =,F1Z.€,UE LEGy)
COUNT=CCTNT+1.0
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ILLINOIS UNIV AT URBANA-CHAMPAIGN DEPT OF ELECTRICAL ==ETC F/6 17/2.1

TECHNIQUES OF DETERMINING IONOSPHERIC STRUCTURE FROM OBLIQUE RA==ETC(U)

DEC 76 N N RAOr K C YEH» M Y YOUAKIM F19628~-75-C-0088
UILU~ENG~=76~2559 RADC=TR=76=401
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101

(@]

19

6C

162

170

lala]

180

178

IP(CCUNT.GT.CCNTFI) GC 1C 2070

CALI RAYINT (AZ1,EETA)

IP(W(28C) .NE.1.C.CR.NHCE.NE,1) GC 1C 171
IFP(FETA.IT.BLEFT.CR.EETA.GT.BFIGHT) GO 1C (O
CALI TFACE

ERINT 75,R2LT,R3LT,AZLFV,AZA

TF (% (394) .NE.C.C) CRANGE=1T

USE THE [-F CUEVP TC ADJUST EEFT2
CIFFR=GEANGE-CERANGE

IF (ABS(LIFFR) .IF.TOLERE) GC 16 €00

IP (F.GT. (W(40)4C.1) .CR .B.LT. (¥ (40)=0.1)) GC 1C 78)
MPRT=0

SELECT TFE CLCSEST FANGE TC TEE GIVES EANGE
DIFF1=GEANGE-E1(1)

DIFF2=GEANGE-E1(2)

CIFF3=CGFANGF-B1(3)

IF (ABS(CIFP1) -ABS (DIFF2)) 13,20,2C

IF (ARS (C1F?2) -AES (DIFE3)) £0,€60,60

RFPIACE THE SECCNL FANGE ANL ELEVATICN ANGLE
B1(2) =CE2NGE

A1(2,2)=EETA

B1(2,3)=21(2,2) %2

GC TC 15C

IF(MES(LIFF1) -AES (DIFF3)) ©C,3C,20

REPLACE TEE FIFST RANGE ANC ELEVATICK ANGLE
B1(1)=CEAKGF

A1(%,2)=EETA

A1(1,2)=01(1,2) #%2

GO TC 150

REPIACE TEE TEIKC RANGE ANL EIEVATICM ANGLE
B1(3) =CFANGE

M (3,2)=EFTA

A1(3,3)=81(2,2) **2

CALL ECSCLV(B1,21,3,3,1,C1,CUM1,1.0E-8,1FF)

USE QUITRATIC TC CCMEUTE BETA

ARG=C1(2) *#2-4,0%C1(3)*(C1(1)-GEANGE)

1P (ARG) 169,170,179

THF ARGUPENT IS EEGATIVE , THERE IS NO SCLUTION
IF(W(38C).FQ.2.9) GO TO 1€z
PRINT 2C1G,LII

ERINT €1C

GO TC 10CO

ERIMNT 2C11

PRINT 612

GO 10 1000

BETAE= (=C1(2) +SCRI(AFG)) /(2.C*C1(3))

EETAM= (=C1(2) =SCRT(ARG) )/ (2.9%C1(3))

FINL THF CLOSFST FAKGE

FINT TH® CLOSEST ANGLE TC THE GIVEN RANGE
DIFE1=ABS (GRANGE-B1 (1))

DIFFZ=AES (GRANGE-E1(2))

CIFE3=AFES (GRANGE-E1(3))
IF(CIFF1,LT.DIFF2,ANC.DIPP1,LT.LIFPP3) ANG=21(1,2)
IP(CIFE2,LT.DIFF1.AND.DIFF2.1T.CIFF3) ANG=A1(Z,2)
IF(CIFF:.1T.DIFF1.ANC.DIPP3.LT.LIFFZ) ANG=21(3,2)
BEETA=EETIM

IP (ABS (ANG-BETAE) .LT.ARS (ANG-BETAM)) EETA=EETAP
FL=EETA*LEGS

AZ3=AZ1#LEGS

PRINT SS,EL,AZ3

GO TC 1CC

3
3
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CORF®CT FCR AZIMUTHAL DEVIRATICN

TF(H.LE. (W(4C)+C.1) .ANTC.H.GE. (W (40)~-C.1)) CC TC 502
GO 1C €0

A24=AZ1-AZLCEV*RIL

IF (ABS(A24=-A22) LLE.P27CL) GO 1C 37CC

INCF=0

MPET=C

AZ25=AZ1+4AZDIV*RAD

AZ1=A2E

IF (ARES(P25-AZ22) .GT.2ES(AZU=-A2Z2)) AZ1=AZ4

COUNT=0.C

GO TC :€C

IF(W(26C).EQ.1.C) EFRINT 2C1C,III

IF(W(3€(C).EQ.2.C) EFINTI 2C11

FORMAT (/s 2X,€2H%*%* HOMING CANNCT EF ACHIEVEC FOR APPFCXIMATE SOL
10TICN MCKFER , 13)

FCEMAT (/s/ 2Y,2SH*** HCPING CANNCT EF ACETEVEL )
PRINT ZCZ0,CCNTIFL

FORMAT (€X,3SHEXCEFDEL NUMEER CF SPECIFIFLC TRIES , F5.0)
GO TO 12(CC

ERINT 210,111

FRINT Z11C

FOFMAT (EX,4SHTHEF RANGF¥ IS FIGHEF TEAM TEEF ZEFC FLEVATICN RANGE )
GO 19 1CCC

CHECK IF THE LIAGMOSTIC IS FCR P EICGE RAY
JJIKT2=JJK/2

JIJKR=JC k=JJIKDZ*Z

IF (JJKF.FC.0) €O TC 750

IT IS NCTI A HIGH FAY

PRINT 2C10,LL1

PRINT €1C

PORMAT (€Y,8EHCISCCNTINCITY IN TEF KAY TFACEL RANGE-BETA CURVE OR R
1ANGE 7TCC CLOSE 1C TEE SKIF DISTANCE)

GC IC 1CCC

IT IS A HIGH ANGLE FAY

ERINT 2C10,111

PRINT 7¢¢

FORMAT (6X,14HFICH ANGIF KRY )

GO TO 1CCO

IFP(W(38C) ,EC.1.C) EFINT ZC1C,III

IP(W(38C) .EQ.2.0) EFINT 2011

ERINT 7¢O

FORMAT (6X,52HRAY MISSEL THF FARTH OF CAMNMNCT FEACH RECFIVER HEIGHT)
GC TO 1CCC

WE FCUNL AN EXACT SCIUTICN

IP (% (38C).EQ.1.C) EFINT 3C10,I11

IFP(W(3€C) .EQ.2.C) ERINT 3C11

FORMAT (/// 2X,3SH**% HACMING ACHIEVEL FCF SOLUTION NUMBER , I3)
FCRMAT(/// 2X,1S¢H*%% HCMING ACHIEFVEIL )

ERINT :C20,EL

FORMAT (€Y ,11HELEVATICN =, F12.€,2X, 7THCEGFREES)

ERINT 23C30,AZ3

FORMAT (63,10RAZIMUTR =, F12,6,2X,7HLEGFEES )
IP(W(3S4) .BQ.0.C) GC TO 3034

PRINT Z0Z1,CRANCE

FORMAT (€X,21HHCPFEI IN GFCUF EATH =,F12.2,2X,ZHKM)

GG 10 3C:9

ERINT :CZS,CFANGE

FORMAT (€X,16HHCMEL IN RANGF =, F12.z,2X,2HKN)
IP(W(38C).EQ.1.() GC TC 3C39

PRIKT 3C26,W(20)
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FORMAT (EX,20HTRANSMITTFR HEIGHT =, FS.2,2X,2HKM )

PRINT 3037,W(40)

FORMAT (6%,17HRECEIVEF FFIGFT =, £9,Z,2X,ZHKF )
ERINT 3C40, K211

FORMAT (€X,33EHCFEL IN GECFAGNETIC CCIATITULE =,
1)

EFINT 3CS0,R3LT

FORMAT (€X,32HHOMEL IN GECFAGNFTIC LCNGITUDE =,
W(1e) =222

CCNTINUF

FETURN

ENC

FP12.5,2X,7RLEGREES

F12.5,2%,7THDEGREES)




SUBFCUTINE HCMES
COFMMCN/CCNST, E1,PTT12,PTLZ,DRBGS,RAD,CUN (3
CCMMON/TENSC/ DENS(S2) ,HETT(52) ,FLRANJ (S1
1,NM2X,NSTART,JFIAG, NSCL,CEMIN(21) ,JJJM1
COMECN Y (6) /%W, IC(1C),WC,W (4CC)
CCMFMCN/DENY, FH(1¢,52,%),THETA(1S) ,EGT (52),EHTI (5),FRES (4) ,HL
COMPCN,EGZ; LATFX,LCKNNY,IHTMY
FQUIVALENCE (EAFTHE, W (19)), (TLCN,R(14)), (SLCN,W (381)), (ILAT,% (16)),
1(RLAT,W(382)), (BETA,W (17)), (TFREQ,W (3)), (AZ1,W (18)), (YMIRH,¥ (27))
EQUIVALENCE (TFANGE,W (285)), (BETAT,w (38S)), (PHC,% (378)), (THO,W (377
")
FQUIVAIENCE (PLCN,9 (13)), (ELAT,W(15)), (HCF,% (254))

c SET NFAX TO CNP
NMAY=1
SP=SIN (FIAT)
CP=SIN(FIL2-PLAT)

c TRANSFORM THE RECEIVER CCORDINATES TC GECMAGNETIC COORLINATES
SINCEH=SIN(RLCN-PICK)
COSCEH=SIN (PID2- (KLCK-ELCN))
SL=SINK (FIAT)
CL=SIN(EIC2-RLAT)
GRLCN=ATAN2 (SINCPH*CL,CCGSCEH#SE*CL-CE*SI)
GRLAT=ARCOS (COSTPEXCP*CL+SE*SI)
GRLCN=GRICN*DEGS
GRLAT=GFIAT*LEGS
ANGL=AES (TLCN-RICK)
ANGT=FICZ-TIAT
ANGR=PILZ-RLAT

)

3,2) ,APRCYX (8,2,2) ,FRATIO

C USE THE COSINE IAW TC FINL THE ANGLE SUETENCEC AT THE FARTH CENTER
COSTHE=CCS(ANGT) *COS (ANGR) +SIN (ANGT) *SIDM (ANGE) *CCS (ANGI)
C COMEUTE THE EANCGE

ANGTR=AFCCS (CCSTHE)
TRANSC=FARTHR+X¥TFH
TRANGE=TFANSC#2MG1R
C CCMEUTE TRANSMITTER COORCINATES
COLAT=FIL2-TLAT
XT=TRANSC*COS (TICN) #*SIK (CCIAT)
YT=TRANSC*SIN(TLCEK) #SIN(CCIAT)
ZT=TRARSC#*COS (CCLAT)
c CCMEUTE RECERIVER COCRDINATES
RECEIC=EARTHR+W (4C)
COLAT=PICZ-RLA1T
s XR=FECEIC#COS (RICK) #SIN (CCLAT)
YR=FECEIC#SIN(RLCN) *SIN(CCLAT)
ZP=FECEIC*COS (CCLAT)
¢ CCMFUTE THE MAGNITULES CF CR, C1 ANI TF
| CT=SQRT (XT*XT+YT*YT+ZT*2%T)
’ CR=SQRT (XR*XR4YE*YR+ZR*ZR)
TR=SQRT ( (XR-XT) #* 2+ (TR-YT) #%2+ (2E-2T) **2)

C CAICULATE THE AZIPOTHAL ANGLE
§ IP(ANGTIR.NE.0.0) GC TIC 12¢C
. : A21=0.C
IF(TLAT.GT.RLAT) AZ1=P1
GO T0 55

120 SINRTN=SIN(ANGIL)*SIK (ANGE) /SIN(ANGTE)
COSFTN=(COS (ANGR) =COS (ANGT) *CCS (ANGTF) )/ (SIN (ANGT) *SIN (ANGTR))
AZ1=AKSIKN(SINETS)
IP(SINFTI8.LT.0.0) €GO TO 4
¢ IP(COSETN.LT.0.C) AZ1=PI-AZ1
GO TO E£C

ume .

s U RN
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4c IF(CCSETN.LT.C.C) AZ1=-EI-AZ1
€0 IF(TLCN.GT.RLCN) AZ1=PITz-AZ1
c COMEFUTE THE ELEVATICKE ANGIE FFCP TRIANGLE TICFH
55 ARGUM= (TE*%24CT1%%2-CR*%2) 7 (2.%1E*CT)

IF (ARGUM.GT.1.0) AKGUM=1.0
IF (ARGU®.LT.~-1.() AKGOM=-1,20
BETA=AECCS (ARGUNM) -PILZ
78 NSC1=1
APRCX (1,1,1)=EFIA
TLATL=TI2T*CEGS
TICNLC=TICN*LEGS
RLATD=ELAT*DEGS
RICND=FICE*DEGS
EHO1=PRO#LCEGS
THO1=THC®LEGS
ERINT 27
27 FORMAT (1E1)
PRINT 3C,TLATC,TLCNI,XNTBR ,
3¢ FCRMAT(1),44HTHE TRANSMITTFR GECGEAERIC CCCFLINATES ARE : ,uX, |
14HLAT=,PE.3,2X,°HIONG=,F€8,.3,2X,7HHEIGHT=,FE,.2,3H KM) |
PRINT 231,RKLATLC,FLCNLC,% (4C)
31 FORMAT (1),41HTHY BECEIVER GEOGRAFHIC COCKLCINATES ARE : , U4X,
14HLAT=,F€.3,22,5HI0NG=,FE.2,2X,7HHEIGAT=,F8.2, 3H KM)
PRINT 1S,EHC1,TRHO1
19 PORMAT (1X,44HTHE TRANSMITTER GECMAGNETIC CCCRCINATES AFE:,2X,S5HLCN
16=,F12,5,3X,€6HCCIAT=,F12.5)
EFINT Z1,GRLON,GRIAT
21 FCRMAT (1X,41RTHE FECEIVER GECMAGNETIC CCCRLCINATES ARE:,2X,5HLCNG=,
1F12.5,3%,6HCOLAT=,P12,5)
PRINT 32,TRANCGE,TEREC
22 FORMAT (1X,29HRANGE 2T TRANSMITTEF RALIUS = ,F1Z.2,2X,2BKN,5X,
127HFREQUENCY CF TFANSMISSICN = , F10.4,2X,3HMHZ)
CEETA=EE1A*LEGS
AZMTH=A21°DEGS
PRINT 27,CBETA,A2ETH
37 FOFMAT (1X,28HTHY INITIAI EI®NVATICN ANGLE=,FE€.3,2X,7HCEGREES,SX,
125HAZIMUTIR OP TFAKSPISSICK =, F12.6,2X, THCEGREES)
FETUEN
ENE

i
|
|
i
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SURKCUTIMNE HCME
JFLAG=C MFANS WE CAN FINC AN APFFOXIMATE EIFVATICN ANGILE,
=1 MEANS WF CANNCT EINC AN AFEFCXIMATE ELEVATION ANGLE.
CIMENSICN CDMIN(21)
CIMENSICM JSOL(2) ,TEMFF(91,2) ,NECINT(2) ,JTFEE(21)
REAL*8 A,B,C,LELT,DANS(52) ,HAIT ,F1,F2,R3,R4,R5,R6,RE, RI,FJ,DET
REAI*R P1,E1,C1
CCFFCN/CCNST,/ EI,FI12,PIL2,CEGS,FAL,LUN (3)
CCMMON/LENSC, LENS(S2Z) ,HEIT (52) ,ELRANJ (S1,3,%) ,APRCX (8,2,2) ,FRATIO
1,NM2X,NSTART ,JFIAG,NSCL,CEMIN(Z21),JJJdM1
CCMMON Y (6) W/ ID(1C),H%,W (40C)
CCMMCN/LENX/ FH(15,%2,5),"HETA(1S) ,HGT (52),EHI (5),FRES (4) ,HL
CCPFCN/EGZy L2TMX,LCNMX,LPINMX
CCMMCN/CCEFF/ A1(52) ,E1(52),C1(52),HAIT (52) , FAEOGE, EAPCGH
FQUIVALFNCE (EARTHE, W (19)), (IICN,%(14)), (ELCK,W (381)), (TLAT, W (16)),
1(RLAT,W(382)), (EETA,N(17)), (TFFEC,W(2)), (AZ1,W(18))
FOUIVALENCE (TFANGE,W(3€5)), (BETAT, & (38S)), (LIFG,W (387))
FQUIVALENCE (PEC,R(378)), (THO,W (377))
FQUIVALENCE (ELCN,W(13)), (ELAT, W (15)), (ECE,% (254)), (GRCUP,W (394))
CATA  INTERV,S5C/
W (380)=1 MEANS ECFING GFCUXKD TC GRCUNMC.
W(380)=2 ¥YEANS BECMING GRCUNT T0 SATFLLITE CF SATELIITE TC GECUND
W(3€C)=3 MEANS FIND THF PINIMUM GRCUE ERTH
KNMN=W (2€0) +, 1
GO 70(12C€6,133C,143C) ,NNN
THE MINIMUM GRCUE PATH FCUTINE
CAI1 GRCUEM
RETCRN
CALI HCEES
FETUEN
RE=FARTEF
SETUF THE NUMEEEF CP HCES
NHCE=HCE+0.1
SETUP THF PACIORS FCF THE MITEOINT ICCATICN CP EACH HOF DIVISICH
HOEF=1.0/ (2.0*HCP)
HOEI=-1.C
ro 1 1=1,61
Lo 1 J=1,3
LC 1 K=1,2
ELRANJ (I,J,K)=C.0
LCc 2 1=1,8
DO z J=1,2
LC 2 K=1,2
APFCX (I,<,K)=C.C
LO 3 I=1,NHOE
JscI1 (1)=C
SET UF THEF NUMEER OF INTEEVALS FCR THE FIEVATICN ANGLE,
FRATIO=TEREC#%2
CHECK IF GROUF FATH HCMING IS NERECEI
IF(W(3S4).EQ.0.C) ¢€C T0 111
ANGT=FILZ-TIAT
ANGTR=CFCUP/EAFTHF -
TRANGE=CGFCOF
RANGE=TFAMNGE/HOF
AZ21=W (2€2)
GO T0 SOCC
CALCOLMTE THE FANGE EETWEEN TRANSMITTEF AND FECEIVER
ANGL=AEBE (TLCN-FICN)
ANGT=FILZ-TLA1
ANGR=FILZ-RLA1
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USE THE CCSINF LA% T0 FIND ANGLE SUEBTENCEL 2T EARTH CENTER
CCSTET=CCS (ANGT) #*COS (ANGR) +SIN(ANGT) *SIN (ANGEF) *COS (ANGI)
ANGTR=AFCCS (CCS1HE)

TRAKGE=2NGTR* (EARTIAF+W (2C))

DIVIDE THE TOTAL KANGE BY THE NUMBEF CF BCES NEEDET.
RANCE=TFANGE/ECE

THIS ECFIION CF TE® CCDF SFIFCTS A IENSITY EFCFILF THAT IS CLOSEST
TO THEF MIL POINT PETWEEN THFY TFEANSMITTIEF ANLC RECEIVFR (AVLON,AVLAT)
COCFDINATFS

IF (ANGTF.NE.0.0) GC 1IC 4225

RTN=C.C

IF(TIAT.CT.FLAT) &TIN=PI

GO TC £CLOC ;
SINFIN=SIN (ANGL) *STN (ANGR)/SIN (ANGTE) 1
CCSETN= (COS (ANGF) =CCS (ANGT) *CCS (ANGTE) ) / (SIN (ANGT) *SIN (ANGTR))
RTN=ARSIN (SINRTK) 1
IF (STNRTN.IT.C.C) GC TC 4520
IF(CCSFT1N,LT.C.C) FIN=FI-RIN
GO 10 S€CO i
TF(CCSEIN.LT.C.C) FIK=-FEI~-RIN

DC 80CC JHOP=1,NHCP

NSOI=)

HCEI=HCEI+2.9

COSANG=CCS (HOEI*HCPF#ANGTF)
SINANG=SIN(HCEI*HCPF*ANGTF)

THIS ECFTION IS PCR GRCUE EATH ECMING

IF (% (2S4).EC.C.C) GC 7TC ECCS

AZT=AZ1

IF(AZT.C1.EI) AZI=FI12-22T

CCSKNM=CCS (ANGT) *CCSANG+SIN (ANGT)*SINANG#CCS (AZT)
AVLATG=EIL2-AKCCS (CCSKM)

TNFM=ARSI} (SIN (AZT)*SINANG/SIN(AFCCS (CCSKN)))
AVLCNG=TICN+TNN

TF(2Z1.GT.PI) AVICKG=TLCK~-TKM

GO 10 9

COSNM=CCS (ANGT) *CCSANC +SIN(ABGT) *SINANG *COS (FTIN)
AVLATG=EIL2-AFCCS (CCSNM)

TNM=ARSIN(SIN (RIN)*SINANG /SIN(AFCCSE (CCENN)))

IP(TLCN-FICN) 4,4,°%
AVLCNG=TICN+TNY
AZ1=FIN

GC 10 €
AVLCNG=TICN-TNM
AZ1=PITZ-RTN
CCNIINUE

TRANSFCFE THE MICECINT IC GECPAGKETIC CCCRLINATES 1
SP=SIN(ELAT)

CE=SIN(EIL2-PLAT)

SINLCPH=SIN (AVICMC-PICN)

COSCPRE=SIN(PILC2- (AVICNG-ELCN))

SL=SIN(AVLATG)

CL=SIK(EIC2-AVIAIG)
AVLCN=AT2N2 (SINCPE*CL ,COSCPH*SP*CL-CE*SI)

AVCLAT=AKCCS (COSCER*CE*CL+SE*<L)

IP(W(3%4) NE.D.C) ¢CC TC S1

TRANSPCFP THE BECEIVER CCCFDINATES 1C GECMETFIC COCRLINATES
SINLCEH=SIN(FICN-FICN)

CCSLEH=SIN (FIC2~- (FLCN-PLICN))

SI=SIN(FIAT)
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CL=SIN(FIC2-RIA1)

GRLCN=ATANZ (SINLPH*CI,CCSCFH®SE*CL-CF*SL)

GRLAT=AFCCS (CCSTPE*CP*CI+SE*S])

GRICN=GRICN#CEGS

GRLAT=GRIAT*LFGS

TEMFCRAFY PRINTING CF TEE MID ECINTY
GCLCNG=AVICNG*LEGS

GOLATG=AVIATG*TEGS

AVICNC=AVLCN*CEGS

AVLATD=AVCLAT*TEGS

ERINT €S11

PCRFAT (2¥,'MIL ECINT CCCRLINATES, GECGRAFHIC ANL GECMAGNFTIC' /)
PRINT $S12,GCLCNG,GCIATG,AVICND,AVLAIT

PORMAT(ZX, 'GFOGFAFHIC:",2X, " LCNG=",FE,2,2X, "COLAT=",FR,2,7X,'GFCHA
1GNETIC:',2X, 'LCNG=',FR,2,2¥,'CCIAT=",F8,2)
DPHI=AES (EHI (2) -FHI (1))

KK=ICNMY

DO 610 K=1,LCKMX

DIFF1=2ES (AVLCK-EEI (K))

IF(LIFF1-CEHI) €2C,€15,€10

KK=K

GO 1C €3C

KK=K

IFP(K.GE.ICKMX) GC TC €237

CIFF2=AES (AVLCN-EET (K+1))

IP(CIFFZ,IT.DIFF1) KK=K+1

GO 10 €3C

CCNTINUE

WE CANNCT PINC A IONGITULE CICSE ENCUGH TC TEE FMID ECINT.
WRITE (€, €25)

PORMAT (1X,82HTHE CIVEN CENSITY EFCFILE [CES NCT INCLUTE THE FIC EO
1INT LCNGITUDE EETWEEN T ANC F)

GC TC :CC

DTHETA=AES(THETRA (Z) ~THFTA (1))

IL=IATKY

LC €35 I1=1,LATHY

DIFF1=2ES (AVCIAT-THETA (1))

IF(CIFF1-CTHETP) €U4S,€40,€35

1L=1L

GO TC €€C

Ll=L

IFP(L.GE.IATHX) GC 1IC €O

CIFE2=AES (AVCLAT-THETA(1+1))

IF(CIFF2.LT.DIFF1) II=1+1

GO TC €€0

CCNTINCE

CAN NOT FIND A IATIITUCE CLCSE ENCUGH TC THE MIL POINT
WRITE (6,€5C)

FORMAT (1X,83HTHF GIVEN CENSITY PRCFIL! COES NOT INCLUDE THE MID
1ECINT I21ITUCE EETWEEN T AND F)

GO 1C 30C

EXTRACT THE DENSITY AT THE MIL ECINT ANI THE CCRRESPONLING HEIGHT
DC 665 1=1,LHIMX

DENS (L) =FH (LL,I,KK) #%2

CANS (L)=CENS (L)

HAIT (1)=EGT (L)

HEIT (L) =EGT (L)

PINI THE BEIGHT CN WEICH TEE PAXINUY DENSITY CCCURS
DHEIT =BEIT(2)-EEIT (1)

TEMP=DERS (1)

FEAX=1

L
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LC 670 1=2%,LH1EX

IF(CENS(I) LE.TENE) GC TO 670

NMAX=L

TEME=CENS (L)

CCNTINUE

HMAY=HEIT (NMAX)

FVMAX=SCET(CENS (NFAY))

ASSUME AN INITIAL EIBVATICK ASGLE CF ZEEC

BETAF=C,(

IP(TPFEC-FVYNMAY) 320,32C,320

BETAT=FIL2

GC 1C 340

COMPUTE 1B® EIEVATICN ANGLE FCE A TEAFEELC EAY

TEMEA= (FAFTHR4BPAX) *SCRT (1.0~ (PVEAX*#2/FRATIC) ) /EARTHR
IP(TEMF2-1.0) 321,321,400

BETAT=AFCCS (TEFEA)

TLATLC=TI2T*CEGS

TLCNL=TICK*DEGS

RLATD=RLAT*CEGS

RLCND=FICN*CEGS

PHC1=PHC#LEGS

THO1=TECSLEGS

PRINT 28

FOFNMAT (1HY)

ERINT 3C,TLATL,TLCNI,Wd(2C)

FORMAT (1X,44HTEEF IRANSMITTER GECGRAEHIC CCCEIINATES APF : ,4X,
14HLAT=,P€.3,2X,5HICNG=,F8,3,2X, THHEIGHT=,FE. 2, 3H KN)
IP(W(354) . NF.C.C0) GC TC 3¢1

PRINT 31,RLATC,FLCNC,W (40)

FORMAT (1X,41HTIHE EECEIVER GECGRAEHIC COCFLINATES ARE : , uX,
14HLAT=,F€.3,2X,SHLONG=,F8.2,2X,7FHEIGHT=,F8.2,3H KHM)

PRINT 19,EHO1,THCY

FCEMAT (1X,44BTHF TRANSMITTER GECMAGNETIC CCCECINATES AFE:,2X,S5HLCN
16=,¥12,%,3%,6HCCLAT=,F12.5)

IF (W (394) .NE.0.C) GC TO 3211

PRINT 21,GRLCN,GRIAT

FORMAT (13,41HTHE RECEIVER GECMAGNETIC CCCRLINATES ARE:,2X,SHICNG=,
1P12.5,3X,6HCOIAT=,F12.5)

ERINT 32,TRANCGE,TEREQ

PORMAT (11,2SHRANGE BT TRANSEITIEF BALCIUS = ,F1Z.2,2X,2HKM,S5X,
127HFRECUENCY CFP TFANSMISSICN = , P1C.4,2X,3EMAZ) ‘
NSTART=1

CALCULATE CCEFFICIERTS AKC STCRE THEM IN AFERRYS A1,E1,C1
I=NSTAFT

J=NSTAFT41

K=NSTAFT42

L=NSTAET+3

IF (NMAX-2) 108C,1€8C,10

THERE ARE MGRE THAN TBREE ECINTS

R1=FF +HAIT (1)

R2=RE +HATIT (J)

R3=F® +BAIT (K)

F4=F3-Fz

FS=F3-R1

R6=F1-F2

rc2=2,.CCC

CALCULATF THBE CCEPPICIENT PCR TEHE PIEST THEEE ECINIS
DET=RU*RE*R6/ (E1*F24F3)

A= (-R1*R1#RU*DANS (I) +R2¥RZ*RS*CANS (J) +RIVE24R6SCANS(K) ) /(DET*R14R2
1#*R3)

B=(F1#FE 19 (RI*RI-RZ*FZ) *LANS (1) =F29RZ% (RI#R3-R14R1) *DANS (J) =B3I4RI*(
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TR1*F1-F2*R2) *DANS (K) ) /(CET*R1*RZ*K3)

C=(-R1#RU*DANS (1) +R2*RS*CANS (J) +R3%RE*CANS (K)) /LET
CELT=-B/ (R3*R3) ~CL24#C/ (R3**3)

A1(7) =A

E1(1) =E

C1(1)=C

M=1

DC 73 I=1,NMAX

M=K+

RJ=FE +HAIT (1)

FI=FE +HAIT (I-1)

CALCULATF THR CCFFFICIENT 2,E,C

DET= (RJ=R1) **%2/ ((EL*%2) 35J)

A= (FI*RI®*(RI-RJ)*CELT+RI® (KI-CL2*RJ) *CANS (1-1) ¢+RI*FI*LANS(I))/ (DET

1#RJ¥RI*»2)
=(FI*(FJ*RJ-RI*RI) *[ELT-CL2*5J*FJ* ([ANS (I)-CANS(I-1)))/ (CET*RI*RJ

1)

C=(FI* (RI-RJ) *TELT4FJI* (CANS (I)-CANS({I-1)))/LET
CELT=-B/(5J*RJ) -CLZ*C/ (RJ**3)

Al (¥)=2

B1(M) =E

C1(M)=C

CONTINUE

CALCULATE THE RANGE ANC GRCUP EATH

CAIl FITIT(CRP,CGEF,EETAF)

CALI FITT1(CRT,CGPT,EETAT)

IF (CFLAG.EQ.0) GG TC €8

CECKREMENT THE EENETFATICN ANGLE.

PETAT=EETAT-0.4C*FALC

GO TIC €€

CHECK IF THE TRANSMISSICN FEECUENCY IS GFEATER THAN FC
IF(TFREC-FVMAYX) 92,¢2,89

CORRECT 1EE TRAFPINC ANGLEF EETAT

CRT1=CET

CGPT1=CGE1

EETAT1=EFTAT

INCREMENT THE ANGIE BEFTAT BY C.1 L[FEGFEE ANI CHECK THE SIOBE.
BETAT=EETAT+0.1C*FAD

CALLI FITT1(CRT,CGPI,EETIAT)

IF(JF1AG.EQ.D) €C TIC 9%

EETRT=EETATI

CET=CRT1

CGPT=CCP11

GO T0 ¢zZ

IP(CRT.1T1.CRT1) GC 10 89

WE HAVE THE MAXIMOM ANC FINIMOM FLEVATICN ANGLES AND CCRRESPCNDING
RANGES., L[IVIDE THF ELEVATICN ANGLE FANGE INIC INTERV, THE NOPEER
OF INTEFVALS.

KINT=INTEFV+1

ELRANJ (1,1,JHCE)=EETAF

EIRANJ(1,2,JHCE)=CFF

ELRANJ(1,3,JHOP)=CGEF

ELKAKNJ (KINT,T1,JHCE)=BETAT

ELRANJ (KINT,2,J0ECE)=CFT

ELRANJ (KINT,3,JECE) =CGFT

DINT=(E¥TAT-BETPF)/INTERV

GENERATF THF RANGES CCRFESECNCIKNG TC TRE INTERVAL VALUES OF THF
ELEVATICN ANGLES,
L0 110 1=2,INTEFV
BETAI= (I-1) *LINT




3

110

1110

1112

1113
1118

111

1147

1135

1137

c
1140

CALI FITT(CR,CGE,EETRI)
FLRANJ(I,1,JHCE)=EET21
ELRANJ(1,2,JHCE)=CR

FIFANJ (I, 3, JHCE)=CGE

CONTINCE

LOCATE TEF MAYIFA ANC MIKIFA CF THE ELEVATICK-EANGF CUEFVE
INITIALIZE THE VECTCF CERIN

LO 111C 3=1,21

DREIN(I)=C.C

TEME=FELEZNJ (1,2,JFQF) @

J339=1

Ja=1

CBMIN (JJJ)=ELRAMNJ (1,1,JHCE)

JTEFE(1)=1

PO 1111 I=2,KIN1

GO T0(1112,1113),3J

IP(FLRANJ(I,2,JHOF) .LT.TEME) GC TC 111€
REPLACE AND STCFE THF ELEVATICN ANGLE VAILUES
JJd=:

JJJ=JJI+1

DBMIN (JJJ)=ELRAMJ (I-1,1,JHCE)

JTENME (JJJ) =T-1

GO TC 1118

1F(FLFANC (I,2,JECE) .GT.TEME) GC TO 111¢€
RYPIACE THE INCEX VALUE

JJ=1

JJJ=33J+1

DEMIN (JJJ)=ELRAKJ (I-1,1,JHCE)

JTEFP (<JJ) =I-1

TEEF=ELFANJ (I,2,JEOP)

CCNTINUE

JJJ=33J+1

CEMIN (JJJ)=BETA1

JTEPP (JJJ) =KINT

DO 1147 ¥Q=1,J3JdJ

DDMIN (KC)=DBMIN (KC) *TEGS

PRINT 8733, (TCHIN(KC),KQ=1,33J)

REMCVE SMALL CSCILLATICNS FECM 1THE LAYEFS CF THE D-B CCURVE
ASSUME 150 KM CSCILIATICKS CR LESS 1C EF RERCVEL
JIR=1

JJ=1

DO 1130 1=2,Jd3J

RETRIEVE THE INLICES FCR CCMEARISCN
J1=JTEPE (JJB)

J2=JTERE (1)

DIFFR=EIFANJ (J1,Z,JHCE) ~ELFANJ (J2,2,JHCE)
GC 10 (1135,11490),34

D-E CUEVE SLOEIMG CCWNWARLS
IF(DIFFR.GT.C.C) GC IC 1127

IP (ELRANJ (J2,2,JHCP) .IT.ELEANI(J1,2,JHCE)) GO TO 1130
DBMIN (JJR) =CERIN (I)

JTENP (JJF)=JTENE (I)

GO TC 1130

IP (ABS(CIFPR).11.150.0) GC 10 1130

JJd=2

JIR=JJIR+1

CBAMIN (JJF)=CBMIE (1)

JTEME (JJB)=JTEFE (I)

GO 10 1130

D-E CURVE SLOEIKG UEWARDS
IF(CIFFF.I17.0.C) GC TC 1143




L]

1143

1130

1146

114

115

156

189

TF (ELRANJ (J2,2,JHCE) .GT.ELFANJI (J1,2,JHCE)) GC 10 1130
DBMIN (JJF) =CEEIN (I)

JTEMP (J3F) =JTENE (1)

GC 1C 1130

IF (ABS(DI1EFR).17.150.0) GC TC 1139

JJa=1

JIR=JJIR+1

DEMTIN (JJR)=CBMIN (1)

JTEMP (JJF)=JTENE (I)

CCNTINUE

L0 1146 KQ=1,JJR

CDMIN (KC) =DEMIN (KC) *CEGS

PRINT €733, (CCMIN(KC),RC=1,J30F)

JIIM1=3JF-1

ERINT 114

PORMAT (2X,21HTHE FANGE-EETA VALUES)

PRINT 115

FORMAT (1X,9HECINT NC.,10X,6HFL TEG,1CX, EHRANGE KM, 10X,SHG.PATH KM)
L=2

K=3

IFP(W (364).EC.0.C) GC TO 11€

L=3

K=2

PC 116 I=1,KINI

EETAC=ELEANJ (1,1, JHCE) *DEGS

PRINT 117,I,BETAC,ELFANJ(I,L,JHCP),ELRANJ (I,K,JHCP)
FORMAT (1X,16,8%,F12.3,5%,F12.3,7X,F12.3)

CHFCK TEF GIVEN BANGE AGAINST THE CAICULRPTEL RANGFS TC FIND THE
NUMEER CF SOLUTICNS.

KFLAG=0

SET A FLAG EQUAL 10 2ERC  SG TKAT IF TEF INTEFEOLATICN LCFS NCT
CONVERGF WITHIN TEN TRIES, THER® IS MC SCILUTION FOE THAT ANGLE
(MFLAG)

IF (FIRANJ(1,2,JEOF) .IT.BANGE) KREFLAG=1

DC 120 I=2,KINT

IF(KFLAG.EQ.1) GC TC 180

CHECK TEEF NFXT FANGE IF LAFGFS THAN GIVEN RANGE
IF(ELRANJ (I,2,JHOE) .GT.RANGE) GC TC 12(
INCREMENT NSOL ANL HCME THF SCLUTICN TIC FINL THEE APPROXIMATE
ELFVATICN ANGLE.

[B= (ELRANJ (I,1,JBCP)-EIBANJ(I-1,1,JHCE))/9.C
BETAI=FIFANJ (I-1,1,JECP)

CR=ELR2NJ (I-1,2,JEGE)

MFIAG=(

Lo 127 J=1,10

IF (KFLAG.EQ.1) GC TC 129

IF(CR.LT.FANGE) GC T0 126

ELRANJ (I-1,1,JHCP)=PFIAI

ELRANJ (I-1,2,JHCP)=CF

EETAI=EETAI+DB

CALL FI11(CR,CGE,EETRAY)

GO 10 127

ELRANJ (I, 1,JHCE)=BFIAT

ELEANJ (I,2,JHCP)=CR

GO 10 12¢€

IF(CE.GT.RANGE) GC TC 128

GO 10 125

CCRTINCE

WE CANNCT PINC A SOLUTICN

DO 127% JK=1,JJJM1

JIK=JK

-
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IP (RETAI.GT.CBMIN (JK) .ANC.EETAI.LE.LEMIN (JK+1)) GC TO 1280

1275 CCNTINCE

1280 GO TO (1281,1283,12€%,12€7,1289,1291,12¢3,12¢5),JJK

1281 PRINT 1262

1282 FORMAT(23,62ECANNCT FINC AEPRCXIMATE SCLUTICN FCR FIRST LAYEF LCW
1ANGLF )
60 1¢ 171

1282 PRINT 1284

1284 PORMAT (2X,6ZHCANNCT FINC AFEFCXIMAT® SCICTICN FCR FIEST LAYEF FIGH
1 ANGLE )
GC TC 171

1285 PRINT 12€6

1286 FORMAT (2X,62HCANNCT FINC AEPFCXIMATE SCLUTICN POR SECONC LAYER LCW
1 ANGLE )
GO TC 171

1287 PRINT 1Z€E€

1288 FOPMAT(ZX,62HCAMNCT FINL AEPRCXINATE SCIUTICN FCR SFCCNL LAYEF HIG
18 ANGLE )
GO 10 171

1289 PRINT 12¢0

1297 FORMAT(Z3,6ZHCANNCT FINC PEEECXIMATE SCLUTICK FCR THIPRL LAYEE LCW
1ANGLE )
GO 1C 171

1291 PRINT 12€2

1292 FORMAT (2X,62HCANKNCT FIND AFEFCXIMATE SCIUTICN FCR THIFL LAYEF HIGH
1 ANGLE® )
GO 10 171

1293 EFINT 1294

1294 PORMAT (ZX,62HCAKNCT FIND AEPFCXIMATE SCIUTICHN ECR FCUFTH LAYER LOW
1 ANGLE )
GC 10 171

1295 ERINT 12S6

1296 PORMAT(2X,6ZHCANNCT FINC AFEEFCXIMATE SCLUTICN FCR POURTH LAYER HIG

1H ANGILE )
¢ TC 171
c USE LINEAF INTEEECLATICN RPNGE=E4C#PETA

126  IP(ELRANJ (I-1,1,JHOF) .EC.ELRANJ (I,1,JHCE)) GC 10 17%
Q= (ELRAKJ(I-1,2,JHOP)-FLBRANJ (I,2,JHCE))/ (ELFEANI(I-1,1,JHCE) -
1ELRANJ (I,1,JHCE))
IF(C.EC.C.0) GC TC 17%
P=ELRANJ (I-1,2,JHCP) -Q*FLFANJI (I-1,1,JHCE)
BETAI= (FANGE-E) ,C
CALL FITT(CR,CEE,EETAI)
IF (JFLAG) 13C,13C,175
130 DIFF=RAKGE-CR
IF(CIFF) 135,1€C, 145
135 IF(CIFF4IIFG) 14C,1€2,16C
140 IF(KFLAG.EG.1) GC 1C 146
136  FLRANJ(I-1,1,JBCE)=EETAI
ELRANJ (I-1,2,JECP)=CR
MFLAG=KPIAG+1
IF(MFIAG.GE.19) GC 10 17%
GO 1C 1z6
145  IF(CIFE-LIFG) 1€C,1€C,15¢C
150 IP(RFLAG.EQ.1) GC 1C 136
146  ELRANJ(I,1,JHOE)=EE1AI
ELRANJ (1,2,JHCE)=CR
MFLAG=FFIAG+1
IF (MPLAG.GR.10) GC T0 175
GC 1C 126
c WE HAVE FCUND TEE AFEROXIMATE ANGLE
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160  NSCI=NSCI+1
JSOL (JHCE)=NSCI
APRCYX (NSCL,1,JHCE)=E%TAT
APRCX (NSCL, 2,JHCP)=1
CBETA=EETAI#DEGS
DO 1160 JK=1,JJJM1
JJIK=JK
IF(RETAI.GT.CBMIN (JK) ,ANC.EETAI.IT.CEMIN (JKE+1)) GC TC 1173

1169 CCNTINUE

1172 GO TO(1171,1172,1175,11757,1175, 1161,1182,11€5) ,IIK

1171 PRINT 1172,NSGL,CEFTIA,CR,CGP

1172 PORMAT (2X,28HAEPRCXIMATE SCLUTICN NUMBER= ,13,2X,22HFIRST LAYER LO
1W ANGLF , 10H,EL.ANGLE=,P€,3,2X,6HRANGE=,F€,.3,2X,7HG.PATH=,F8.3)
GO T0 1713

1173 PRINT 1174,NSCL,LPETA,CE,CGE

1174 FORMAT(2X,28HAEEROYIMATE SCLUTICN NOMEEER= ,13,2X,23HFIFST LAYER HI
1GH ANGL® ,10H,EL,ANGLE=,F€6.3,2X,6HFANGE=,F€,2,2X,7HG.PATH=,F8,3)
GC 10 171

1175 PRINT 1136 ,NSCL,CEETA,CF,CGF

1176 FORMAT (2X,28HAPERCXIMATE SCLUTICN NUMBFF= ,13,2Y,23HSECCNC LAYEE L
10W ANGLF ,15H,EL.ANGIE=,F8.2,2X,6HFANGE=,F8,3,2%X,7HG.PATH=,FE.3)
GC T€ 1711

1177 PRINT 1178,NSCI,LEETA,CK,CGE

1178 PORMKAT (2X,28HAEERCXIMATE SCLUTICN NUMBEF=,I13,2X,2UHSECCND LAYER HT
1GH ANGLE ,10H,FL.ANGIE=,PR,3,2X,EHRANGE=,FE.3,2X,7HG.PATH=,FE,3)
GO TC 171

1179 ERINT 11€C,NSCI,CEETA,CR,CGE

1180 FCRMAT(23,26HAEPRCXIMATF SCLCTICN NUMBEF= ,13,2%X,22HTHIRD LAYER LO
1% ANGLF ,1CH,FI.ANGIF=,FB8.3,2%,6HRANGE=,FE.3,2X, 7HG.P2TH=,F8,3)
GO 10 171

1181 PRIMNT 11€2,NSCI,CEETA,CH,CGP

1182 FORFAT(2X,28HAFEBCXINATE SCLUTICN NUFMBEF= ,13,2X,23HTHIRD LAYER HI
1GH ANGLE ,19H,EI.ANGIE=,P8.3,2X,EHRANGE=,F€.3,2X, THG.PATH=,FE, 3)
GC TC 171

1183 PFINT 1164,NSCI,CEETA,CR,CGE

1184 PORMAT (2%,28FEAFFRCXIMATE SCIUTICKN NOUMBEF= ,13,2X,23HFOURTH LAYER L
10¥ ANGLE ,10H,EL.ANGLE=,F&.3,2%X,€EBRANGE=,F€.3,2X,7HG.PATH=,FE.3)
GC TC 171

1185 PRINT 1166,NSCL,CEE1A,CF,CGF

1186 PORMAT (2%, 26HAPPRCYXIFATE SCLUTICN NUFBEF=,I3,2¥,24HFOUFTH LAYER HI
1GH ANCLE ,10H,FI.ANGIE=,F8.3,2X,6HRANGE=,FE.3,2X,7HG.PATH=,F8&, 3)

171  TIF(KFLAG.EQ.J) ILI=1
IF(KFLAG.EQ.1) ILI=C

KFLAG=1I1
L GO 10 120
c CHECK IF THE NEXT RANGE IS SMALIER 1HAN CIVEN RANGE
; 180  IF (ELRANJ(I,2,CEOF) JIT.RAKGE) CC TC 120
. GC TC 1%€
i 120 CCNTINUE
' 280 IP(NSCL.GT.0) €C 10 300
‘ PRINT Z€CS
E 2805 FPORMAT (2X,34RTEERE AFE NC AEPRCXIMATE SCLUTICNS )
GC TC :4¢C

1000 PRINT 1CCE
1005 FORMAT (1X,47ATEERE ARE LESS TBAK THEEE ECINTIS IN THE DENSITY)
GC TC 3CC
400 PRINT 41C
410 PORMAT (1X,25SHTHE FRECUENCY IS TCC HIGH)
300 CONTINUE
‘ 8C0C CONTINUE

C CHECK 1C SEE IF IT IS CNE BCE MCLE

e .
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8585

6C80

8100

8111

8110
€12C

8130

192

IP (NHOE.¥C.1) €C TC 12700

CHECK 1F THE HOES AFF SYNMETFIC WITHIN 3 CFRTAIN TCLERANCE
DO 8050 1I=1,NHCE

IF (JSOL (1) .EQ.C) GC IC B80SO

THERE ARE SOLUTICNS

GO 1TC BCEQ

CONTINUF

SET THE CCNTRCL NSOI 1C ZFRC CEKCTING NC SCLUTICHS
NSOI=C

GO 1C 12€C)

CHECK FGF SYMFETFIC ECES

KHCE=NHCE=1

[0 €¢7C 1=1,KECE

IF(JSOL(I).EQ.JSOL(I41)) GC TC €070

THE HCES ARE NC1 SYMPFTRICAL

GG T0 €1CC

CONTINUE

CHECK IP THE EIEVATICN ANGLES AFE CICSE 1C EACH OTHER
KECINT=JSCL (1)

ONE CFGEFF SEEAFATICK PAXIFUN

XXJ=1.C*FAT

DO 8980 T=1,RECINT

HTEME=AFFCX (I,1,1)

DO €185 J=2,NBCE

1P (ABS (FTEMP-AEFCX(I,1,J)).LE.XXJ) GO 1C 8(C8S

THE HOES ARE NOT1 SYVMETRIC SINCE THF ELEVATICN ANGLES ARE NCT
CLOSE TC EACE CTEER

G6C TC £1CS

CONTINUE

CONTINCE

THE HOPS ARE SYFMETFIC

NSOL=JSCL (1)

GC T0 12(CO

LO €120 J=1,NHCE

JJi=1

TEMER (JJ,J) =FLRANJ(1,2,J)

XJ=JJ*RAL

L0 811C 1=2,KINT

IF(FLEANJ(I, 1,J).1T.XJ) GC 1IC €110

INTERECIATE LINEAFLY CN THE FANGE

SLCEE=(ELRANJ (I-1,2,J)-EIRANJ(I,Z2,J))/ (ELRAKJ (I-1,1,J0)-
1ELRANJ(1,1,Jd))
CRCSS=ELFANJ (I-1,2,J) -SLCEE*FLEANJ (1-1,1,J)

TEMPE (JJ+1,J) =SLOEE*XJ+CRCSS

JJ=JJ+1

XJ=JJ*FAL

GC 10 £111

CCNTINOP

NPOINT (J)=dJ

CONTINCE

PINC THE KUMBER CF SCLUTICNS EY CONEAFING THE SUM CF THE RANGES/
HOF WITH THE GIVEK FANGE

ITEKE=BECINT (1)

DO 813C I=2,NECE

IP (KPCINT(I).GI.ITEPE) GC 1C 8130

ITEMP=NECINT (I)

CONTINUE

RECOEY TEE TEMECRARY ARRAYS CNTC THE PERFAMENT CNES
DO €14C I=1,ITEPP

DG €14C J=1,NHCE

ELRANJ(1,1,J) = (1-1) *FAD




8140

8145

8160

8149
815¢C

8734
€771
8733
12000
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FLEANJI(I,2,J) =TEFER(T,J)

NSCL=0

SUN1=0,"

LO E145 J=1,NECE

SUM1=SCUM1¢TEMER (1,J)

DO 815C 1=2,ITENP

sOM=0.C

DC €16C J=1, NHCE

SUM=SUM4TEMER (1,J)
IF(SUM.11.TRANGF.ANI.SU¥1.LT.TRANGF) GC 1IC €149
IF(SUM.CT.TEANGF,ANL.SUM1.GT.TRANGE) GC TC €143
WP ECUNT A SCIUTICN

NSCI=NSCI+1

INTERECIATE TG FIND THF AFFECXIBATE ELEVATICM ANGLF
SLCEF=(SUM-SUM1) / (FLEANJ(I,1,J) -FLR2RJ (I-1,1,J))
CROSS=SUN1-SLCEE*FLFANJ (1-1,1,J)

APRCX (NSCL,1,1) = (TRANGE-CKC £S) /SLCEE

APRCX (NSCL,2,1) =1

SUM1=SUM

CCNTINUE

Lo €771 K¢=1,91

BR1=FELFAMJI (KC, 1,1)*[EGS

PR2=ELEANJ (KQ, 1,2) *LEGS

PRINT €734,ER1,FLEANJ(KC,2,1) ,EF2,ELFANJ (KC,2,2)
FOEMAT (1X,2F12.3,12%,2F12.73)

CONTINCE

PORKAT (1X, 12F8., )

FETURN

ENT
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SUBROGTIINE PITT (SANC,GFCUF,ANG)
REAL*8 BARTHR,RE,AA,EB,CC,PP,A1,E1,C1,BAIT,ARGUM,X1,X2,X3,R1,R2,X,
1R3,3I,FI1,%¥J,RJ,EETA, CR,CE1,CRZ,CK3,CGE,CGF1,CGEZ,CGP3
CCPFCN/CCNST, EI,ET12,EICZ,LEGS,FAC,LOM(3)
CCMMCN/LENSC/ CENS(SZ) ,HEIT (52) ,FLRAMI(S1,3,2) ,APKCX (®,2,2) ,ERATIO
1,NMAX,NSTART ,JFIAG,NSCL,CEMIN(Z1) ,JdIN1
COMPCN/CCEFF/ 21(%2),E1(52),C1(%2),FMIT(52) ,FAECGE,SAFCGM
COMMCN Y (6) /%W, ID(1C) ,WC,W (4CC)
FQUIVAIENCF (FEAFTE ,W(19))
CR IS THE CALCUIATEL BANGE
NMAY IS THE NCPEEF CF ECINTS CUF 10 1BF EFIGHT OF MAXIMOM DENSITY
HEIT IS 1HE HEIGHT INCRENENTS CCFRESECNLING TC THE CENSITY
CENS IS THE NCRMAITIZEFL CENSITY
CGE IS TEF CAICTLATEL GRCUF EATE
PRATIO IS THF TRANSPISSICN FFFCCUCENCY,F, SCURFED.,
BETA IS THE FIFVATICK ANGLF
NSTART IS THE INCEX AT WHICH THEF DENSITY HAS A VALUF
SQFT (X) =LSCRT (X)
ALCG (X) = LLOG (¥)
ARSIN (X)=CARSIN (X)
ARCCS (X) =CARCCE (X)
CCS (¥)=L[CCS (X)
SIN(X)=LSIN(X)
AES (X) =L RES (X)
CL1=1.CIC
LD2=2.0LC
LL4=4,CLC
BETA=AKG
FP=FRATIC
EARTER=EMARTH
JRLAG=C
RE=FARTEF*%2
M=NSTAF1
CALCUL2TF THE RANCE ANC GFCUE EATH FFCFM FAFTH SURFACE 1C THE
BCTTCM CF THE ICNCSEHERF
CR=ABS (EPRTHR*CCS (RETA) / (EAIT (M) +EAFTHE))
CR=IC2*EARTHR* (AFCCS (CK) -EET2)
CGE=TD2* (SQRT ((EAFTEF4BAIT (M))*#%2- (FARTEF*CCS (EETA)) **2) ~-EARTHR*
1SIN(BETA))
c SET UF THE CCNSTANTS PA,'E,CC FCK TEF FIGST THFEE PCINIS
JJ=1
AA=CDi~-21(JJ) /FF
PB=-B1(JJ) /FF
CC==C1(JJ) yFF- (EARTER*CCS (EETA) ) #*2
ARGUM=EE#EE-CTU%AA*CC
I=p+2
R1=EARTEE+HAIT (M)
R2=FARTER+HAIT (F+ 1)
RI=EARTEF+HAIT (M+2)
X1=AA®E19R14BE$F14CC
X2=AA*RZ4R24EE*FZ+CC
X3=PA*B24F34BE#F34CC
IF(X1) uCC,400,%2
52 IF (X2) ££,55,56

cna0nn0non

0N

C THE RAY FEFLECTIL
55 XI=X1
RI=F1
GO TC :C€<
4 56 IP(X3) $71,57475
S XI1=X1
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7L
R

172
171

170

160

180

190

200

20
130

RI=F1
60 T0 3€%

CAILCULATE THE FANGE

IP (€CC) 7C,6C,6C
CR1=CLI#FE*CCS (EETA) /SGRT (-CC)
CRZ=(EE#F3+LCD2*CC)/ (AES (F3) *SCRT (ARGUN))
CR3= (RE#F1+LL2%CC)/ (ABS (R1) *SCET (ARGUN))
CR=CR+CF1% (ARSIN (CRZ) -ARSIN (CR3))

GO TC 8¢

CR1=-LCLZ*RE*CCS (EETA) /SCKT(CC)
CR2=AES(LN2%*SQOKT (CC*X3) yR24CTC2%CC/RI+BE)
CRI=ABS (LL2*SCRT(CC*X1) /R14LL2*CC/R14BER)
CR=CE+CE1%ALOC (CRZ/CR3)
CGE1=LLC2* (SQRT (X3) -SQRT (X1) ) /AA
CALCULATE THE GRCUP PATH

IF (PA) 9C,100,1C0
CGE2=(CLZ*AA*R3+EE) s (SCRT (ARGUN))

CGP3= (CCZ*AA*R14EE) / (SCFT (ARGUM))
CGP=CGF+CGP1+RB* (ARSIN(CGEZ) ~ARSIN(CGE3)) / (AA*SCRT (-AA))
GO 1¢ 11¢C
CGPZ=AES(CD2*SCRT (AA#X2) 4LL2*AA*E3+EE)
CGP3=AES (DD2*SQFT (AA*X1) 4 LT 2%2A*R1+EE)
CGP=CGF+CGP1-FE*AL0G (CGP2/CGE3) s (AA##*1,5)
STAFT THF CALCUIATICN FCR THE REST CP TEE L[FNSITY ERCFILE
Lo 20 I=1,NMAX -

3J=33+1

SET UP TEE CCNSTANTS AA,BE,CC
AA=LL1-A1(JJ) /FE

FB=-F1(JJ) /FF
CC==C1(JJ) /FF- (EAFETHRE#*CCS (EETA) ) #%2
ARGUM=EE*EB-DL L% AA*CC

RJ=FARTER+HAIT (1)

RI=FARTEF+HAIT (I-1)

XJ=AA*RJ#RJ+EF*EJ4CC

XT=AA*FI*RI+EB*FI+CC

IF(XI) 3€90,300,172

IF(XJ) 3€C,3CC,171

IF(CC) 170,16C, 16C

CALCULITE THE RENCE UE 1C FEFLECTICN HEIGHT
CR1=TDZ*FE*COS (EFTA) /SCRT (-CC)

CR2= (EE*FJ+DD2*CC)/ (AES (FJ) *SCERT (AFGU¥) )
CR3= (BE#FI+LDZ%CC)/ (AES(FI) *SCET (AKGUN))
CR=CR+CE 1% (ARSIK (CRZ) -ARSIN (CR3))

GO 10 1£C

CR1=-TIZ#RE*CCS (EETA) /SQRT (CC)

CRZ=APS (IL2*SCRT (CC*XJ) /RJ+LL2*CC/RJI+RE)
CR3=ABS (LL2%SCFT (CC*X1) /RI+LLZ*CC/RI+EE)
CR=CR4CF1#AL0G (CF2/CF3)
CGP1=LLZ% (SQRT (XJ)-SCRT (XI)) /RA
CALCUL2TF THF GECUP EATH UF 1C FEFLECTICN HEIGHT
IP(AA) 1SC,20C,20C
CGPZ=(CLZ*AA*RJ+EE) / (SORT (ARGUN))

CGEZ= (CL2%AA*RI+BB) / (SCFT (AFGUN))
CGP=CGE+CGP1+EE* (ARSIN (CGEZ) ~ARSIN(CGP3) )/ (AA*SCRT (=AR))
GO 10 zC

CGPZ=AES (LC2*SCET (AA*XJ) +LL2%AA*FJ+EE)
CGE3=AES (DD2*SCFT (AA*XI) #CC2%AA*KI+ERE)
CGP=CGE+CGP1-EB*AI0G (CGEZ/CGE) , (AA*#1.5)
CONTINUE

JPL2G=3

GO 1C 400

RAAN
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CONTINCE

FAECGE= (-BB+SCFE1(ARGCNM) )/ (I[L2%22)
RAECGM= (-BB-SCF1 (ARGUN) )/ (CDZ*AR)

IR(cC) 31¢,22C,32C
CR1=DCZ*FE*COS(EETA)/SQRT (-CC)

CR2=FTLZ

CR3=(PE*RI+LLZ*CC)/ (AES(FI)*SCRT (ARGCH))
CR=CR+CK1* (CR2-2RSIF (CR3))

GC TE 32E¢

CR1=-CLZ*FE*CCS (BET?)/SCRT (CC)
CRZ=AEBE (SCRT (ARGUN))

CR3=ABS (CD2*SCRT (CC*XI) /RI+DDZ¢CC/RI+EE)
CR=CR4CR1*ALOG (CRZ/CK3)

CGE1=-LLZ*SCFT (XI)/2?

IF(PR) 363,373,:7C

CGEZ=-F1[Z
CGEZ=(CDz*AA*RI+BB) / (SORT (ARGUM))
CGP=CGE+CCP1+EB* (CGEZ-APSIN(CGE23)) /(DA*ESCRT (-RR))
Gt 7C uc(C

CGEZ=RES (SQET (AFGUM))

CGP3=AES (CT2*SCFT (AA*XI) 4CC2*AR*FI+EE)
CGP=CGE+4CGP1-EE*ALOC (CGF2/CGE3) / (AA*#1,€)
RANC=CF

GRCUE=CGEF

IF(W(394).EQ.C.{) GC TC SCC

RANG=CGE

GROUE=CR

FETCEN

ENC

SRR
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SURFOUTINE GRCUEM
A SURRCCTINE TIC CCMEUTE TEF PYINIMUM GECUE FATH
FIRST WE FINC TEF EENETRATICN ANGLE ANL THEN USF CHECKING
AND CHCFEING TECHNICUF TC ICCATE TEF PINIMUM WITHIK A CIVEN
TOLFRAKCE IN CECUF EATH
COMMCN/CCNST, E1,FITZ,FTL2,LEGS,FAL,TUK (3)
CCMMCN/FIAGS/IFLAG, IGRT
COMFCN Y(12) ,1/WW/TL (1C) ,0C, W (4CC)
CCM®CN/DENSC, LENS(S2) ,HEIT(52) ,FLRAKJ (S1,3,2) ,APRCX (€,2,2),FRATI
1,NMEX,NSTART,JFIAG, SCL,CEFIN(Z1),TIIn?
COMMCN/CENY/ FH (15,52,5) ,TEETA(1S) ,ECT (2) ,FEI(S),FRES (4),HI
COMMCN/EG2/ LATEX,LCKMX,IHTMX
CCMFCN,FR/N,ST1EE,PCCE,LCMY(5),FSTAERT
CCMMCN/FIN/XN2,XMUX,EN2 (8) ,ECLAE (4) ,SEACE,CCLL,FIELD
CCPFCK/KICE1/ NEFINT,RCET,FERT
ECUIVALENCE (EMETER,®(19)), (F, ¥ (2)),(AZ1,% (1€)), (BETR,&(17)),
1 (CNLY,® (371)), (A24,W (263))
EQUIVALENCE (EEO,W (378)), (THC,R(377))
NSCI=C
SELECT TEF LCKGITCUDF CCOCSCINATE CF TENSITY
CEHI=AES (ERI (2) -EHI (1))
KK=1CMPY
PC 116 R=1,LCHNEY
DIFF1=AES (PHO-EHI (K))
IF(TTFE1-DPHI) 120,115,11C
KK=K
GC TICc 1:C
KK=K
IF(K.GE.ICNMX) GC TC 13¢
DIFF2=RES (PHO=-PEI (K+1))
IF(LIPFZ.LT.DIFF1) KE=K+1
GO 1C 1:C
CONTINUE
PRINT THE ERRCF MESSAGE
ERINT 1z°¢
FORMAT (2X, 'CANNCT PISCL A ICNGITULE CICSF IC THE TRARSMITTIEER')
GO TO u(C
SELECT TBE CCLATIIULE CCCRLINATE OF CEKSITY
ITHETA=AES (THETA (2) -THETA (1))
IL=IATEX
LO 135 I=1,LATMY
DIFF1=AES (THC~THETA (L))
IP(CIFF1-CTHETIA) 14%,140,13%
11=1
GO 10 16C
LL=1
TIF(I.GE.IAT¥X) GC 1C 1€0
DIFF2=AES (TEC-TEETA (1+41))
IP(CIFF1,IT.DIFF2) 11=141
GO 1C 160
CCNTINUF
PRINT 1TEE ERECF FESSAG®
PRINT 15¢C
FORPAT (2X,'CANNCT PINL A CCLATITCLF CLCSE 1C THE TRANSEITTER')
GO 10 40C
EXTFACT T1EE CENSITY
DC 1€5 L=1,LHIMX
DENS (L)=FH (LL,I,KK)
TEMF=DEKS (1)
LC 170 1=2,LHIMX

WL RS
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19
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IF(IENS(I).LE.TFME) GC TC 170

NMAX=L

TEFP=CEMNS (L)

CONTINCE

HMAX=ECGT (NMAX)

FC=CENS (KMAX)

WRITE (€,24) F

FORPAT (1X, *THE TRANSMISSICN PRECCENCY=',F12,.5,' KHZ')
TOLGFE=1,0

TEMECFAFY ALICCATICKN CF AZIMCTH IN & (263)
AZ1=AZ2

COMFUTE THE ELFVATICN ANGLE FOR A TEAPPEL FAY
TEMFA= (EARTHR+HNAX) *SQRT (1.9~ (FC/F) #22) ,EARTHR
IP(TEMFA-1.C) 1C,1C,SCC

BETAR=ARCOS (TEMFA)

EETA1=EETAR
INITIALIZE THE EAY PAFAMETEES ANIT TFACE THE FAY
CALI R2IYINT (AZ1,EFTA1)

BETA=BETA1

EL=EETATEGS

AZM=AZ 1#LEGS

WRITE (€,25) EL,AZM

PCFFAT (1X, "ELEVATICK ANGLE CP TEANSFPISSICN=',F1Z.6,' LEG',5X,
1*AZIMCTE ANGLE CF TFANSPISSICN=',F1Z.€,' LEG')
CALI TEACE

MPRT=0

IF(IGRT.8E.C) GC 1C 950

CHECK FCF PENETEATICN

IP(CNLY.EC.0.C) GC 1C 3)

BETAF=C.SS*EFTAF

6Cc 1¢ 29

STCFE THE VALOES

GROUE1=1

TAKE 9S%CF INITIAI TFAEEIKG ARGLE

PFT132=C, SS*¢BETAR

CALI RAYINT (AZ1,BETA2)

BETA=BETAZ

FL=EETA*LEGS

WRITE (€,25) FI,22M

CALL TEACE

MERT=)

IP(IGRT.¥E.0) €C TC $50

GRONEZ=1

TAKF 9C% CP IKITIAL TFAFEING ANCLE
PETA3I=C.SO*BETAF

EETAL=FET23

CALL FAYINT (AZ1,BETA3)

BETA=BET22

FL=BETA®LEGS

WRITE (€,25) EL,DZM

CALL TERACE

MPRT=(

IP(IGRT1.KE.0) GO TC 950

GRCUE3=1

CHECK FCEK THE SEAFE CP THE CUFVE

IF (GROUEZ.LT.GECUE2) GC TC 8C

SLCEING TCWARLS THE FIGHT 10 GBCUP 2

IF (GRCCEZ.LT.GRCUOE1) GC 1C 2C0

SLCEING TOWABLS TFE RIGHT;PINLC 2 NEW EEMETRATICN ANGLE
INCREMENT EETAR BY ©%

BETAR=1,CS*EFTAF

O U
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€9 CALI RPYINT (A21,EETAE)
BETA=EITAR
FL=EETA*CEGS
WRITF (€,25) EL,AZP
CALL TFACE
MPET=C
IF(IGFT.NE.0) €GC TC €0
c CHECK FCF EENETEATICN
TF(CNIY.GT.C.C) GC 1C 72
s INTEFCHANGE THE VALCES
BETA3=EETA2
EFTA2=EF121
EET21=EETAR
GROUE 2=GECUE?2
GROUFZ=CECUP1
GRCUE1=1
GC 10 50
PAY FENETRATEL [ECFFMENT THE ANGLF EY 1%
EFTAR=C, SC*BFTAF
GC TC €C
c SLCEING TCWAKLS THE LEF1T
8c EETAL=C.CS*FETAI
CALI RAYINT (AZ1,BETAI)
BETA=BET2L
FL=EETP*LEGS
WEITF (€,25) EL,PZ¥
CAIL TFACE
MPRT=0
IFP (IGRT.NE,D) CC IC S50
EETA1=EFTA2
BETAZ=EETA3
EFTA3=EFTAL
GRCUE1=GECUE2
GROUEZ=CGECUP3
GRCUE3=1
GO 1C 40
WE FOUNL B SEMLL VAIUF GFCUE2 INCLUCED EETWEEN TWO LARGER VALOFS
GPOUE1 AM GECUE3
USF THE CHOE FETHCD CK EITFEF SICE CF GECUEZ
N0 PBRETAS=PETA3+40.5#* (FETAZ-EET123)
BETA4U=EETA2+0.5% (EETA1-EETAZ)
CALI RAYINT (321,BETAY)
BETA=BETIU
EL=BFTALEGS
WEITF (6,25) EL,AZ¥
CALI TEACF
MPET=0
: IF(IGRT.KE.D) GCGC TC S%0
, GRCUE4=T
CAII RAYINT (AZ1,EETRS)
EETP=EET2S
FL=BETA*LEGS
WRITE (6,25) EL,A2F

~ 0
9

[SEeNeXe!

CALI TRACE
MPRT=9
IF(IGRT.NE.J) ¢CGC TC 950
GRCUEE=1
c CHECK IF IT IS WITHIN THE TCLERAMNCE

IF (ABS (GFOUE5-GFOUPZ) .GT.,TCLGRE) GO T0 z1C
IF(GFOUE4.LT.GFCUES5) GO 1TC 2350
GC 1C 300




»yn

(@]

240

€

300
305
c7

210

uce
SCC
910

9¢0

200

CHECK TFF LEF1 SIILF

IF (CROUES.GT.GRCUE2) GC 1C 22)
RFPLACE THE LEFT SILF VALUES
EETA1=EETA2

BPFTAZ=EETAS

GRGUE1=GECUE2

GRCUF2=GFCUES

GO TC 200

CHECK IF IT IS WITHIN THE TCLERANCE
IF (ABS (GFOUP4-GFOUPZ) .IF,TCLGRE) GO TO Z2€5(C
CHECK TFE RIGHT SICE
IF(GROUEU4.GT.CFCUF2) GC TC 240
REPLACE THE RIGET SIDE VAILUFS
BETA2=PETA2

BFTA2=EF1AU

GROTE3=GECNE2

GROUE2=GFOUPY

GO 10 2CC

REPIACE THE MILTLE ECRTICN
BETA3=EF1AS

EFTA1=EETAU

GRCUE3=GFCUPS

GROUE1=GFCTEU

GC 1TC 2zCC

WE FOUNL THE LEFT SICE MINIMUM VALUE OF GRCUE EATH
1F (GROUES.GT.GFCUE2) GC TC 305
GRCUE2=GECUPS

EFTA2=EETAS

WRITE (€,3C7)
FORMAT (4, 1X, ' %%%1 1))

WREITE (€,310)

FORMAT (1X,'TRE LEFT SICE +YINIMUM GRCUP EFATH AND ITS ANGLE ARE

1.")
EETAL=EETA2*DECS
WRITE(6,:2C) BETAD,GFCUE2

PORMAT (1X,'ELEVATICN ANGIE='_,F9,4,2X,'PINIMUM GROUP PATH=',FC.4)

WRITE (€,3C7)

GO 1C 4CGC

WE FOUNL THE RICHT SICE MINIMUM VALUE GECUE EATH
IF(GFOUEU.GT.GFCOE2) GO 1C 355

GROUE2=GECUE4

BETA2=EETA4

WRITE (6,2307)

WRITF (€,260)

PORMAT (1X, 'THE RIGHT SIDE LMINIMUM GFCUE EATH ANC IT1S ANGLE ARE

1.0)

BETAC=EFTAZ*CEGS

WRITE(6,320)ERTAD,GECUE2

WRITE (€,3C7)

RETUEN

WRITE (€,510)

FORMAT (1X, *THE ARGUFENT OFP AFCCS IS GREATEE THAN CNE')
GO 1C 4CC

IGRT=0

GO 10 40C

ENC
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SUBFOUTINE PRCFIL

c A RCUTINE TO GFNEFATE A KF% CENSITY EROFILF
CIMENSICN AZT(S),RRMFCD (20,5,4) ,RR(Z,3) ,E(3) ,NE(S)
COMMON /LENX/ FE (19, 52, ©),THETA(1S),HCT( 52) ,EHI( S),FRES (4),HL
COMMON ,EG1/ I1K(Z),TPH(Z),DHT(Z),C1TE,I[LFE,[LFT, THZC, EHIZC,HTZC
CCMMON ,EG2/ TATKY,LCNMX,IHIMX
CCMFCN 4CCNST, FI,PITZ,EILZ,CEGS,RAL,LUY (3)
COMMON Y (12) ,7,<TE,LEDT (12) /%W, ID(10),%0,% (4CC)
EQUIVALEMNCE (FAFTHE,®(1S)), (FLOM,W(13)), (FL21T,W (15)), (TLON,W (14)),
1(TLAT,W(16)), (AIPH,W (37€)), (TCLAT,W (277)), (1LONG,W (37€))

C AZIMUTH TCLFRAMCE |
AZTCL=10.*RAD
c CONVERT TFE ANGLES TC RALCIRNS

LO 40 I=1,LATMX
40 THETA (I)=THET2? (1) *RAT
DC S9 I=1,LCNEX ;

50 EHI (1)=PFI(I)*ERD
C REAL THE NUMBEF CF AZIMUTE ANC THE NUMEER CF PCINTS IN EACH
€ AZIMUTH

REATL (5,1CC) N, (NE(I),I=1,K)
100  FORMAT (€110)
c FEAL TEF AZIMUTEAI AKNGIES
REAL(S,110) (AZT(I),I=1,N)
110  FORMAT(8F10.0)
C REATL KBE,FM,PC,ANC T FCR EACH AZIMUTE
pc 130 J=1,N
NE1=NP (J)
REAT (5,120) ((FEMECT(I,J,K),K=1,4),I=1,KE1)
120  PCRMAT (4F10.0)
13C  CCNTINUE
c LOCATF THE CLCSEST FANGE TC THE TRANSNITTER
TEST=REMECT (1,1,4)
K1=1
K2=1
Do 1640 I=1,%
NE1=NP (I)
LO 1€5 I1=1,NE1
IF (RBMFCI(I1,1,4) .GE.TEST) GC 1C 165
K1=11
K2=1
TEST=REMECD (I1,1,4)
1€5 CONTINGE
160  CONTINCE
c GENFRATE THE NEW CENSITY FFCFILE IN ALL THE SEACE
RB=FBMECI (K1,KZ,1)
RM=FEMPCL (K1,KZ,2)
FC=FEMECL (K1,KZ,2)
YM=FM-FE
DO 170 K=1,LCKEX
DO 170 J=1,LATEX
L0 170 1=1,LHTFX
FH(J,I,K)=0.0
RT=FARTHE+HGT (I)
FACT=((RT-RM) *FE/ (YM*RT)) #%2
IF (FACT.GT.1.0) GO TC 170
FH(J,I,K)=SQRT (EC*#Z% (1.0-FACT))
170  CCNTINOUE
c PINC THE MAXIMOF EANGE ANDC SET THE IIEI1
& TEST=REFPCD (1,1,4)
po 145 1=1,N

i




3

140
145

—
8]
w
N

1234
1233

123 ¢

210
220

145¢C

NE1=NP (1)
DO 140 T1=1,NE1

IF (REMPCL (I1,1,4) .LE.TEST) GC TIC 140

TEST=REMECL (I1,1,4)

CONTINUE

CCNTINCE

RANGEL=TEST+1CC.0

PRINT INEUT TATA

PRINT 123(,N, (NE(I),I=1,N)

FORFAT (1X,'N=',13,5(" KE=',I4))

PRINT 1231, (AZT(I),I=1,N)

PORMAT (1%, 'AZIMCTES=",% (F8.2,3X))

DC 1233 J=1,N

NE1=NP (J)

PRINT 1232,A27(J)

PORMAT (1%, "AZIMCTE=",F8,2)

ERINT 1224, ((EEEFCD (1,J,K) ,K=1,4),I=1,KE1)
FOEMAT (1%, 'RE=",F€,%,' FM=',F@,Z,' PC=',FE,2,' T=',E8,2)
CONTINCE

PRINT 1235, FANGEI,ALEH

POFMAT (13, "MAXIFUPF RANGE=',FE,Z,' ALFE=',E14,7)

GO THRCUGH THEF GRITC ECINTS ANI TFY 1C INTEFECLATF THE GIVEN [ATA
LO 400 FK=1,LCNMX

TNE=ABS (1LONG-EHI (K))

LO 380 J=1,LATFX

FINI TEE AZIMUTE CF CNE ECINT E (J,K)

ANGTCE=CCS (TCLAT) #CCS (THETA (J)) +SIN(ICI2T)*SIN (THETA (J)) *CCS (1XE)
ALPEA=ARCCS (ANCICE)
SINPTN=SIN(TNE)*SIN(THETA(J))/SIK (ALERA)

COSETN= (COS (TEETA (J)) -CCS (TCLAT)*CCS (ALEHA)) / (SIN (ICLAT) *
1SIN (ALEKR2))

AZE=ARSIN (SINETN)

IF (SINF1IK.LT.C.C) GC TC 21C

IF (COSEIN.LT.C.C) AZE=PI-2ZP

GO 10 22C

IP(CCSEIN.IT.C.C) AZE=-FI-D7F

IF (TLCNG.CGT.PHI (K)) AZP=PITZ-AZE

RANGEE=FAFTHR#*ATEEA

P1=EHI (K) *DEGS

P2=THETA (J) *LECS

E3=RZE*LEGS

PRINT 14SC,RANGEP,P3,E2,E1

PORMAT (1X, *FANGE="',F€.2,' AZIMCTH=',F€.2,* COLAT=',F8.2,
1*  10NE=',P8.2)

CHECK IF THE AZIMUTH AZE CP E IS WITBIN THE IIFITS CF GIVEN
AZIMUTES ELUS TCIERAKCE

AZ1=AZT (1) *RAC-ALEH-221CL

AZN=AZ7T (N) *RAC-ALEH+221CI

IF(AZP.GE.AZ1.ANT.AZE.L¥.AZN) GC TC 240

THE AZIMUTH OF E IS CUT CF RANGE

GO 16 280

CHECK IF THE RAMNGE IS CUISILE THEF MAXIMUE GIVEN RANGE + TOLEKANCE
OF 10CKE

IP(EANGFE.GT.FANGEL) GO TC 28¢

LOCMTE TWC AZIPUTHAL ANGLES ECF F

KK=X

LC 269 1=1,N

AZT1=A21 (I) *RAL-AIPE

IF(AZE.GT.AZT1) €O 1IC 267

KK=1

GC TC 2€°%
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2€0 CCNTINLE
2ES KKK=KK=-1
IF (KK.EC.1) KKK=KE+1
L CCGMFNT® THE GECMACNFTIC AZIMUTHE
AZT1= 227 (KK) *R2C-ALPH
AZTZ= A27T (KKK)*FAL-PIER
C SEAFCE FCE THF CICSEST TWC VAIUES CF CRCUNL RANGES TC GRCUNLC
€ FANCE CF F
11=1
TEST=FAKGEP
I=KK
270 NE1=NEF (1)
K1=NE1
LC 290 11=1,KE1
I?(KEMFCL(I1,1,4) .LT.TFST) GC TIC 2¢0

K1=11

GO 10 Z9°%
25C  CONTINUE |
c INTERECIATE LINEAFLY FCF THE VALUES OF FE, FM, EC |

295  K2=K1-1 |
TE(K1.EC.1)  K2=K1+1 |
DO 200 M=1,3 |
SLOEE= (FEMFCD (K1,1,¥)-KEMECT (K2,1,M) )/ (EEMECL (K1,I,4)-

1RBMFCD (K2,I,4))

CRCSS=FEMFCD (RK1,I,M)-SLCEE*EEMFCT (K1,I,4)
PR(LL,¥)=CRCSS+SLCPE*EANGFE |
CCNTINCE |

ANG1F=AZT1-A7F
ANG2E=RZE-AZTZ
ANG12=R27T1-221T2
CO 31C ¥=1,3
310 E(M)=(ANC2P*RR (1,") +ANGIE*FF (2,¥)) /ANG1zZ
C R(1) CCNTAINS FE,F(2) CCNTAINS EM,R(3) CCNIAINS FC
C COMFUTE VALUFS CF FC AT LIFFERENT BFIGHTS
YM=F (2)-F (1)
CC 340 I=1,LHTMY
FH(J,1,k)=0.C
RT=EARTHF+HGT (1)
PACT= ((FT-R(Z2))*R (1) / (YM#ET))**Z
IF(FAC1.G1.1.0) GC TC 34n
FH(J,L,K)=SCRT(E (3)**2% (1.0-FACT))
340 CCNTINCE
380 CCNTINUE
4¢C CCNTINUDE
C EREEAREF ANGLES IN DFGREES FCF EFINTING
DO 420 I1=1,LO0KPYX
‘ 420 PHI(I)=EHI (I)*LIGS
1 DO 440 I=1,LATM}
] 440 THETA (I)=THETA (1) #CEGS
FETUEN
ENE

3Ce
IL=IL+1 ]
I=KKK |
IP(IL.LE.2) GC 10 27¢C :
(= PINLC TEF CIFFERENCF IN AZIMOUTHAL ANGLES ANC CCMPUTF THT® VALUES CF 1
e FB, RM, FC AT TFE PCINT E |
1
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SUERCUTINE® FLECTY ELE 1
c ELF 2
¢ CCMEUTFS THE FISCTRCK [ENSITY ANI ITS CERIVATIVES 2T ANY ECIKT ELE 3
¢ (F,FEI,TE) AICMG THE SAY IN A THGFEF L[IMFNSICNAL ICNCSPHEFE . [EIF 4
c ELFE <
i ¢ ELF €
3 c DESCRIETICN CF EAFAFMETESS BLF 7
C ELE £
C GRIL PARAMETEF CAEC: FECEMAT (3IS,R5,6F1C.2) ELF a
c ICN¥X - MAXINUM = CP ICNGITULE EIANES ELE 10
s IATNX - MAXIMOM = OF IATITUCE SECICES ZLE 1N
c IHTNY = FAXIKOM = CF HEIGHI LAYERS FLE 12
c NAMF - I.L. (CNIY) CF THE LATA GEIL. ELE 13
C THZC - LEAST CCLATITCCLE SECIOF IN [EG. BIE 14
c PHIZO - LEAST  LCNGITUDF PIANE IN LEG., (WESTMCST) ELE 15
C ETZC - LCWEST EEIGHT LAYEE BLE 16
€ TLTH - INTERVAL IN THETA LIRECTICN ELE 17
c TLEH - INTERVAL TN EEJ DIFECTICN ELE  1F
e CIHT - INIEEVAL IN EFIGAH1I ELE 19
c ELE 20
c FH - GFII TATA CF EIASMA FREC., PRPFPANCEL IN (TH,HT) PIANES.ELE 21
c ELE 22
c SUEFOUTINE RECUIREC : INTEF (LL,KK,JJ) ELE 23
C FRES - OUTEDT FETURNFC EY SCBRCUTINF INIER ZLE 24
i c ELE 25
i COMMCN ,FIAGS, IFILAG,IGFT
! c ZLE 31
' c NCTF: RLE 26
e ELE 27
c WHEN CHANGING 10 [IFFERENT SIZE GEIL CHECK FROPER DIMENSICNS. Z2LE 28
c ELE 29
C PRCCN COFP., WAKEFIEIL, MASS., 01€8C KRISHNA VANGURT, ELE 30
c BLE 33
COMMCN XX/ X,PYER,EXETHE , EXEEH, EXPT,HMAY ILF 35
COMMCN /TENY, FH (19, %2, S),THRTA(1¢),HBGT( 52),PHI( 5) ,FRES (4) ,HL BLE***36
CCMMCN 4EG1/ CTE(2) ,CEH(2),DBT(Z),DITH,CLPH.CIHT,THZO, EHIZO0,HT20 ELE
COMMCN sEG2/ IATHKX,LCKMX,IHT™X EL®
CCMMCN ,CCNST, EI,PITZ,BILZ,CEGS,RAL,CUY(3) ELE
CCMMCN F(12),T,STE,CRCT(1Z) Wk, ID(1C),%C,% (40C) ZLE
EQUIVALEMNCE (TE,F(2)),(FE,F(3)) ELE
EQUIVALENCE (F,%(3)) , (EAFTHR,% (19)) ELE
CATA TIEEAD , C / ELF
c ELEF
} €  ==meemememcceeeeceecceccceecccccceesecececescscemee-ecemm—m———a- ELE
| ¢ ELF
b IF (IREZL-1) 1CC,3C",10C ELE
i 190 IFLAG = C ELE
IGR1=0
e IREAC = 1 BLE
I c ELE
L c 1/0 TAPF CPSIGMATICNS:  IX=INPUT UNIT, I1Y=0UTPUT TAPE ONIT. EILE
c 2LE
1 = S ELE
1Y = 6 ELE
c ELF
- REAC GRIL PARAMETERS. SIZE 2ND INITIAL VALUES. BLE
c ELE
: REAC (IX,120) ICKMX,1ATMX,LEIMY,NAME,EHIZC,TE2C,HT2C,DLEH,CLIR,CLHTELE
120 FORMAT (215,A4,€EF10.3) BLE
c ELE

R ENTRE et TN e, 1
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2u¢

FYIT IF IIMITS EXCEEC. ELE 61
EL® 62
IF (LCK¥X - 5) 125,125,13% ELE®%%64 ]
IF (LAINX -16) 13C,130,13° RLE**®F4
IF (LHIMX - 52) 159,1%58,1:3¢€ ELF**%£C
WPITF (IY,140) LCNMX,IATFX,LHTNX ILE 66
FCFMAT (1%,35F EAFAMETERS CUTSILE TFE LIFITS: B, ELE 67
1CY,41F MAXIPUP NOPEER CF ICNGITUDE ELAKFS = LIS , / ILE AR
10X,41F ®PAXIPOM NUPFER C® LATITUCE SECI0®S =  ,I5 , / ELE  6G
10G¥,81F MAXIFRUM NOMEER CF  B¥IGHT  LAYEES = ,IS //) ILE 70
STCE KV - TI
CCNTINUE SLE 72
SLE 73
SETUE UNIFCRM SEHERICAL GRIT, ELE 74
BLE 7%
DO 151 G = 1,IHTHX LR 7€
HGT (J) = HTZC ¢ ELCAT(J-1) * LCIET iLE 717
DC 152 L = 1,LATMX 2IF 78
THETA(L) = TH2C + FICAT(L-1) #* LLTE ZLE 719
ILE B0
REAT FFFC. CATA PIANES CF SI2F=(IATFX ¥ LETIMX) FOR FACF LCNGITUD® 3ZIEF 81
ELE A2
DC 169 KEH= 1,ICNRX IIF 83
PHI (KPH) = PHIZC + PICAT (KFE-1) % CLPE ILF B8l
ELE  8S
REAL (1X,160) ((PH(I,J,XEH),T=1,LATMX),J=1,LHINX) FLF 86
FORMAT (15¥5.2,51%) ILE 87
CCNTINUE : »1E 88
IF(W(2353).6T.C.C) CALL PRCEIL
ELE B89
WRITF CUT DATA PLANES: (ICNCSPEERE GRIL MCLEI) SLE 90
SLE 91
WRITE (IY,202) BLE 92
202 FCFMAT( 1H1,47H PFEPARFD BY ARCCN CORE. WAKEFIELD, MASS. 01R€Q,  RLF 93
3¥, Z1HTEL: (€17) 245-3LC4 ,' pUG. 1573, ') NCS 9
WRITF (IY,203)ICNMX,LATMX,LHTMX,NAME, EHI2C,TF2ZC ,HT2C, CLEH, CLTE, CLATELE 95
PCEMAT (y1X,4EE UNIEOFM GFIT EAFAMETERS : ,/ BLE 96
1¥,8HLCN¥X = ,1€,4%,8HLATMX = ,I16,4X,8HLHTFMY = ,I6,4X, “HNAME=,6A5,/3LF 97
1X,€HPHI?O0 = ,ES.Z,71X,€HIH?C = ,F9.2,1X,8EET2C = ,F9.2,/ 2L 98
1¥,€HCLPEC = ,FS.2,1%,8BLCLTH = ,F9.2,1X,EELIHT = ,F9.2,/ ) TLE 99
WRITE (1Y,2C2) ZLE 100
WEITF (IY,219) (THETA(I),I=1,1ATHY) %LE 101
FOEMAT ( 2%, 124ICNG. HGT. , 20F6.1 ,//) ZLE 102
WRITE (I1Y,235) ZLE 103
3LE 104
SIE 105
DO 247 K = 1,LCAMX RLE 106
DO 236 J = 1,LETNX ZLE 107
WRITE (11,22C) PHI(K), HGT(J) ,(FH(L,J,K),I=1,LATNX) ZLE 108
FCFMAT (1X, 2¥6.1, 1X, Z2CFE€,2) SLE 105
CONTINUE ELE 110
WRITE (IY,235) ELE 111
FORMAT (1X) ZLE 112
CCNTINCE BLE 113
ELE 114
CONVEFT ALL ANGLES INTC FALIANS SLE 115
ELE 116
LO z45 K = 1,LCKMX BLE 117
EHI(K) = PHI(K) * RAC ELE 118
ELE 119
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LC 280 L = 1,LA1PX
THETA(L) = THET2(I) * RAL
DLPH = [IPH * KAL
PLTH = LLIH * EAD
FHIZ20 = EHIZC #* FATC
THZC = 1HZO * RAD

CALCULATE PHI,THETR,EEIGET L[IYFERENCES

DTH(1) = QJ.% , (ILTH*TL1E)
LPH(1) = 0.5 s (LLFF*DIEH)
DHT (1) = 3.5 s (ILET*CLHT)
PTH(2) = =-2.C * CTH (1)
DPH(2) = =2.C * CEA (1)
CHT(2) = =2.0 * LFT ()

ADLCEC FCF THE ECMINGC FEATUFY CNIY
IF (W(3EC) NE.(.C) FETUEN
CCNTINCE

X = C.
EXEF

EXETH
PXPTH

woon
~OA

PINI THETA SECICR AML INCEY IL

1L = IEIX (((TE - THZC) ¢» LITH) ¢ 1.0CCCY1)
IP((TH.L1T.(THZ2C-1.7-C€)) «CF. (TH.GTo (THETA(LATMX)*1.P-(€)))GCTC32C

IF (LL - 1Y) 3:0,31C,31C
IF (LL - LATMX) 33€,32%,320
CCNTINCE

IL = LL+1C0

GC TC ¢(C(C

IL = 1ATEX - 1
CCNTINUE

PINC FFI PLANF ANI INCEY KK

KK = IFIX (((EF - EFI1Z0),/ TIFH) + 1.CCCCT)
IF((PH.IT. (PHIZC~1.F=C6)) .CFe (FE.GT. (PHI (LCNFX)+1,E-0€)))GOTC35C

IF (KK = 1) 38C¢,34C,340
IP (KK - LCNMX) 36(,35€,3€0
CCNTINUE

KK = Kk+1C)

GO T0 4CCC

KK = ICMEX - 1
CCNTINCUE

FINC BEICGHT IAYEF PNI INLEX JJ

JJ = 1FIX (((HI - HT7C) , LLHT) + 1.CCCCT)

IF (JJ = 1) 384,27¢,370

2
¥

IP (JJ - 1HTMX) £1(,38(,38C

CCNTINCE

ILE
B1E
ZLE
ELE
ZLE
BLE
UCFI
UOFI
ZLE
BLE
ELE
FLE¥
Z1E
ZLE
2LE
ELE
SLE
ELE
ELlE

ELE
ELIE

ELE
ELE

FLE

129
121
122
t23
124
128
126
127
128
129
13C
131

14€

149
150

155
15¢€

178
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HMAY = KEGT (LHTMY) ZLE 179
GO 79 9S6 PLE 180
c ELE 181
c FRINT FEFCR MFSSAGFS EFFCRF EX11. BLF 182
= ZLE 183
40CC ANG1 = TF * CEGS TIE 184
ANGZ = EF * DFGS ELE 18%
X 5340 ELE 186
EIEF = 1.9 ZLE 187
EXETH = 1.9 ELE 188
HMAX=ECT (LHTMY) ELE**189
R(1)=F2FTHR+HMAX BLE*%190
IFLRG = 1 - ELE 191

IGFT=1
WRITE (IY,4444) ANG1,ANGZ,L1I,KK,IFLAG EIE 192
44uu FCEMAT (ss1X,36HAMGIES CUISTLF [ANGE CF ICNCSPHERE /1€X, ELE 193
16HIPPTA=,F7.1,2%,4HEEI=, F7.1, , 1%, ELF 194
2 1SEINCICES AFF LEH 11 = ,I7,3%,4H KK=,I17,6HIFLAG=, IS) ELF 195
¢ ZLE 196
GC 10 €¢¢ ELE 197
c ELE 198
51C CCNTINUF ZLE 199
c ELE 250
c INTFRECIATE FCF F(TH,HL,FE) USING TEF INDICES LIL,KK,JdJ RLE 201
c ELE 202
CAII INTER(LL,KK,dJ) ELE 202
C ELE 204
c CCMEUTE X RRCM  X= (ELASMA EFEC/F) *#2, FL. [EN.= 12400 (X) ELF 205
c ELE 206
X = FRES (1) , FEECS ELE 207
EXEF = FRES(Z) , FFECS ELE 208
EXETH = FRES(3) , FFEQS ELE 209
EXEEH = ERFS(4) , FEFCS ELE 210
c ELE 211
IPLAG = C SIF 212
¢ ELE 213
S99 BFETURN ELF 214
END 2LE 215

el
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APPENDIX 2

This appendix contains expressions for the partial deriva-
tives of the ground range (R) and the group path (P') with respect
to the elevation angle of tranémission (B) and the quasi-parabolic
layer parameters (fc, L rb), required in the inversion of point-

to-poinl oblique ionograms and backscatter leading edges:

r sin B
e e -
98 o rb sin vy
!rzcoss 6/(:—Frosin8cotv " ’ 4
+ 2 + F° r_ ° sin 28 \i-fc
()
v w
Urb2
+ tan B8 &n - (A.1)
W :
2 _2
F r " cos B
%}3. . zprozcosze(%+c) _gg_r
c vC fc
Ur 2

. +':.—ln b = 4 \/C- rb sin vy (A‘z)
. w? v g
i;
E

aR l'roz S e (B 'b) 4B ) a3

B —— -2 ==-—]+ — (Br_+C .

or Jc'rn Yo i i B BYa\U“~ W u ( ‘m
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APPENDIX 3

The computer program for the inversion of backscatter iono-
grams by utilizing the quasi-parabolic model is listed in the
subsequent pages. In addition, this appendix contains a complete
set of flow charts (with the exception of subroutine FMFP, which

was written from the standard IBM scientific subroutine package),

and a description of the input/output formats.
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- NAME MAIN
-~ EQUIFsSCARDRE,PRINTE,CARDPU?

DIMENSTION F(2M),RBC(20),RMF(20),KCC(20),RANGEC(20),GPATHC(20),
1FC(5,2 )»RR(5,29),RM(5,20),RANGE(5+2N)sGPATH(5,20),N(5),A2(10)
DIMENSION FMID(20)
202 CONTINUE
READ 1 LTLAT,TLONG,FCS,HO,YM,NAZ,IND
10 FORMAT(5F10.2,11,9%,11)
40 FORMAT(14yX,6F10.2)
RO=637 .
RBS=RO+HC
RMSERBS+YM
1§ 51
25 FORMAT¢12)
850 READ 2 ,AZ(I),NUMTOT,NPTS
20 FORMAT(F10.2,12,8X12)
CALL BACKS3I(NUMTOT,NPTS,RB®,RMS,RCS,RBC,RMC,FCC,FMID,RANGEC,
1GPATKC,NC,1)
30 FORMAT¢5F10.2)
PRINT 35,(FCC(.J),RRC(J)I»RMC(J)sRANGEC(J)2GPATHC(J)»J=21,NC)
35 FORMAT(5X,5F11,.4)
N(T1)=NC
DO 60 u=1,NC
FCel,J)=FCC(J)
RBtI,J)=RBC(Y)
RMtI,J)sRMC(J)
RANGE (1, J)=RANGEC())
60 GPATH(1,J)=GPATHC(J)
lar+l
IF (lenA2) 70,77,80
70 FCe=FCC (1)
RBE=RBA (1)
RMS=RMC (1)
GO TC 8"
30 IF¢IND)180,85,180
(3] READ 1 ,FW,AZM,GPM
IF(Fw)?2"1,202,203
203 CONTINUE
CALPR(6370.%6377.+46470,.%6470=-GPMaGPM/4,)/(2,26370,%6470,)
DESTsAFOSF(CALP)®6370,02,
PRINT 4 ',FW,sAZM,GPM,NEST
IF(NAZ-1)204,204,205
20% CONTINUE
DO 100 K=1,NAZ
IF (AZM=-A2(K)) 110,110,100
100 CONTINUE
110 FACTCOR=(AZM=AZ(K=1))/(AZ2(K)=eAZ(K=1))
NieN(K)
N2aN(K=1)
112 DO 120 Js=si,N1
IF (CESTeRANGE(K,J)) 130,130,120
120 CONTINUE
130 PACTS(DEST-RANGE(K,J=1))7(RANGE (K, J)=RANGE(K,J=1))
FCI1oFC(K,J=1)+FACTa(FC(K,J)eFCIKsJ®1))
RB12RB(K,J=1)+FACT8(RB(K,J)*RB(K;J=1))
RMYBRM(K,J=1)+FACTO(RM(K,J)=RM(K,J=1))
PRINY 4" ,FC1,RB1,RM1
DO 140 J=1,N2
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IF (CEST~RANGE(K=1,J)) 150,150,140

CONTINUE
FACTR(NEST=-RANGE(Kel,J=1))/(RANGE(K=1,J)"RANGE(K=1,U"1))
FC2uFC(K=1,J=1)+FACT#(FC(K=1,J)=FC(K=10J"1))
RB28RB(K=1,J=1)+FACT#*(RB(K=1,J)=RB(K=1,J"1))
RM23RM(K=1,J=1)+FACT*(RM(K=1,J)=RM(K=~1,J"1))
PRINT 4.,FC2,RB2,RM2
FCI1aFC2+FACTOR®(FC1=FC2)
RBIsRB2+FACTOR#(RB1<«RB2)
RMISRM2+FACTOR®(RM1<RM2)

CONTINUE

PRINY 4 ,FCI,RRI+RM]

DToL=1.

GPTOLs=.1

CALL DCAL(FCI,RBI,RMI,FW,GPM,D,GRTOL)

PRINT 49,FW,AZM,GPM,DEST,D

IF (AB&F(D=-DEST)=DTOL) 170.170,160

DEST=D

IF(NAZ-1)204,204,112

PRINT 4 ,FWsAZM,GPM,D

GO TO a

CONTINUE

READ 2 ", KGO

FORMAT(110)

IF(KG0Y201,202,201

CALL E¥IT

NiaN(NAZ)

DO 206 J=1,N1

IF¢DEST-RANGE(1,J))207,207,206

CONTINUE
FACT®(DEST=RANGE(1,U-1))/(RANGE(1,J)=«RANGE(1,J=1))
FC13FCt1,J=1)+FACTa(FC(1,U)=FC(1,J"1))
RB1=2RB(1,J=1)+FACT#(RB(1,J)«RB(1sJ"1))
RMI=ZRM(1,J=1)+FACTe(RM(1,J)=«RM(1,.J"1))

GO T0 2n8

END
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PAGE 001
H NAME A2
- EQUIPaCARDRE,PRINTE,CARDPU,

FUNCTIAN FOGX(ARG)
cesaesSURAR FAGX CHECKS Tm MAKE SIRE WE ARE NOT TAKING THE NATURAL LOG OF A
fespeaNEG NUMBER...IF WE ARE IY FLAGS THE ERROR BY SEYTING FOGX = 9999,
CeeassTHE INVALID ARGUMENT IS PRINTED QuUT WITH AN ERROR MSG,
IFtARGY19,20,20
10 CONTINUE
PRINT 15,ARG -
15 FORAMAT(29H LOGF ENTERED WIYM NEG ARG = , E13.7)
FOGXS9999,
G0 TC so0
20 FOBX®LAGF (ARG)
30 RETURN
END

o .

-
'
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PAGE 001
]
u NAME AN !
“ EQUIF=EARDRE,PRINTE,CARDPUS
SURROUTINE FSTDFS(FW.FCsMB.YM,DGRT 4GP, DGPDFC,»DGPDRM, DGPDRB.RANGE»
$3DEG)

neeareTHIS SI'BR COMPUTES TME MIN TIME RELAY TRACE(MIN GROUP PATH VS FREQ) OF A
reeessEARTH~CONCENTRIC QeP 1O0MOSPHERE LAYER AS WELL AS THE DERIVATIVES OF THE
reseseTHE GRAUP PATH WRT RB,RM.AND FC, IT IS A HOPEFULLY MORE RAPID VERSION OF
fesseaSURR DIFFS, WHICH DID NOY 11SE NEWTONS METHOD TO FIND THE ELEVATION ANGLE B
CeeeseBETA WHICH MINIMIZFS THE GROUP PATH FyUNCTION

a

~eenesaCALLING SEQUENCE

X TYYY Fus(INPUT) FREQ OF TRANGMISSION (MK2)

fesase FCos¢INPUT) CRITICAL FRENUENCY OF Q-P LAYER (IN MH2)

resses HB=(INPUT) RASE HEIGHY AF Q=P LAYER (IN KM)

~espse Yvs (INPUT) SEMITWICKNESS OF GeP LAYER (KM)

resseeNGPTE(INPUT) TOLERANCE OF RROUP RATW WRY ELEVATION ANGLE , BETA USED IN
fesaseP INDING MINIMUM GROUYP PATH IN KMZRAD

reepes GPE(OUTPUT) MIN GROUP PATH (KM)

fessse DGPRFCs(OUTPUT) DERIV OF MIN GROUP PATH WRT FC

~fessre DGPNRM=(OUTPUY) DERIV MIN GROUP PATH WRT RM

Congen DGPDRB=a(QUTPUTY) DERIV MIN GROUP PATM WRT RB

Cespas RANCEs(OUTPUT) GRNUND RANGE OR BACKSCATTER PT OF MIN GROUP RAY

"~

ROn637r .,

RO02=R0 &R0

8sRJ+uB

RB2=RBaRB

RMaRBeYM

RM2BRMaRM

YM22YMeYM

FarW/Fe

F2sFoF

RBYM2=RB2/YM2

AsP2e] +RBYM2

SQAZSQROO(A)

IF(SCA»9999.)50,950,50
FO0Q00000RIRRsNRLRaERIRBRRRRMS
950 NERPT =4
FR000@R0aRisasnntedadanstarsne

GO TC o170
50 CONTINUE

B382.9AMORBYM2
CespsoNOw SEY SOME CONSTANTS UP FOR FURTHER USE IN THE ITERATION LOOP
CoapseTHRSE CONSTS HAVE NO SIGNIFICANCE IN THE 1974 PAPER BY NNR

CON1=2,8A2RBeB

CON2m2, eRBaFeSOA

82sB8¢8

F2AsF2/A

CON3B2 2R0e(1.=F2A )

CONAs(peF2A )#2.0RQ

CONSs 4 ,epeF20FeR02/S0A

CON6%R(/RB

C0N7l8.010r20ﬁo2
CeeoassBBTPEN IS THE PENETRATION FLEVATION ANGLE (BETA MUST BE BETWEEN 0
CessssAND BEYPEN) 2

SOROOX=sSOROO(RM2ORAYM2-B2/(470A))

IF(SCRAOX*9999,)75,960,7%
CRopnatnntetasniisntasnasanaaree
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960  NERPTE?
FOR0000R03000a000a0%a000000000s

60 TC 990
75 CONTINIE

BETPEN® ((1./(F®RO))*SAROOX)

BEYPEN = ACOSCK(BEYPEN)
FO8paceR0RA0asRadandRatpntae
e70 NERPTsS
T0000800080000003000000000000
GO TC 913
90 CONTINIE :
CespeeINITIAI I2E BETA, THE ELEVATION ANGLE OF THE GROUP RAY PUT YHE INITIAL GUES

TaseesRIGHY IN THE MIDDLF OF THE RANGE OF POSSIBLE 3ETA VALUES, ?
BEYASBETPEN®.S g
Cesaes!TERATE HERE FOR NEW VALUE® OF RETA (AT STATEMENT 100) WHICH MINIMIZE q
CoaasdTHE GRAUP PATH AT A GIVEN APERATING FREQ FW (USING NEWTONS METHOD)
NTRY®1:0
ITERCTs0 ¥
100 SINBETSIN(BETA) ;
ITERCTaITERCT 4

CoeepeselF WE WAVE TRIED 7O FIND BETA SYCH THAT GP IS MINIMIZED TO WITHIN
CeeseeeoD@PT OF 2ERO 100 TIMES LETe GIVE UP
IFCITERCT=NTRY)150,150,140
140 PRINT 145,DGPT,NTRY
149 FORMAT (//7,48H FSYDIF ROUTINE CANNNT MINIMIZE DGPDB TO WITHIN ,
$F5,3,1nH KM AFTER ,13,6H TRIES ,//)
PRINT 147 ,BETA,DGPDB
147 PORMAT(8W BETA = ,F572,9H NGPDB % ,F10,+5) I3
RETYURN !
150 CONTINUE
COSBETsCOS(BETA) :
COsBE2sCOSBET*COSBET ;
ConBYM2#RM2=F20R026COSBE2
CO08GAMgRO®COSBET/RR
GAMMASACOSCK(COSGAM)
IF ¢GAMMA=9999,.)165,971,165
0000000000003 000000000000000
971 NERPTaq
Co8g00000030a3080000080800000,
PRINTY 972,8ETA,BETBEN.ITERQY
972 FORMAT ¢8M BETA = ,£12,%,9%X.104 BATPEN ® +E12.5,5%,10H4 ITERET = ,14)
$)
GO TC 930
169 CONTINUE
SINGAMSSINF(GAMMA)
COTGAMaCOSGAM/SINGAM
VaCON1,CON2eSINGAM
vasyey
ysn2=4 . .%a0C
U2sUey
Fis(CON3IeCON4/V)
G282,207<CONSeSINBET /Y
DGiDBlP1|S!NBEYOCOYGAN-GQOQOSBET
CeosasaeBRANCH OUT OF NEWTON ITERATION LGOP WERE WHEN BETA IS FOUND WHICH
CespesMININIPES DGPDB TO WIMIN TALERANGE DGPY (IN KM/RAD )
IFCABSF(DGPDB)=«DGPYYIB00,3%0,350
350 CONTINUE

S e e s St b
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30R00Y=SORN0(1,~(CANGOCOSBFT)®®2,)
IF(SCRAQOY=9999,)375,973,37%
0000000000020 00000000000000
973 NEAPTay
I I FYXXYYRIESEERYRRAERE AR X X )
PRINY ¢72,8ETA,BETPEN,ITERAY
GO TC 999
175 CONTINUE
NGAMCBsSINBET®CON6/SQRNOY
DCATCBe=DGAMDB/(SINGAMOSINAAM)
NvnBsCaAN2eCOSGAMeDGAMDB
DF4DB=,(CON4/V2)eDyDB
DUBNBe-CON7eCOSBETeSINBET
DF9DE=s.CONS®(COSBETY/U=(SINRET/U2)e0yDB)
DGPDB2aDF {1 DBeSINBETeCOTGAMLF10(CASBETeCOTGAM«SINBET4DCOTDB)
$eDF2CB8COSBET+G2S INBET
BEYAsBETA-DGPDB/DGPDB2
Cesess]F BETA WAS BEEN INCREMENTFD TO A NEG VALUE BY NEWTONS METHWOD WE BETTER SE
reeee@RETTER SET BETA BACK TO A | ITTLE ABOVE 0 OR WE MIGHT HAVE TROUBLES LATER 0o
t1F¢BETA)400,470.,500
400 BEYA= 1101
500 IF(BETPEN=-BETA)600,600,700
~00 BETASBETPEN=.0001
CeeasqCHBCK TO ENSURE NEWTONS METHOD 18 NOT CAUSING US TO OVERSTEP THE
CeeaedPENETRATION ELEVATION ANGLF BOUNRARY, IF SO SET BETA BACK TO LITTLE BE_LOW
fesas@3ETPEN
700 GO TO 130
A00 CONTINNE
rfesseseAY STATEMENT 800 TKE ELEVAYION ANGLE BETA CORRESPONDING TO THE MINIMUM GRO
Ceeans@GRAUP PATH HAS BEEN COMPUTED BY SOLVING FOR THE VALUE OF BETA WHWICW FORCES
reesseDGADE YO 0. NOW WE CAN COMPUTE THE MINIMUM GROUP PATH GPM
UVaLOGsFOGX(U/ZV2)
IFEUV2| 06-9999.)8%0,974,850
ﬂ...o......000000'.0.00.0..0
974 NERPT =g
800000080000 00000008000000
GO TC 20
AS0 CONTINUE
BFAJZmpeF/ (AaSQA)
GPMECONI/CONA®SINGAM=2,¢R04SINBET
$«(RFA32e,5)euV2L0G
GPsGPM
DPRFC122,*CON3/R0~2,%B*(F24A)/ (ARY)
OPRFC2aF2eRBESINGAM/ (ASFC)H
DPDFC3IeBFA32/FC
DPDFC4u .88 (1.-3.8F2A )eUV2I 0G4, eF24(CeA®R026COSBE2) /U
$eod ,*F2aRB/Y
DGPDFCeDPDFC14DPDFC2¢DPDFCS#DPDFG4
DPBRM2g,75/A8UV2L0Ge2,0(AsnMaRB4E) /Us2,8RB/Y
DPDRM1gBFA32/(RMaYM)
DPDRM3Iu(2,4B/V)eF oaRBeSINGAM/SQA+BeDPDRM2¢(RMeRB)G(,58UV2LOG+B2/U=B/V)
$/V)
DGeDRMsDPDRM1#DPDRAMI
DPBREBL=s (CONS+CON4/V)/ (ROGSINGAM)
DPGRE2e~RFA32/ (RBOYM)®((2,4R/V)SReRBISINGAM/SQAC (RMe,758B/A)8UV2L0
$G +2.%p*(AGRM2+B*RMeC)/Uw2, 0YM®(A®RB+B)/V)
DGPDRBsDPDRB1+DPDRR2
SQAs=SQRo0(C)
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IFtSCCe9999.875,975,875
COBORBOBIRRBRRBRQRRBORIRNRGS
75 NERPT =Y
OB RB0RRRANRBERNRINRRRNBRGRNS

GO TO ¢20
278  CONTINUE |

Ris2.%qQC*RBR*F*SINGAM®2,9C+B*RB )

R12sRiaR1 f

WsFQGX (U®RB2/R12) |

R3a.5er@#R0«COSBETeW/SQC

RANGE=2,2R0# (GAMMABETA®RJ)

BDEG®BETA®57,2985

RETURN
900 FCa=ABSF(FC)

PRINT o80,NERPT
980 FORMAT(1X,100(1He),/, 30N FQTDFS BRROR AT POINT NUMBER ,12,/,1X,

$100(1Ke))

PRINT 08S5,FW,FC»HB,YM,DGPT
589 FORMAT ¢1X,5€E15.7)

RETURN

END

i .
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- NAME A4
" E0UIPsPARDRE,PRINTE,CARDPU

SURRCUYINE FUNCT(N,ARG,VAL.GRAD)
DIMENSTON ARG(3)+sGRAD(3I).FRASMES(50),PBSMES(50),6GPC(50),DGPC(50,3)
DIMENSION RAN(S0),BTA(S0)
COMMCN FBSMES,PBSMES.DT,NPTS,RANSBTA,GPCMID
[y
ressseSURRCUTINE FUNCT Tm BE USED By BACKS3 BACKSCATTER IONOGRAM INVERSION
resaeqROUTINE, IT EVALUATES TKE QUM SQUARED ERROR AND ITS GRADIENT AS A
fesgsesFUNCTIAN OF O«P LAYER PARAMETERS R8, RM, FC,
~
JeaaeoCALLING SEOUENCEs e, ses
resseaNe ¢ [NPUT) CONTROL PARAMETER
feease IF ~n33 FUNCTION NORMALLY, RETURN VALUE OF ERROR FUNCTION AND ITS
Cesanane GRARIENT
ressseARG=(INPUT) 3 ELEMENT ARRAY NF LAYER PARAMETERS
Cessae ARGe¢l1)=RB
fespse ARG¢2)sRM
T YYT) ARG¢3)sFC
Cesse@VAL ~(0UTPUTIVALUE NAF ERROR FUNCTION E CORRESPONDING TO CURRENT VALUE OF
XX XYY ) ARG
CoseseGRADe(AUTPUT)Y 3 ELFMENT ARRAY WITH
Congpee GRAN(1)sDE/DRB
cessss GRARM(2)sDE/DRM
fesase GRAN(3)=DE/DFC
feseassEND CF INPUT SEQUENCEesetegsese
c
FCeARG(3)
HBsARG(1)=6370,
YMsARG(2)=ARG(1)
CesgseHEQE Na3 AND WE WILL EVALUAYB E AND GRAD OF E
CeooeoF1RST INITIALIYE VALUES FOrR SUBSEQUENT SUMMING QPERATION
40 SUmMFsQ
SUMDRBs{
SUMDRMa?
SUmMDFC=d
NMIDENPTS/2+1
DO %50 1s1,NPTS
CosaseFSYDFS CALLED TO EVALUATE mIN GRQUP PATH AND ITS DERIVS WRT RB,RM,FC AS A
CeaaeeFyUNCTIAN OF FBSMES(I), THWE 1TH TRANSMISSION FREQ
FBSMSFRSMES(])
ITRY=0
CALL FSTDFS(FBSM,FC,HB,YM,NnY,GPCI),DGPC(I,1),DGPC(I,2),
$DGpCtI,3),RA,BT)
RAN(I)=RA
BTA(l)=BY
CessneCAYCR AND STORE THE FINAL VALUE QF THE GROUP PATH CORRESPONDING TO THE MID
CoesaeeBACKSCATTER LEADING EDGE PAINT
IFCtI=NMIDYAG,47,46
47 GPcMIDsGPC(I])
46 CONTINUE

c NUMERIeAL ERROR FLAGGED IF FC NEGATIVE . IF SO ABORT JOB RY MAKING N
c NEGATIVE AND RETURNING TO MAINLINE VIA SUBR FMFP

IF(FC)a2,4%,45
42 Need

ARA (1) eALSY

ARG(2)mA2SY

ARA(I)BAISY
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VALSVALSY
G1SVsGRAD(1)
G28VsGRAD(2)
G3ISVSGRAD(3)
RETYURN
45 CONTINUE
ERAEGPA(1)«PRSMES(Y)
ERSQ®ERR®ERR
SUMF s SUMF ¢ERSQ
SUMDRBsSUMDRB+ERR®DGPC(1,3)
SUMDRMsSUMDRM¢ERR®NGPC(],2)
50 SUMDFCaSUMDFC+ERReNGPC(1,1)
CovesoNOTE SUMF NOW CONTAINS SUM SQUARSD ERROR
CasaeeGRAD CANTAINS THE GRADIENT OF THE SyM SQUARED ERROR
VAL BSUMF
GRAD(1)=2,#SyUMDRB
GRAD(2)32,eSUMDRM
GRAD(3y22,aSUMDFC

é.....

Ce®ssas NATE THAT AT THIS POINT 1Y MEAY BE DESIRABLE TO INSERT PRINY OUT STATEMEN
resasaTn OLTPUT ARG» VAL.GRADsRANGE,AND BDEG TO OBSERVE CONVERGENCE OF TWE ERROR
fespasFUNCTIAN TN A MINIMUM AS FMFP DOES ITS STUFF.vees

: CasoesAL®0 PRINTING OUT RANGE AND BDEG GIVES US SOME INDICATION oF WHERE WE ARE
i CosaeeSAMPLING THE IONOSPHERE IN THE CASE OF WORIZONTAL GRADIENTS
Cesaee
(o4
A1SVSARG(]1)
é A2gy=ARG(2)
AJSVEARG(I)
VALSVEVAL
G1SVeGRAD (1)
R28vV=GRAD(2)
G3sVaGRAD(3)
200 RETURN
END

o .
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H NAME AS
H BOUIP=CARDRE,PRINTE,CARDPY,
SURROUTINE FMFP(N,x,F,G,ESY,ERS,LIMIT,IER,H)
o4 FMFP 20
c DIMENSIONED DUMMY VARIARLES FMFP 30
DIMENSION H(1),X(1),6(1) FMFP 40
n FMFP S0
c CCMPUTE FUNCTION VALUE AND GRADIENT VECTOR FOR INITIAL ARGUMENTFMFP 60
CALL FUNCT(N,X,F,G) FMFP 70
1F(N)54,100,1N0
100 CONTINUE
N FMFP 80
n RESPET ITERAYION COUNTER AND GENERATE IDENTITY MATRIX FMFP 90
1Ens( FMFP 100
KOUNT=' FMFP 110
N2aNeN FMFP 120
N3aN2+N FMFP 130
N3q¢aN3el FMFP 140
1 Ken31 FMFP 150
DO 4 Jsi,N FMFP 160
Hix)sl, FMFP 170
NJsNeJ FMFP 180
IFENJ)S,5,2 FMFP 190
2 D0 3 Le=l,Ny FMFP 200
KLaKel FMFP 210
3 HikL)= FMFP 220
4 Kaxlel FMFP 230
r FMFP 240
b START ITERATION LOOP FMFP 2%p
5 KOUNT3IWOUNT 1 FMFP 260
- FMFP 270
c SAVE FUNCTION VALUE, ARRUMENT VECYOR AND GRADIENT VECTOR FMFP 280
oLnFsF FMFP 290
DO 9 Jsi,N FMFP 300
KaNey
Hix)sG(J) FMFP 320
KB eN FMFP 330
Hiw)sxeJ) FMFP 340
c FMFP 350
C DETERMINE DIRECYION VECTOR H FMFP 360
Ka j+N3 FMFP 370
Tag. FMFP 380
DO 8 LelsN FMFP 390
Tar=-G(L)sH(K) FMFP 400
IFtL=J36,7,7 FMFP 410
6 KuKeNe| FMFP 420
GO TC & FMFP 430
7 Kugel FMFP 440
8 CONTINUE FMFP 4S0
9 Hty)sY FMFP 460
: c FMFP 470
F ¢ CHECK WHETHER FUNCTION wILL DBCREASE STEPPING ALONG W, FMFP 480
Dys0, FMFP 490
MNRMEO, FMFP 500
GNRMsO, FMFP 510
c FMFP S20
c CALCULATE DIRECTIONAL DBRIVATEVE AND TESTVALUES FOR DIRECYION FMFP 53¢
(o} VECTOR W AND GRADIENY yECTOR Q. FMFP S40

o .
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DO 10 . si,N FMFP 5%0
HNRMSHNRM®ABSF(H(J)) FMFP 560
GNRMEGNRMeABSF (G(J)) FMFP 570
10 DYaDYen(J)eG(J) FMFP S80
- FMFP 590
c REPEAT SEARCH IN DIRECTION OF STEEPEST DESCENT IF DIRECTIONAL FMFP 600
c DERIVATIVE APPEARS TO B POSITIVE OR ZERO, FMFP 610
IFeDY)11,51,51 FMFP 620
c FMFP 630
o REPBAT SEARCH IN DIRECTION OF STEEREST DESCENT IF DIRECTION FMFP 640
> VECTOR W 1S SMALL COMPARED To GRADIENT VECTOR G« FMFP 650
11 IF (HNRM/GNRM<EPS)51,51,12 FMFP 660
o FMFP 670
c SEARCH MINIMUM ALONG DIRECTIQON W FMFP 680
¢ FMFP 690
c SEARCH ALONG W FOR POSITIVE DIRECTIONAL DERIVATIVE FMFP 700
12 Fyef FMFP 710
ALFA22 #(EST-F)/DY FMFP 720
AMRDA={, FMFP 730
c FMFP 740
> USE ESTIMATE FOR STEPSIZE ONLY IF 1T IS POSITIVE AND LESS THAN FMFP 7%0
e 1, ATHERWISE TAKE 1. AS STEPSIZE FMFP 760
IF¢ALFA)15,15,13 FMFP 770
13 IFCALFA~AMBDA)14,15,15 FMFP 780
14 AMBDASALFA FMFP 790
15 ALFASO, FMFP 800
c FMFP 810
c SAVE FUNCTION AND DERIVATIVE VALUES FOR OLD ARGUMENT FMFP 820
16 FyeFY FMFP 830
DX=DY FMFP 840
c FMFP 830
c STEm ARGUMENT ALONG H FMFP 860
DO 17 131,N FMFP 870
47 X¢1)ex¢1)eAMBDASK(T) FMFP 880
c FMFP 890
C COMPUTE FUNCTION VALUE AND GRADIENT FOR NEW ARGUMENT FMFP 900
CALL FUNCT(N,X.FoG) FMFP 910
Fysf FMFP 920
IFEN)54,101,101
101 CONTINUE
- . FMFP 930
c COMPUTE DIRECTIONAL DERtVATIVE Dy FOR NEW ARGUMENT, TERMINATE FMFP 940
c SEARCH, IF DY Ig POSITIVE: IF DY 1S ZERO THE MINIMUM 18 FOUND FMFP 98q
DY=0. FMFP 960
DO 18 1s1,N FMFP 970
18 DysDy+a(l)eH(]) FMFP 980
IFeDY)19.36,22 FMFP 990
p FMFP1000
C TERMINATE SEARCH ALSO IF TWE RUNCTION VALUE INDICATES TwAY FMFP1010
¢ A MINIMUM HAS BEEN PASSFD FMFP1020
19 IF(FY=FX)20,22,22 FMFP1030
¢ FMFP1040
(o4 REPEAT SEARCH AND DOUBLF STEPSIZE FOR FURTHER SEARCHES FMFP10%0
20 AMARDAsAMBDA+ALFA FMFP1060
ALFA=AMBDA FMFP1070
£ END OF SEARCH LOOP FMFP1080
c FMFP1090
o TERMINATE IF THE CHMANGE IN ARGUMENT GETS VERY LARGE FMFP1100

i e
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IF (HANRMeAMBDA-1.E10)16,16,21 FMFP1110
c FMFP1120
;- LINEAR SEARCH TECHNIQUE INDICATES THAT NO MINIMUM EXISTS FMFP1130
21 lER=2 FMFP1140
RETURN FMFP1150
£ FMFP1140
c INTERPOLATE CUBICALLY IN THE INTERVAL DEFINED BY THE SEARCH FMFP1170
c AEQVE AND COMPUYE THE ARGUMENT X FOR WHICH THE INTERPOLATION FMFP1180
(4 PCLYNOMIAL IS MINIMIZED FMFP1190
22 Tan, FMFP1200
23 IFtAMBNA)24,36,24 FMFP1210
24 Zay.e(PX=FY)/AMBDA+DX4DY FMFP1220 |
ALFASMAX1F (ABSF(2),ABSF(DX),ABSF(DY)) FMFP1230 |
NDALFA=?/ALFA FMFP1240 ]
DALFASBALFASDALFADY/ALFARNY2ALFA FMFP12%0
1Fe¢DALFA)S1,25,25 FMFP1260
25 WRALFASSORT(DALFA) FMFP1270
ALFAS(nYeW=2)®AMBDA/(DY*2, . 0W=DX) FMFP1280
DO 2¢ 1=21,N FMFP1290
26 XCI)sX(I)e(T=ALFAYaMC]) FMFP1300 |
| [ FMFP1310 |
i c TERMINATE, 1F TWE VALUE OF THWE ACTUAL FUNCTION AT X IS LESS FMFP1320
(- TeAn THE FUNCTIAN VALUE® AT THE INTERVAL ENDS. OTHFERWISF REDUCEFMFP1330 {
c TEE INTERVAL BY CHONSING ONE END<POINT EQUAL TO X AND RFPEAT FMFP1340 |
| € THE INTERPOLATION, WHIRH END-POINT IS CHOOSEN DEPENDS ON THE FMFP13S50 |
| r VALIE OF THE FUNCTION AND TS GRADIENT AT X FMFP1360
L £ FMFP1370
CALL FUNCT(N,X,F,G) FMFP1380

IF¢(N) 86,102,102
102 CONTINNE

IF(F=Fx)27,27,28 FMFP1390
27 IF(F=Fv)36,36,28 FMFP1400
2R DALFA=», FMFP1410
DO 29 1=1,N FMFP1420
29 DAL FASnALFA+G(T)*H(]) FMFP1430
IF(DALFA)Y30,33,33 FMFP14490
30 IF(F=Fy)32,31,33 FMFP14%0
31 IFeDX=nALFA)32,36,32 FMFP1460
32 FXsfF F=FP1 70
DXeDALFA FMFP1480
TaAlLFA FMFP1490
AMBDAS=ALFA FMFP1500
GO TC 23 FMFP1510
. 3 IF¢FY-F)35,34,35 FMFP1520
1 34 1F¢DY=PALFA)35,36,35 FMFP1530
! 3% FYsF FMFP1540
DYsDALFA FMFP1550
AMADA=AMBDA=ALFA FMFP1560
GO TO 22 FMFP1570
7 FMFP1580
n COMPUTE DIFFERENCE VECTARS OF ARGUMENT AND GRADIENT FROM FMFP1590
(5 TWO CONSECUTIVE ITERATINANS FMFP1600
35 DO 37 Jsi,N FMFP1610
Kaney FMFP1620
Hi(x)eG(J) eH(K) FMFP1630
KuN+K FMFP1640
37 Hik)sX(J)eH(K) FMFP16S0

g c FMFP1660

oA
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¢ TERMINATE, IF FINCTION WAS NOT DECREASED DURING LAST ITERATION FMFP1670

IFeOLDF=-F+EPS)S1,38,38 FMFP1680

c FMFP1690

(> TESY LENGTH OF ARGUMENTY DIFFERENCE VECTOR AND DIRECTION VECTOR FMFP1700

c IF AT LEAST N ITERATION® WAVE BEEN EXECUTED, TERMINATE, I[F FMFP1710

(> BCTw ARE LESS TWAN EPS FMFP1720

35 lERs0 FMFP1730

IF ¢(KOUNTeN)42,39,39 FMFP1740

39 Teg, FMFP17%0

2e0. FMFP1760

DO 40 J=1,N FMFP1770

KsNeJ FMFP1780

Wap(K) FMFP1790

Kaukeh FMFP1800

TaTYeABRF (H(K)) FMFP1810

40 2994 ou(K) FMFP1820

IF(HNRM=EPS)41,41,42 FMFP1830

41 IF(T=Eps)5%,55,42

c FMFP18%Q

¢ TERMINATE» IF NUMBER OF ITERATIONS WoULD EXCEED LIMIT FMFP1860

42 1P (KOUNTLIMIT)43,80,50 FMFP1870

(> FMFP1880

(> PREPARE UPDATING OF MATRIX H FMFP1890

43 ALFA®O, FMFP1900

DO 47 Jsi,N EMFP1910

KajeN3 FMFP1920

We(. FMFP1930

DO 46 L=1,N FMFP1940

KLaNeL FMFP1950

Weyek (L) OH(K) FMFP1960

IFEL=J)44,45,45 FMFP1970

44 KSK*Ne=| FMFP1980

| GO TO 46 FMFP1990

I 4% Kaxel FMFP2000

| 46 CONTINUE FMFP2010

r KeN®y FMFP2020

| ALFPASALFAeWeH(K) FMFP2030

f 47 HtJ)sW FMFP2040

I c FMFP20S0

| c REPEAY SEARCH IN DIRECTION OF STEEPEST DESCENT IF RESULTS FMFP2060
< c ARE NOT SATISFACTORY FMFP2070 :
IF(ZaAIFA)48,1,48 FMFP2080 :

c FMFP2090

i c UPDATE MATRIX W FMFP2100

i 48 Kan31 FMFP2110

F DO 45 _=1,N FMFP2120

KLeN2eL FMFP2130

‘ DO 49 JsL,N FMFP2140

| NJsN2¢ FMFP2150

E HEKDIBHIK) oHCKL) eH(INJ) /ZaH (1 ) aH(J) ZALFA FMFP2460

49 Ksyel FNFP2170

L GO TO & FMFP2180

c END OF ITERATION LOOP FMFP2190

c FMFP2200

c NO ONVERGENCE AFTER LIM!T [ITERATIONS FMFP2210

50 1Emsy FMFP2220

RETURN FMFP2230

c FMFP2240

{
¢
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c RESTORE OLD VALUES OF FIINCTION AND ARGUMENTS FMFP22%0
81 DO 52 .s1,N FMFP2260
KaN2eJ FMFP2270
52 X(JISH(K) FMFP2280
CALL FUNCT(N,X,F.G) FMFP2290
IFe¢N)56,103,103
103 CONTINUE
n FMFP2300
e REPEAT SEARCH IN DIRECTION OF STEEPEST DESCENT IF DERIVATIVE FMFP2310
c FAILS TO BE SUFFICIENYLY SMALL FMFP2320
1P (GNRM=EPS)55,55,%3 FMFP2330
5 FMFP2340
c TESY FOR REPEATED FAILURE OF ITERATION FMFP23%0
83 1F(IERY56,54,54 FMFP2360
54 1ERse] FMFP2370
GOYO 1 FMFP2380
85 lEnsQ FMFP2390
PRINT 87,KOUNT
s? FORMAT¢//7,22H FMFP CONVERGED AFTER ,14,11H ITERATIONS ,//)
56 RETURN FMFP2400
END FMFP24/0
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L] NAME As
H EQUIPsSCARDRE,PRINTE,CARDPU;

SUBRCUTINE BACKS3I(NUMTOT,.NPTX,RBSTRT,RMSTRYT,FCSTRT,RBB,RMM,FCC,

$FMID,RANMID,GPTHMD ,NUSED,PRNTSW)

DIMENSTION X(3),G(3),H(32)

DIMEASION FBSMES(50).PRASMER(50)

DIMENSTION RAN(SO0),BTA(50),rBR(20),RMM(20),FCC(20),FMID(20)

DIMENSTONRANMID(20) ,GPTHMD(20)

COMMON FBSMES,PBSMES,DTsNPTS,RANsBTA2GPCMID
Cospsree ]
CenpeeTH]S IS SUBROUTINE FOR THE MIN SUM SQUARED ERROR NOISY BACKSCATYER LEADING ?
CesoesEDGE INVERSION PRQCEDURE,
fespseDECRIRED IN QUARTERLY REPARTS 3, 4,5 oF DR, YEH AND DR, RAD S AIR FORCE
CeessedtAPCRLY CONTRACT NUMBER F 19628- Is-c -0088, 1975-1976

SURROUTINE INPUT PARAMETERS FOLLOW,.0oovenceracon

NUMTCTsTOTAL NUMBER NF POINTS SCALED FROM IONOGRAM BACSCATTER LEADING
. ENGE WHICH ARE TOQ BE TNVERTED IN GROUPS OF NPTS
NPYSsNI/MBER OF POINTS IN EaCH GROUP OF DATA THAT WlLl, BE SUCCESSIVELY INV

FAR EXAMPLE.«,T0 PROCESS 12 BACKSCATTER [ONNGRAM PTS BY INVERTING
OVERLAPPING GROUPS OF 4 POINTS AT A TIME» WE LET NUMTOT®12AND
NUMGRP=4,

NATE THAT THE STARTING SET QF ESTIMATED LAYER PARAMETERS 1S USED

IN INVERTING THE FIRST SET OF BACKSCATTER LEADING EDGF POINTS. EACH
SUBSEQUENT SET USES TWE IMMGDIATELY PRECEEDING SOLUTION AS THE
STARTING POINTY,

RBSTRTeSTARTING VALUE RB IN KM
RMSTRTeSTARTING VALUE RM IN KM
FCSTRTeSTARTING VAL UYE FC IN MH2

OUTPUT PARAMETER DEFNS.¢cececsvcce

RBB=VEECTOR OF RB PARAMETERS OBTAiNED FROM THE SUCCESSIVE INVERSION OF THE
SETS OF NPTS POINTS

RMMBVEETOR OF RM PARAMETERS

FCCsVECTOR OF FC PARAMETERS

FMIDsVECTOR OF THE FREOUENCIES CQRRESPONDING TO THE MIDDLE BACKSCATTER
LEADING EDGE POINT IN yYHE SUGCESSIVE SETS OF NPTS POINTS

RANMIDsYECTOR OF RANGES IN KM

GPTHMDsVECTOR OF GROUP PATWS IN KM

NUSED=NUMBER OF SETS OF NPTS POINTS SUCCESSFULLY INVERTED FROM
BACKSCATTER LEADING ENGE

PRNTSW=3sDO NOT PRINT INTEQMEDIATE RESULTS

PRNTSWal1sPRINT INTERMEDIATE RESULTS

LRI Er K ks Xy By Ee e Ko e He He o No Role N o I Be He e le N e Be B BN

O®eesd®DESCRIPTION OF DATA DECK Tn BE RBAD IN BY SUBROUTINE

Q

CoooooPANAPETER CARD DESCRIPTION IN 4F10,5 FORMAT

CeseeeDT IS THE TOLERANCE IN THE DERIv OF THE MINIMUM GROUP PATH WITH RESPECT
Cosoed Te BETA, TYPICALLY SEY YO .05 KM/RAD.

Conpae EST = ESTIMATED MIN VALUE OF SUMSQUARED ERROR FUNCTION E (IN SO KM)
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X YYTY] UPON WHICH THE MINIMIZATINN PROCEDURE BASES I1TS STEPSIZF
Casgee EPSsTOL TO WHICW MINIMuUM 1S TQ BE COMPUTED (SUBR FMFP USES 1Y TO DETERM
Cespen WFEN TO TERMINAYE MINIMIZATION ITERATIONS)
respes LIMITSMAXIMUM NUMBER OF ITERATIONS A_LLOWED IN MINIMIZATION ITERATION
Cespen LCOP BEFORE GIVING UP
r
NPTS®NPTX
X(1)=RRSTRT
X(2)sRMSTRY
X(S)sFESTRT
Cesase X(1)Y=STARTING VALUE RB IN KM
Cespse X(2)=STARTING VALUE RM IN KM
fesgee X(3ysSTARTING VALUE FC N MHZ
READ 1 ,DT,EST,EPS,xXLIMIY
10 FORMAT(4F10.5)
LIMITSYLIMITY
NUMSETeNUMTOT~NPTSe1
NUSECSNUMSET
JARRAY=1
DO 101 ICT=1,NUMSEY
CeosaseSAVE STARTING VALUES IN CASE WE WANT TO ABORT ATTEMPYT AND TRY AGAIN
XsSyis=xtl1)
XsvasX(2)
XSy3sXx¢3)
CosaeeKTa0 INDICATES FIRST ATTEMPT AT MINIMIZATION
KTal
ESTSVESEST
CoeaesFIAST INITIALIZE FUNCT BY READING IN
CesssseIN AND PRINT OUT THE NUMPT POINTS SCALED OFF LEADING EDGE OF BS IONOGRAM
CessssAS WELL AS READ IN THWE TOLFRANCE TO WHICH THE MIN GROUP PATH IS FOUND IN
CesessSURROUTYINE FSTDIF AND THE NUMBER OF IONOGRAM PTS USED IN DEFINING THE ERRO
Ce8as8ERAOR FUNCTION E« IN SUBROITINE RUNCTeo oo
IF(PRNTSW)119,121,119
119 CONTINUE
PRINT 12, DT
CeeaeeaDY IS TYHE TOLERANCE OF DERtV OF GROUP PATH WRT BETA (KM/RAD)
Cesasafon USF IN FSTDIF ROUTINE WHEN IT COMPUTES THE MIN GROUP PATH
12 FORMAT ¢/,54H1TOLERANCE OF NnERIV QF GROUP PATH WRT BETA (KM/RAD) =
$ F5. 3/
CeosaseNPYS I8 THE NUMBER OF POINTS SCALED FROM LEADING EDGE OF B S IONOGRAM
CeseedFOR USF IN EVALUATING THE «UM SQUARED ERROR FCN
PRINTY 13,NPTS
124 CONTINUE
13 FORMAT(/, 61X NUMBER OF SCALED [GNOGRAM POINTS TO BE USED IN ERROR
S FEN = ,12)
IFCICT «1)130,12%,130
129 READ 16, (FBSMES(1),PBSMES(1),121iNPTS)
fesssaHBRE TWE LEADING ENGE POINTS ARE READ IN
16 FORMAT (2F10.5)
Q0 TO 150
130 DO 145 [ND=2,NPTS
FBSMES(IND<1)aFBSMES(IND)
148 PBSMES(IND<1)sPBSMES(IND)
READ 14,FBSMES(NPTS),PRSMES(NPTS)
150 CONTINUE
IF (PRNTSW)151,201,151
151 CONTINUE
PRINT 17
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12 FORMAT(53H MEASURED POINY AN BACKSCATYTER IONOGRAM LEADING EDGE »
$/7:,0Xo 1MHFREQUENCY (MHZ) ,L,A&X,6X,35HGROUP PATH(KM)Y) )
PRINT 19,(FBSMES(1),PBSMES(I),Is3,NPTS)
19 7ORHAT(/.11X.F8.3.19X.F8.3,/)
PRINT 20,XC1),X(2),X(3),EST,EPS,LIMIT
20 FORMAT ¢ 26H STARTING VAIUE RB (KM) ® ,FB,4,8X,
$2%u STARTING VALUE RM(KM) = ,F8,4,8%,
827w STARTING VALUE FC (MWZy ® ,Fd,6,/,
$37w ESYIMATE OF MIN SUM SQIIARED BRROR ® »F10.5,/,
$274 EXPECTED ABSOLUTE FRROR 3 ,F10,8,70
$320 MAwIMUM NUMBER OF ITERATIONS = ,14///7)
NSy
CALL FUNCT(NsXsVAL,G)
PRINT 21,VAL,G
21 FORMAT (33K INITIAL SUM SQUARED ERROR (E) 2 , E12,547/
$oW DEDmRB ® ,E12.5,8X, f
$94 DEDmaM = .512-5.5X.
94 DEDFC ®= »€12.5,7/)
201 CONTINUE
Nsy
OLDMIN®99999,
CospsaTHIS BUSINESS ABT OLDMIN HAS TO RO WITH NUMERICAL ERROR PROB IN FSTDIF Sus
CoaseseSEE STATEMENT 2600 TO SEE WwHAT I AM TALKING ABOUYT
CespsaFMFP & THE NONLINFAR MINIMIZATIGN ROUTINE FOUND IN IBM SCIENTIFIC SUBR
CeeaedSURRCUTYINE PACKAGE, IT INTERNALLY CALLS FUNCT T0O PERFORM SUCCESSIVE
CeasasoEVALUATIONS OF THE_SUM SQUARED ERROR FUNCTION AND ITS GRADIENT
22 CALL FMFP(NsX,FMIN,G,EST+EPS,LIMIT,1ERsH)
CeeseslF NUMBRICAL ERRORS SUCH AS SQRT (NEG NUMBER), LOG(LESS THAN 0), OR
CeoaeaACAS(GREATER THAN 4) WERE FLAGGED IN THE EVALUATION OF FUNCT, N IS
feepsaNEGATED AND SO WE TEST TOR THIS BRROR CONDITIPe UPON EXIT FROM FMFP
1P ¢N)28,27,27
25 PRINT 26,KT,EST
26 FORMAT(///730M NUMERICAL ERRORS ON TRY NR = 212,16H WITH EST MIN =
s$s  ,F7.5,/7/)
KTaKTedt
CeseeaSET N mACK To 3
N..N
CALL FUNCT(N,X,FMIN,G) \
Coesne@EVYALLAYE FMIN ON BASIS OF PARTIALLY ITERATED PARAMETERS JUST BEFORE NUMERI
CosseoNUHER]EAL PROBLEMS WERF ENFOUNTERED
{F¢OLDMINFMINY2610,2610,2400
2600 SOLNis¥(1)
SOLN2sx(2)
SOLNJsx(3)
SYMINSPMIN
GSvi®G(1)
GSv2eG¢2)
GSV3sG¢3)
OLBMIN=FMIN
2610 CONTINUE
Cosesdf THIQ IS 7TH TRY GIVE UP ENTIRELY
IF(KT=7)260,270,270
CesaselF NUMPRICAL ERRORS, Ai TER EST, WHICH WILL DECREASE THE STEP SIZE AND TRY
CoesnsdTRy AGAIN, FIRSY GO BACK vO ORIGHINAL STARTING SOLUTION
260 IPCFMIN=EST)262,262,261
CeeesaIF OUR ESTIMATE WA® TOO SMALL INGREASE IT
261 BSTSEST#10,
G0 TC 263
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CesseelF OUR ESTIMATE WAS TOO LARGF DEGREASE 1IT
262 ESTSEST/10.
263 CONTINVE
X(q)mxevi
X¢(2)axsve
X(3)aXeVy
CesaseNOW GO BACK TO 22 AND TRY AGAIN
GO TC 22
270 PRINT 271
271 FORMAT ¢//7,57H WILL GIVE UP TRYING TO INVERT THIS DATA AFTE®R 7 AT'E
SMPYS,/7/)
PRINT 275
275 FORMAT ¢190(1HS)»/+106KH WIL1 USE LAST VALUES NF [TERATED PaRArETERS
¢ BEFORE NUMERICAL PROBI EM NACCURREDe«NNTE FMFP DIN NOT CONVEREE, /,
$,100¢1K8),7/7)
X(1)eSALNL
X(2)aSALN2
X(3)eSALNI
FMIN®SYMIN
G(1)2GSV1
G(2)aGSsV2
G(3)=GgV3
GO TC 38
27 CONTINUE
€
Cespss]ERs(), A VALID MINIMUM WITWIN THE SPECIFIED TOLERANCE (EPS) waS ¢n 0 wv
CesasaFMpPP
Ceseses|ERS1, A MINIMUM WAS NNAT FAUND [N TWE SPECIFIED (LI™IT) NuUwBER 0f 1TEmaT:
Cessen]Enael, IMPLIES ERROR IN GRADIENT CALCULATION
CoessevalEasZ,| INEAR SEARCH CANNOT FIND MINIMUM
c
IFC(PRNTYSW)301,401,301
304 CONTINYE
[GOTCsIER?2
GO TC(%0,32,34,36),1G0TO
32 PRINT 33 _
33 FORMAT ¢/7/7,60H VALID MINIMIM FOUND BY FMFP WITHIN SPECIFIED YNLERANCE EPS
SNCE EPS )
GO TC 38
30 PRINT 33
31 FORMAT(//7/7,3%H ERROR IN FMFP GRADIENT CALCULATION )
GO TC 38
34 PRINT 35,LIMIT
35 FoaMAT¢///,86H ERR FCN COUI1 D NOT BE MINIMIZED WITHIN THE SPECIFIED
$ NA (LIMIT) OF ITERATIONS | IMIT 3 ,15)
GO TC 38
36 PRINTY 37
37 FORMAT(///7,4%H LINEAR SEARCH IN RMFP COULD NOT FIND MINIMym)
38 CONTINVE
CeessaPRINT INVERTED LAYER PARAMETERS AS WELL AS MINIMUM VALUE OF SUMeSQUARED
CesseaERROR FUNCTION
PRINT 40,X,FMIN ,G
40 FOAMAT(///,29H ITERATED VAI UE OF RB (kM) = ,F6,2, 5X,
$29n ITBRATED VALUE OF RM {uM) = ¢gF6,2, 5X,
$30K ITERATED VALUE OF FC («WZ) =u ,FB8,40/»
$28%4 MIN SUM SQUARED ERROR s ,F10¢%.7/
$9H DEDWB & ,F12.5,8x,9H DERRM = E12,5,5X,9H DEDFC = ,E12,5)
PRINY 8
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FORMAT¢//7104H RANGE AND ELFVATION ANGLES CORRESPONDING TN THME NPTS B
$ BACKSCATTER LFADING EDGE POINTS USED IN INVERSIAN ,/)

PRINT? »C1,FBSMESCT),RANCIY,BTA(L)s121aNPTS)

FORMAT (3K F(oI2,4H) = ,F7,4,4H4 MHZs5X,23HMIN GROUP RANGE (KM) =
$F9.3,5%,30HMIN GROUP ELEV ANGLE (DEG) = ,F6.3)

CONTINUE

fessseHERE WE SAVE THE RESULTS OF THE RRESENT NPTS [NVERSION

100

101

RBR(JARRAY)SX (1)

RMM(JARRAY)SX(2)

FCC(JARRAY)SX(3)

NMIDLaNPTS/2¢1

FMIDCJUARRAY)=FBSMEG(NMIDL)

RANMIDtJARRAY)SRANC(NMIDL) ;
GPYHMD ¢ JARRAY)2GPCMID g
JARRAYsJARRAY+q ;
CONTINYE |
ESTSESTSVE :
CONTINUE

CoseeePRINT AUT SUMMARY NF THE INVERTED BACKSCATTER IONOGRAM POINTS

700

710

720

PRINT 97 )3,NUSED,NRPTS

FORMAT(1K1,7/,100(¢1H®),/,50H SUMMARY oF THE BACKSCATTER LEADING EDG
$GE INVERSION,/.1X,12,8H4 SETS 0OF, 120,444 OVERLAPPING SETS WERE SUCCE
$SSIVELY INVERTEDW./7/)

PRINT 9210

FORMAT (84H RB (kM) RM(KM) FC (MHZ) FREQ (MHZ) RANGE (KM)
S (M) MIN GROUP PATH (KM) /)

PRINT 920,(RBB(J),RMM(J),FrRC(J),RMIDCU),RANMID(U)Y,
$GPTHMD(J),J=1,NUSED)
FORMAT(2X,)F9.3,1XsF10.3,F1Nn.3,3XsF10,304%X,F10.3,9%X,F10,3)

RETURN

END

Al o i i 3 e

NI o oo - TSV NN, T 1. ey . -




&

e

PAGE

21

51

40

100

w..,----------u-,--uu----u-u--u--u-unrunn------lllul---nu-lIlulll-lll.llllllllllllllllll“

001 231

NAME A?Y

EQIIFaCcARDRE,.PRINTE,CARDPU
SURRCUTINE DCAL(FC,RB,RM,FWw,GP,D,GPTNL)
R0.637 .
SINBET=(RBeRB=-RO®RN-GPaGP/4a,)/(RO#GP)
BETARASINF(SINBET)

BEYA=0, 0001

COSBETsCOSF(BETA)

SINBETaSINF(BETA)

FaFw/Fc

FFaFeF

YMsRM=RB

RBYM2=RBeRB/(YMaYM)

AmpFe] ,+RBYM2

BRw2,#aM*RBYM2
CEpBYM?*RM*RM-FF*RA®RO*COSRET*COSBETY
Uspe#B=q.2AC
GAMEACASF((RO/RB)*CNSBET)

SINGAMsSINF (GAM)

COcGAMsCOSF(GAM)

COYGAM=COSGAM/SINGAM

SQASSQRTF (A)

Va2, 8 AsRB+R+2,#RBEF#SQA®*SINGAM

GPr3Z ,#(1,=-FF/A)eRR#SINGAM.2.2RO#SINBETe(BsF/(2,8A*SQA) ) #| OGF
1(Uzs7(vey))

IF (ABSF(GPC=GP)=GPTOL) 100,100,50
NGeDB=z2,e(1.«FF/A+ReFF/(Aev))eROSSINBET&COTGAM
12,%(1.-(2,*ReF*FFaRN®SINRET)/(SQA®*U))*RU*COSBET

PRINY 4 '»FWsGP,BETA,GPC»DGPDR,FCsRB,RM

FOQMAT ¢6X,8F10,.2)

RETYA=BRTA+(GP=-GPC)/DGPDB

SINBET=SINF(BETA)

GO TC 2

SQE=SQRTF(C)

Wa? ,aSACaFsRB#SINGAM+2,3C+RORB

Du¢GAMBETA) = (F*RO4COSBET/¢2,4S0GC))eLOGF (U#RB#RB/(WaW))
D82 .%RO*D

RETURN

END

B G i U ¥ L T . i




{
L)

PAGE

H
H

c

Ceaes»®SURRCUTINE SQRNO CHECKS TO SEE ]F WE ARE TRYING TO TAKE THE SQRTY OF A NEG
IF WE SO THEN AN FRROR CONDX 1S FLAGGED AND THE ARG IS PRINTED nu
Cedgs@WiTH A MESSAGE... THF FLAGRING IS DONE BY SETTING SQROO = 9999.
CenaaeWITHCUT SUCH A SUBROUTINE THF G20 WILL SIGN YQU OFF IN A HURRY
CesaseKEEPING US FROM GEYTING TO ANY GOOD DATA

CeseeoNYMBER,

57
10
t5

20
30

0n1 232

NAME An
EQUIP=sCARDRE,PRINTE,CARDPU
FUNCTION SQROQCARG)

IF¢ARG)Y10,20,20

CONTINUE

PRINT 15, ARG

FORMAT(29H SQRT ENTERED WITH NEG ARG =
SQROC=9999.

G0 TC w0

SOROO®SKQRT(ARG)

RETURN

END

2E13.7)
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(ONTINUE it
READ CARD 1 &

INITWALIZE SET Is|

READ CARD 2
CALL BACKS3
PRINT QPP 4 SET N(I)*N

PLACE FCC, RBC, RMC -+ -

IN 2 DIMENSIONAL ARRAYS

— ¢READ IN DATA FOR NEXT

YES

lCALL EXFT'

No

l<_§:o=0?|

[READ Kao|

| PRINT FW, AZM, GPM,D |-

Isl+d |
. i e
B O e FCECH T m
1 YBS Y&S e e
RE-INTTALZE  FCS, RBS, RMS CALL Exrr‘

AZIMUTHAL PIRECTION

9

—{DEST=D|

No

| ID-DEST| £pTOL 2 [

CALL DCAL

SET DToL=1{

, GPTOL*0O.1

INTERP

To ESTIMATE QPP
| (FeI, RBT, RvT)

FACTORS

W '
PRINT FW, AW, GPM, DEST 1S FW - + ORO? |
NO NO
o, NARS 1 7 50
! 3
y
| ABMs A2(K) 2 | DEST< RANGE(1T)7]
&S ¥ XBS
Lmﬁ&nm—w‘ el
| OHPUTE FACT
¢ SET Nis NIK), N2= N(K~1) b |
TSI |
NO
3,
] b »{ (OMPUTE INTERP, FACTORS
DEST < RANGE (K,T)?| &S |

Figure A.J3.lL.

EOMPUTE INTERP. FACTORS|

NGS §

| PESTSRANGE (-1, T)|

No

A
L

Flow chart for main program.




OBTAIN FC,RB, RM FROM
ARG(Y), ARG(2), ARG(3)

|

INMMALIZE  SUMF, SUMDRB, SUMDRM,
SUMDRC TO ZERO

']
(OMPUTE NMD-- MIDDLE OF
FREQUENCY GROUP
NMID® NPTS/2 +1

I I

1| NPT,

ST ITRY=O

[caLL FSTDFS |

i :
|STORE RANGE 4 ELEVATION ANGLE

NO

I NM|D?‘

YES
STORE THE COMPUTED MINIMUM|
GROUP PATH AS &PCMID

Fcco [= - 3 ‘4 ¥
COMPUTE THE DIFFERENCE BETWEEN THE
SET N=-3 OBSERVED MIN. GRP. PATH (FROM BST
AN ERROR OCCURED IN FSTDFS AND COM! MIN. GRP. PATH (FR
STORE GEVERAL VARIABLES |a-P MODEL) FOR FREQUENCY INDEX I,
!
SQUARE THE DIFFERENCE (SRs@) ¢

oo ENT OF ERSQ (WRT QPP),

1
.___‘F-oze GRADIENTS, QPP, RESIDUAL ERS®

jAcwmuu:re OVER T. ALSO ACCUMULATE H

TRy

f RETURN

Figure A.3.2. Flow chart for subroutine FUNCT.
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STORE INITIAL VALUES OF
RB,RM, FC AS COMPONENTS

OF A VECTOR

READ TOLERANCES:
DT, EST, EPS, xLIMIT
1

(OMPUTE NUMBER OF DIFFERENT SETS

OF QPP TO BE DETERMINED
(NUMSET)

1
[ INITALZE JARRAY T0 1 |

ICT o
1 | NUMSET:

CINTIALZE KT To 0
SAVE VALUES OF X VECTOR BY
XSV1 =h(1), yx5v2 = %), xsv3 = x(3)

-
[PRINTSW =0 7 }——
NO

PRINT 3UMMARY OF QPP ¢ |
FREQUENCIES, RANGES, ¢
MIN. GRP. PATHS

ety

YEs
[PRINT DT 8 NPTS|
¥
ICvay ?,r PREPARE (OMPUTATION FOR
P T NEXT SET OF BSI POINTS gY
, EAD BSL POINTS AS A SHIFTING FBSMES 4 PBSMES § RDG
] FREQUENCY ARRAY (FBSMES) e
§ A GROUP PATH ARRAY (PBSMES
IND
—PRNTEW=02 | _ 2 [N
B SEND )T |
PRINT BST INTS FBSMES(IND-) * FESMEBS(IND
XES chgmucT‘NGPopg:sgg?E%l: PBSMES (IND -1) = PBSMES (IND
MODEL, ETC .
LJ ALl FuNCT| | EAD NEXT BSL POINT 4
ORE T AS FBSMES (NPTS)L, |
SMES (NPTS)
SET Na3 J
OLDMIN = 9695

!

Figure A.3.3.a. Flow chart for subroutine BACKS3

(continued on next figure).
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CALL FMFP
NO ERRORS OCRED IN FMFP,
CHECK |F MINIMIZATION WAS SULCCESSFUM

& NOT, PRINT MESSAGE

N
PRINT KT $ EST

INCRBASE KT BY |
(KT2 KT+ 1)

1t
| 8T N=-N § CALL FONCT

b
| OLPMINS FMIN 2|

i
lsAva VALUES OF QPP
SET OLDMIN * FMIN

Ad

| KT<7} *ERRORS CONTINUE TO BR
1 NERATED IN FMFP,

| FMIN<BST 2 F— SUBROUTINE DEFAULTS gY
SETTING QPP To VALUBS
| €T EST*EST/io| [ SET esT:EsTeio | OBTAINED BEFORE FMFP &
T |

RESTART MINIMIZATION USING X8Vi
T XSV2, 4¥sv3 FoR x(1),X(2),X(3) ¢
NEW VALUE OF EST,

/

PRINT QPP ¢ ERROR
GRADIENT

i

[STORE VALUES OF BB, R |

[TARRAY= TARRAYH |
3

|
L T°®
i

- iﬁess-r EST TO ORIGINAL YALUE|

Figure A.3.3.b. Flow chart for subroutine BACKS
continuation of Figure A.3.3.a).
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(OMPUTATION OF SOME
QP PARAMETERS

Ae (/%) 1+ (ro)um)? |

[S@A= SQROO(y) |

[ S@A=9099.7 ] (B NERPTS|—» TO B
NO e
BEGIN COMPUTATION FOR LARGEST
BLEVATION ANGLE WHICH CAN STIlL
RESULT IN RAY REFLECTION

GROOX > SQROD (RM2 % RBYNIZ - (B2/(4.0#AY) |
SQROOX = 9999, 7| YES IngrPT 22| To 8

W—“m ST Al

PEN)

IBE:EN = Acosck (BETPEN)|
YE@S

BETPEN = 9999, 2|

NErpT2a—T0 8

IN NEBWTON'S

ANGLE  MINIMIZING GROUP PATH STARTING
WiITH BETA= ©.5% BETPEN

—

- Q. OF |\ \TIONS  IN

ue_lw;cgu'g METHOD = 100

| ITERCT = NO. O (TERATIONS PERFORMSD 20|

1
[[ITeRCT ~ rereT +1k—(@A)
1 = Xes
[(TeRCT > NTRYZ [——=>———+|PRINT ERROR MESSAGET " RETURN|
NO

I’EhPUTFcos. OF BLEBY. ANGLE l
AT (ONOSPHERE BASE ((cSGAM

[ @AMMA = Acosck (osaam)|

Figure A.3.4.a. Flow chart for subroutine FSTDFS
(continued on next figure).
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1

GAMMA = 9009, 2 [YER

guo :
COMPUTE -

2 (GRP. PATW)

2(BLEVATION ANGLE)

NERPT =&

TO B

[IpepoB] ¢ DaFT2 %

ELEVAT\ON

RESULTS IN MINIMUM GROUP
PATH RAY WAS BEEN FOUND

ANGLE WHICH

BEGIN COMP |
OF MiN. &RP,

— 3 NO

[5@ROQOY = 3@ROO (1.~ (CONG » ccoReT) 2|

]

[GaRoov= 5553 r———-fﬁWST———— To B

NO
COMPUTE 3
9* (GROUP PATH)
(ELEVATION ANGLE)?

(OMPUTE NEW ELEVAT\ON ANGLE
BY SETTING
BETA= BETA - DGPD P!

j YES !
| SET__BETA » BETPEN =000

7§?—E—Iog—‘ﬁ——m
J

A

7| PATH

|uszoe. Foax(U/V3)|

loszos- 9999, e NERPT2 6] ~To

*NG
COMAUTE  MINIMUM

GRP. PATH

y K |
COMPUTE &GRAD. OF MIN. GRP.
PATH W\TH RESPECT TO

el

|s@c= seaoo(m"‘ 14 rcestesta)1®)

[sec=9999. 7}
NO

i

(OMPUTE RANGE &
ELEVATION ANGLE

Yes

NERPT+7|

i

PRINT ERROR

|RETURN | N\ESSAGE

]

Figure A.3.4.b. Flow chart for subroutine FSTDFS
(continuation of Figure A.3.4.a).
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INTIALIZE  ELEVATION
ANGLE (BETA)
)

COMPUTE  (OS (BETA)

COMPUTE GROULP PATH

GPC
OGROUP PATH
IGPC-GP| £ GPTOL (OMPUTE g BETA
)
REVISE BETA[—

[coMPUTE @ROUND RANGE (D)

RETURN

Flow chart for subroutine DCAL.

Figure A.3.5.

ine -
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YES

ARG<O?

NO [PRINT ARG
SQROO= 9999,

St s AN

| RETURN

Foayx
¥ PRINT ARG
ARG<O ‘—Ei———--Foe.x 29999,

NO
[_H |
RETUQN[
ACOSCK

YES lTnm-r ARG
[(-ARG)(1+ARG)] <O 2 Acoser 29999, |

NO

1
FOQX * LOG (ARG

ACosCK® (o3~' (ARG)

IRETURNI

Figure A.3.6. Flow chart for special functions
(square root, log, and cos-1l).

1
g
¢




TRANSMITTER. CARD

C-:R?UP DBLAY DECK
] —
Ee I .
8SL oecx-i’ TERMINATION CARD
| |
3
—j ) ) A
AIMUTH ID CARD L ger PonT DECk }
TOLERANCE CARD RESTART CARD

Figure A.3.7. Sequence of data cards.
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The program formats are as follows

INPUT:
The input format shown in Figure A.3.7can, perhaps, be more
easily understood by referring to the flow diagram of the
main program. The first card serves primarily to identify
the backscatter ionogram sounder. The variables appearing

on the first control card are as follows.

TRANSMITTER CARD:
1. transmitter latitude (degrees)
2. transmitter longitude (degrees)
3. 1initial estimate of overhead critical frequency (MHz)
4. initial estimate of base height of overhead ionosphere (km)

5. initial estimate of semithickness of overhead ionosphere
(km)

6. number of azimuthal directions along which BSI are
obtained (integer)

7. an index (ind) which is zero when the user is supplying
group delay deck, and nonzero otherwise (integer)

The format of the transmitter card is 5F10.2, Il1l, 9X, Il
respectively.

The next set of cards comprise the BSI deck. The first
card in this set is the azimuth identification card which con-
tains
AZIMUTH ID CARD:

1. azimuth along which the following set of backscatter
ionogram points have been obtained. (degrees)

2. the total number of backscatter ionogram points along
; the azimuth which will be read in. (integer)

3. the number of consecutive BSI points (less than or equal
to the total number of BSI points) which will be con-
sidered simultaneously in obtaining a single net of QPP.
(integer)

e
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The format of the azimuth card is F10.2, I2, 8X, I2

e

TOLERANCE CARD:

1. tolerance of the deviation of the group path with
respect to elevation angle (typically .05 km/rad.)

2. final step size control for minimization (typically .01)

3. desired final value of error in fitting QPP to measured
BSI (typically .05 km/rad.)

4. maximum number of iterations which may be performed in
fitting QPP to measured BSI (floating point)

The format of this card is 4F10.5.

BSI POINT DECK (SINGLE AZIMUTH)

There is one card for each measured point on the BSI along
the given azimuthal direction. Each card contains:

i. frequency of BSI point (MH2z)

2. group path of BSI point (km)

The format is 2F10.0.

USING THE RESTART CARD:

The restart card (format I110) is used only if IND#0. When
the user sets IND#0 (referring to the main program flow chart)
the program will not use the QPP to compute the ground range cor-
responding to a given group path. 1In fact, the program will go
no further than the computation of QPP as performed by subroutine
BACKS3. The only information on the restart card is the integer
KGO. Setting KGO to zero (or,equivalently, using a blank card)
tells the program to read in another batch of cards consisting

of
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1. TRANSMITTER CARD
g AZIMUTH ID CARD
3. TOLERANCE CARD
4. BSI POINT DECK
and, if the new transmitter card has IND=0
5. GROUP DELAY DECK

6. TERMINATION CARD

Setting KGO < 0 will terminate the execution by telling the

program that there is no more data to be processed.

NOT USING THE RESTART CARD:

The restart card should not be used when IND=0. Also, even
when IND#0 the restart card should not be used between BSI decks ;
corresponding to the same transmitter card, but different azi- |
muthal angles (multi-azimuth case). In this case, the last card
of the BSI point deck is followed immediately by the:

1. AZIMUTH ID CARD :

2. TOLERANCE CARD

3. BST POINT DECK
corresponding to the next azimuthal direction, with the data
from the first transmitter card being used for all subsequent
azimuthal angles. After the BSI point deck corresponding to the
last azimuthal angle, the restart card is used to signify end of

data (KGO < 0), or a new transmitter card (KGO = 0).

GROUP DELAY DECK:
The group delay deck provides the program with a specific

value of group path from which to compute the ground range.

[
g
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There is one card for each group path measurement to be used in
this manner. Each card in the group delay deck contains:
GROUP DELAY DECK CARD:
1. frequency at which measurement is made (MHz)
2. azimuthal angle at which measurement is made (degrees)
3. measured value of group path (km)

The format is 3F10.0.

TERMINATION CARD:

After the last group delay deck card there must be a termi-
nation card, containing the parameter FW in F10.0 format. FW < 0
signifies end of data and terminates the program. FWw=0 tells
the program that more data will be read in, starting from the
transmitter card and continuing in order to either a restart card

or a new termination card.
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SUMMARY OF ¥HE RACK®CATYER LEADINA FNGF INVERSION

3 SETS OF % OVERI APPING SETS WFRE SUBCESSIVELY INVERTED

RB (M) RM(KM) FC tMHZ) FREQ (MMZ) RANGE (KM) MIN GROUP PATH (KM)
6618,016 6710,406 9+193 14,000 1061,038 1302,247
6632.230 6690.6R5 8:558 17.000 1449,758 A 1644,938
6601.425 €690,132 8,713 20,000 1877.891 2046,869

.406? 0 100 02466
8.5580 £632,2304 6690,6R46 1449,7578 1644,9381 B
847130 6601.425% $690.1%16 1877.8905 2046,8686
16,00 52.00 1700.060 1676,31 c |
. . 650,39 © [
1+.00 i700.00 ne00 3730.58 =12739.52 8,64 661%.93  6690,39
16,00 1700.00 nei6 2271.71 =~6004,27 8,64 6615,93 6690,39
14.00 1700.00 ne?5 1829,23 ~3462,60 E 8,64 6619,93  6690.39
14,00 1700.00 n.29 1714,51 »2700,24 8,64 661%,93  6690,39
14.00 1700.00 n.30 1700.28 =2597.05 8,64 661%5,93 46690.39
16.00 52,00 1700,00 1676,31 1557 .09 F
2,60 6624,51  6690,55 B
14.00 1700400 n.00 378n.11 =12739,53 8,40 6624.51 6690.,55
14,00 1700.00 n.16 2286,07 «6003,18 8,60 6624,51 6690,55
1A.00 1700.00 Ne26 1832.05 ~3471.,20 g 8.60 6624.51 6690.55
14,00 1700.00 n.30 1714,65 =~=2715,410 8,60 6624,51 6690,5%
14400 1700.00 n.30 1700,27 «2613,88 8,60 6624,51 6690,55
[1s,.00 52,00 1700,00 1557,09 1552,33 F |
[ Re60 6424 ,85 6690,55 D
14.00 1700.00 N.00 3782.03 =12739.53 8,60 6624,85 6690.5
14,00 1700.00 n.16 2286,62 ~6003,28 8,60 6624,85 6690,5
14,00 1700+00 n.26 1832,14 =3471,84 8.60 6624,85 6690.5
14,00 1700,00 n.%0 1714,65 ~2716,14 8,60 6624,85 6690,5
14,00 170009 n.30 1700.27 =2615.06 8,60 6624,.85 A690.5
16.00 52,00 1700,00 1552433 1552,15F
16.00 52,00 1700,00 15652,15 &
P R el b A R R
260
w ey o ¥ 11 .= e = Y)ZIYZI 0O < g < &Y (30)




OUTPUT FORMAT:

Referring to the sample output which resulted from a single
azimuth measurement, subroutine BACKS3 causes block A to be printed. 1
Each row of block A contains RB, RM, FC, frequency, range, and
minimum group path. Block B contains the same information as
block A (except for frequency) and shows that the variables have
been transferred from BACKS3 to the main program. Block C con-
tains frequency, azimuth, measured group path and the first ap-
proximation to ground range in the subsequent attempt to compute
the ground range from a given value of group path. Block D con-
tains the interpolated values of QPP at the reflection point
Block E is printed out in subroutine DCAL and represents the
progress of subroutine DCAL in homing a ray through the QP ion-
osphere model based upon group path. Each row of block E con-
tains frequency, measured group path, initial elevation angle

(8) , computed group path, the derivative of group path with

respect to 8, and the three QPP describing the ionosphere. In

the last rcw of block E, it can be seen that the computed and

measured group paths are very close, so DCAL returns to the

main program. Upon returning to the main program block F is

NP

printed and contains frequency, azimuth, measured group path,

E estimated ground range, and ground range based upon the homed
in value of the initial ray elevation angle. Since these two
ground ranges are so different a new interpolation procedure is

initiated in the main program to compute the values of QPP at

the reflection point of the homed in ray. This interpolation

is summarized in block D, and comparing the first block D with

R

I
|
|
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the second block D, we can see that the QPP at the reflection
point are indeed different when computed for the homed in ray.
This leads to an iterative process which alternates between
subroutine DCAL, and the recomputation of the interpolated QPP.
The final block F shows, however that the most recent computed
ground range, and the ground range from the previous iteration
are very close. Thus, block G is printed in the main program
and contains the frequency, azimuth, group path and final

solution for the ground range.
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6. CONCLUSION
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A METHOD FOR INVERTING OBLIQUE
SOUNDING DATA IN THE IONOSPHERE

*
S. L. Chuang and K. C. Yeh
Department of Electrical Engineering
National Taiwan University

We have developed in this paper a method of inverting backscatter
leading edge ionograms and fixed distance oblique ionograms to obtain ioniza-
tion profiles. The problem of ionogram inversion is first formulated in
such a way that the Backus-Gilbert technique can be applied. This inversion

technique starts by assuming an initial profile based on available knowledge.

Oblique group paths are computed by using this initial profile and are compared
with the experimental data. The discrepancy in group path is used as a basis
for improving the profile and thus an iterative procedure is developed. This
iteration is continued until an optimum solution is found. As is well-known,
when ionograms are given at discrete frequencies there may exist an

infinite number of profiles that will yield the observed group path data.

}» Among this infinite number of solutions there is an optimum one in the sense
that its fractional departure from the initially assumed profile is a minimum

k in terms of value 4t boundaries and in terms of the profile curvature. The
method is then applied to the special vertical incidence case and reasonably |

|

fast convergence is obtained. This success demonstrates the promise of this

method in inverting oblique sounding data.

* Permanent address: Department of Electrical Engineering, University of
Illinois.
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1. INTRODUCTION

In ionospheric sounding one usually measures the wave parameters, such
as transit time, frequency shift, polarization, power returned, etc. One
wishes then to make use of these measured wave parameters to deduce the
physical parameters of the ionosphere, such as electron density, temperature,
motion, etc. In order to deduce these physical parameters one must make use
of a theory, known as the inversion theory, to relate these desired physical
parameters to wave parameters. Sometimes the inversion is quite simple;
sometimes the inversion can be quite complex. A case in point is the inver-
sion of vertical ionograms, e.g., [Budden, 1961, p. 161], where the virtual
height h'(f) as a function of frequency f is measured and the true ioniza-
tion profile N(h) is desired. From wave propagation studies one realizes
that h' is a nonlinear functional of N and as such it is in general very dif-
ficult to solve. Fortunately for the case of vertical ionograms with mag-
netoionic effects ignored, the integral can be put in the form of a convolu-
tion type which can then be solved, for example, by Laplace transform, provided
that N(h) increases monotonically with height. Now if one wishes to sound
obliquely in order to obtain the profile some distance away from the local
vertical, the integral is no longer of the convolution type. In this case,
since the group delay is a nonlinear functional of N(h), the inversion becomes
very difficult. Current techniques are largely numerical and are designed to
obtain a model profile that will yield data approximating the measured data.

However, ionospheric investigations have been carried out for several

decades. The accumulated knowledge enables us to make a zeroth-order guess

about the profile. If this zeroth-order profile does not depart appreciably
from the true profile, it is possible to reformulate the problem by a lineari-

zation procedure. This reformulated problem is much simpler to deal with




| because it is now linear. Many mathematical techniques applicable to linear
problems can be used in order to arrive at a solution. Our approach is
similar to that used in geophysics for inverting seismic data [Backus and

Gilbert, 1967].

2. FORMULATION

For simplicity we will ignore the magnetoionic effects completely. The
ionosphere is assumed to be spherically stratified so that the Bouguer's rule

applies at any point along the ray, i.e.,

os = rn cos = n_ = constant 1
*a © ¢0 ¢ TP (1)

where r is the geocentric distance of a point along the ray, n = n(r) is the
refractive index and ¢ = ¢(r) is the elevation angle of the ray. The earth
radius is r, at which ¢0 = ¢(t0). The ray is reflected with a geocentric
distance r,at which n = n(rt) and ¢(rt) = 0. The group path of an iono-
spherically reflected signal is

r r

b t
P=2 J ds + 2 J ds/n . (2)
o Y

This integral is integrated along the ray from T to the bottom of

the ionosphere at r, in free space and then from r. to r, in the

b b

ionosphere. 1In the ionosphere the refractive index is related to the electron

density profile N(r) through
& =1 - WRIE (3)

where f is the radio frequency and k = ez/anzme has a numerical value 80.6 in

0

S.I. units. It is easily seen from (2) that P is a nonlinear functional of N.

We are not aware of any analytic method that can be used to solve for N.

1
£
.
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Therefore, we will adopt a perturbation scheme to linearize the problem. Our
approach is similar to that used in inverting teleseismic ray data [Johnson
and Gilbert, 1972].

Perturbations in P can come from two sources: perturbations in n and
perturbations in ¢O. Taking the variation in (2) and linearizing, we obtain

r

t
§P = 2 :-d—nds+£-6¢ . (4)
2 3¢ 0
r, n 0

In practice two kinds of oblique sounding data can be obtained: backscatter
leading edge and oblique ionogram. For a thorough review on the nature of
these data, the reader is referred to Davies [1965]. We discuss both of these

cases for our purpose in the following.

(i) Backscatter leading edge.

The backscattered leading edge has a minimum time delay. In this case
3P/3¢0 = 0 and the variation in group path is caused entirely by variations in
the refractive index. The variation in n can be related to the variation in

N by vsing (3). Substituting (3) and (1) in (4) yields

£
SP = J ; Kix dr (5)
b
where
x = 8N/N (6)
and
Ky = keN/E2Q1 - kN/ED L1 - kN/ED)e? - rg - ¢,0]1/2 -

The kernel Ki can be computed from the model ionosphere and is therefore known.

We note in (5) that 6P is a linear functional of 6&N.
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(ii) Oblique ionogram
The oblique ionogram gives the group path of ionospherically reflected
signals as a function of frequency for a fixed ground distance D. The ground

distance is

r j

b t
D = ZrS cos oo J dr + J dr . (8)
) rn/(2 - ré c052 ¢0 Ty r/€2r2 - rg cos2 ¢0

As the ionization profile is varied by 6N, the initial elevation angle of the
ray must also be varied by 6¢0 in order to keep D fixed. Take the variation

of (8) and set it to zero to produce

b
Y ! -krdN dr 3D
0 0 0}, i22, 42 3 2 ¢o)1/2 30,

b ( 0

(9)

Inserting (9) in (4), the variation in group path of an oblique ionogram is

found to be

r
t
6P = [ Kéx dr (10)
T
where the known kernel is
K! = K'|1 - (r2 cos ¢ /rz](ap/a¢ )/ (3D/36 ) (1)
2 1 0 0 0 0 :

Comparing (5) and (10), one notes that for both kinds of oblique data,

the variation in group path is given by

r
t

§P(f) = I K'(r,f,¢0)x(r) dr (12)
b

where for backscatter leading edges K' = K!

1’ and for oblique ionograms K' = Ké.
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The kernel K' is referred to as the Frechet kernel [Backus and Gilbert, 1967;
Green, 1975] because 6P is obtained by taking the Frechet differential of (2).
Our objective is to obtain the optimum x in some sense. We do this by

following the Backus-Gilbert approach in the following section.
3. OPTIMIZATION

Suppose the oblique sounding data have been measured experimentally at M
frequencies fi, i=1,2,...,M. The corresponding group paths are Pmi’
i=1,2,...,M. For the purpose of obtaining the ionization profile N(r) that
produces these experimental data, we make use of our knowledge based on past
experience to construct a zeroth-order approximation to the true ionization
profile. This approximate profile is then used to compute M group paths Pci’

for M frequencies fi’ and M initial elevation angles ¢oi' The departure of

the computed group path Pci from the experimentally measured group path Pmi

is Yo i.e., ¥g = Pci - Pmi' Then according to (12),
r
P
yi(fi) = j Ki(r,fi,¢oi)x(r) dr 1= 12 M (13)
r
b

where rp is the peak height of the ionosphere. The Frechet kernel Ki is given

by

Ki(r,f1,¢°i) I, STEr
Ki(r’fi’¢oi) = ’ (14)

0 r <r
for backscatter leading edges, and, for oblique ionograms,

L]
Rgithkp®yy) T SESty

0 rgsr
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where Ty is the geocentric distance of reflection for fi' In later develop-

ment Ki will be required to be square integrable. However, since both Ki and

Ké have singularities at the point of reflection, Ki is obviously not square

integrable. This difficulty can be remedied by integrating (13) by parts

twice, as suggested by Johnson and Gilbert [1972], to produce

r
P

Gi(rp)x'(rp) + Jr Gi(r)x"(r) dr (16)
b

¥ = -Hi(rb)X(rb)

where

x'(r) dx/dr

x"(r) = dzx/dr2

r

Hi(r) = Ir Ki(r',fi,¢oi) dr'
P
r

Gi(r) = I Hi(r ) dr A 17)
b

Now our original nonlinear inversion problem is reduced to the linear

problem of (16) in which we have M data points to determine x'"(r). In general,
the solution to (16) is nonunique. Among this infinite number of solutions is
a particular one for which

r

2 2 P 2
X (rb) + x' (rp) + J [x"(r)]° dr ) = minimum . (18)
r
b

N

This solution, if it exists, is the optimum solution we seek. It is optimum
in the sense that the constraint condition (18) is satisfied and that the
errors in x(rb) and x'(rp) are minimized and the profile x(r) is very smooth
since the square of its cumulative curvature over the interval (rb.rp] is

minimized. Notice that we have chosen to deal with fractional departurcs of

.
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electron density here as x is defined by (6). But it is possible to introduce
any other reasonable weighting function on &N if so desired by modifying the
definition of the Frechet kernel as done by Green [1975]. Such weighting may
be desirable in cases where parts of data are known a priori more accurately

than others, and hence deserve more weight. 4

The optimum solution can be found easily by introducing Lagrange multi-

pliers Vi Carrying out the process of minimization, the solutions are found
to be
M
(1} N
x"(r) = ]} v,G, (r) (19a)
i=1
M .
' E
x'(r) 'Z v;64(r,) (19b)
i=1
M
x(rp) = - ] vH (r) . (19¢)
i=1
Insertion of (19) into (16) yields
M rp
¥y " jzl v Hi(rb)Hj(rb) + Gi(rp)Gj(rp) + L Gi(r)Gj(r) dr| . (20)
b

Equation (20) can be put in a very compact form if the following vector nota-

tions are used. Let the column vectors be

r 3 = Y
s | Y1
o b .
v = y = (21)
A\
"M M)

and the symmetric M x M matrix A = [A ] have an ijth element

1]
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®

P
(rb) + Gi(rp)Gj(rp) + f Ci(r)Gj(r) dt . (22)

b

A,, = Hi(rb)H

1] 3

Then (20) becomes simply
Y= AV . (23)

For indeperndent data, det A # 0, and (23) can be inverted to give v. Knowing

3, (19a) reduces to

x'(r) = (A5 (24)

where E(r) is a column vector whose ith element is Gi(r). Equation (24), to-
gether with the boundary conditions (19b) and (19c), enables us to compute
x(r) by integrating (24) twice. Once x(r) = SN/N is determined, the desired
correction 8N to the zeroth-order model N(r) is known. Computations can then
be started anew by using the new model, N(r) + &N(r), to produce eventually a
second correction. Thus an iteration procedure is established. By repeated
iteration, a final optimum solution can be achieved. At each step we may

check the value

r

P ST -
x2(rb) + x'z(rp) + f [x"(r)]2 dr = vTAv (25)

Ty
When this value is less than a certain specified small value, the iteration

procedure may be terminated. The final profile N(r) will be the desired opti-

mum electron density profile for the set of data Pmi’ ) S T 8
4. VERTICAL INCIDENCE

As mentioned earlier, the vertical ionogram can be inverted exactly if
the ionization profile increases monotonically with height. However, for the

sake of completeness, we will also work out our scheme for this particular

Biiaames
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case. Since the vertical incidence case is easier to manage analytically, a
numerical example will be given in the next section to illustrate the compu-
tational procedures involved.

For vertical incidence the initial elevation angle ¢0 is 90°. The once-
integrated Frechet kernel Hi(r) no longer exists at r = ey since the singularity
of Ki at r.; as given by (7) is now of higher order. Close attention must be
paid in order not to allow singularities to get out of hand. This can be done

by a slight modification. Taking the Frechet differential of (2) as before,

except for the vertical incidence case, ds is replaced by dr and one obtains

r

{5
y = &b = f Rty de (26)

r

b

with

x(r) = &én/(n + &n) (27)
K(r) = -2/n . (28)

Now (26) is identical in form to (13). An identical procedure can be followed
by first integrating by parts twice and setting up the minimization process
similar to that given in the last section to obtain x. After knowing x(r),
(27) and (3) can be used to find the perturbed ionization profile required

through

$Nee) = (1 = RNJESI[L = U - =)~k . (29)

If one wants, a new model N(r) + &N(r) can be used to replace the initial
model N(r), and the computations are repeated. Thus an iteration procedure is
established as before. This iteration can be terminated when the error is

smaller than some specified value.
5. AN EXAMPLE

For purposes of illustration, we shall assume a parabolic layer

PRI S T hcs ™ TN, RS T O ; - e
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N (2) = N [1 - (2 - 0% 0<z <2y (30)

as the true ionization profile. For simplicity the vertical coordinate z

starts at the bottom of the ionosphere and the ionosphere has a semithickness Y.

In this case the measured group path (equal to twice the group height) is
Pm = Y(f/fc) P.n[(fc o f)/(fc = SEH (31)

where fc is the critical frequency.

Suppose as an initial guess of the profile we assume a linear profile

Ny(2) = az 0<z - (32)

A signal of frequency f incident vertically is reflected at a height B, = fz/ka.

Its corresponding group path is
P =4z . (33)

The Frechet kernel (28) becomes, for this initial profile,

/2

K(z) = -2/(1 - z/zt)l (34)

The corresponding once-integrated and twice-integrated Frechet kernels can be

computed easily as

z
H(z) = J K(z) dz = 42t(1 - z/zt)l/2 (35)
zt
and
z
Glz) = J W) g = -(325/3)[(1 - z/zt)3/2 -1 % - 135

0

With (36) substituted into (19a), we obtain the solution x'"(z). Integrate the
resulting expression twice, constrained by the boundary conditions (19b) and

(19¢c), and we obtain

10

.
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2 Azt - 7212 z2 3 425
x(z) = -v(82t/3) 35 (1 - ;:) - + (zt + 1)z + 72 " 35 < 37)
The Lagrange multiplier v in (37) is computed from
gmn s (38)

where y = Pc - Pm is the difference of time delay in a linear model profile
(32) from that in a true parabolic profile (30) at frequency f, and A is com-

puted from the expression
2 4 5
A= 162t + (64/9)zt 3 (16/5)zt (39)

by using formula (22). After knowing x(z), it is then inserted in (29) to
produce 8N(z). Computations can be repeated anew by using N(z) + 8N(z) as the
model profile, except now the corrected model profile is not necessarily
linear so that a numerical scheme may have to be developed. One possibility
is to use a piecewise linear model.

Let us now adopt some numerical values. We take, for the true (parabolic)

012

profile Y = 100 km, Nm =1 el/m3. Then at a frequency f = 8.693 MHz, we

obtain from (31) Pm = 400 km. For the model (linear) profile, we take

a=1.25x 1010

e

e1/m3/km, which gives PC 300 km at the same frequency.

This gives an error in group path of y = Pc - Pm = -100 km. Substitute thes=a

numerical values in (37) to obtain x(z) which, when inserted in (29), gives
us the perturbed 8N(z) required to reduce the error. The results are shown
graphically in Figure 1. It is seen that by using data only at one frequency,

the once-iterated profile N, + 8N approaches the true profile Np reasonably

L
fast.

11
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6. CONCLUSION

We have outlined in this paper a method whereby ionospheric profiles can
be deduced from oblique sounding data. The method starts by assuming a
guessed zeroth-order profile based on our past experience and the accumulated

knowledge about the ionosphere. An iterative scheme has been worked out to

enable us to improve the computed profiles until the errors are smaller than
some specified value. As an illustration the method is applied to the verti-
cal incidence case, which shows reasonably fast convergence. Encouraged by
this success, we would like to suggest that more extensive numerical compu-

tations be carried out.
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FIGURE CAPTION

Figure 1. Illustrating convergence of the iterative procedure. The parabolic
profile N is assumed to be the real profile. The linear profile
Ni is thePinitial guess. The one-iterated profile is N2 + 6N.
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