6. IONOSPHERIC MODELS

When using the program, one must specify ionospheric models
which define electron density, collision frequency (if the effect of
collisions is being considered), and the earth's magnetic field (if its
effects are being taken into account) as a function of position in space.
Each of these three characteristics of the ionosphere is defined by a
separate subroutine.

Appendices 3, 4, 5, and 6 contain descriptions, input parameter
forms and listings of ionospheric models that now exist. These iono-
spheric models are not likely to cover the needs of everyone who wants to
use the program. Anticipating this when we wrote the program, we made
it possible to add models easily. The user may make up his own iono-
spheric models by simply writing subroutines to define electron density,
collision frequency, and the earth's magnetic field (and their gradi-
ents) as a function of position in space in spherical polar coordinates,
following the form of the subroutines in appendices 3, 4, 5, and 6.

Appendix 3 contains electron density models; appendix 4 con-
tains models of irregularities which may be applied as perturbations
to any of the electron density models; appendix 5 contains models of
the earth's magnetic field; and appendix 6 contains collision frequency
models.

Having several versions of the subroutines for refractive index,
electron density, collision frequency, and the earth's magnetic field
gives the user not only a wide choice among ionospheric models,
but also a variety of compromises between cost and an accurate

description of the ionosphere, while still keeping the program simple.
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7. FINDING THE RAY PATHS THAT CONNECT A TRANSMITTER
AND RECEIVER

The reason for using a ray tracing program is to find all impor-
tant ray paths that connect 2 given transmitter and receiver (either or
both of which may be on a satellite) on a particular frequency and such
properties of these ray paths as group time delay, phase time delay,
and absorption of the wave. ''"All important'' ray paths include those
that reflect from the various ionospheric layers (including multiple
reflections) and that propagate off the great circle path.

Since basically all that a ray tracing program can do is to calcul-
ate the path of a ray when given the transmitter location, frequency, and
direction of transmission, it cannot directly calculate those ray paths that

arrive at a specified receiver. The problem is to know, before tracing
the ray, in which directions to transmit the ray so that it will arrive
at the receiver. Since there are no general solutions to this problem,
the user of a ray tracing program must rely on some sort of trial and
error technique to find those ray paths that connect the transmitter and
receiver. This involves varying the direction of transmission until a
ray is found that reaches the receiver. If a ray tracing program does
this automatically, we say that it has a homing feature. This program
does not have such a feature. To find all the paths connecting the trans-
mitter with the receiver requires a very elaborate homing routine be-
cause "homing in'" on a receiver takes more judgment and common

s ense than speed in performing massive calculations. Therefore, the
person using the program is more fitted to this task than is the computer
program itself.

As an aid, however, the program allows the user to specify the
receiver height, the number of hops, and a range of azimuth and eleva-

tion angles-of-transmission that he thinks will include those rays that
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will arrive at the receiver. The program then calculates a ray path for
each of the azimuth and elevation angles-of-transmission specified in
the range. Usually only in the case of ionospheres with large horizon-
tal gradients will the azimuth angle-of-transmission have to be varied.
The program will calculate each ray path far enough to intersect or
make a closest approach to the receiver height for the requested
number of hops. The user can then interpolate between those rays
which surround the receiver.

We define the point of '"closest approach'' as the point on the ray
path where the wave normal direction is horizontal. It approximates an
apogee if the receiver is above the apogee height and it approximates a
perigee if the receiver is below the perigee height. The approximation
is good for oblique propagation. When the earth's magnetic field is
neglected, a point of '"closest approach'' is exactly an apogee or perigee.

We count one hop every time the ray crosses the receiver height.
If the receiver is on the ground, a ground reflection counts as one hop
for the downcoming ray before the ground reflection, and another hop
for the upgoing ray after the ground reflection. We count two hops
every time the ray passes through a point of '""closest approach' to the
receiver height. This procedure helps make rays that have the same
hop number have a ground range that is a continuous function of the

direction of transmission.

§. OUTPUT
8.1 Printout
Periodically and at selected points during a ray trace, the
program will print information giving the position of the curreat ray
path point, the direction of the wave normal, and the cumulative values
of quantities being integrated along the ray path such as group path,
phase path, absorption, and Doppler shift. Appendix 8c contains a

sample of the printout.
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8. 2 Punched Cards

The program will punch a card at the beginning of each ray, a
card at each ground reflection, a card at each crossing of the receiver
height, two cards for each closest approach to the receiver height, and
a card at the end of each ray to summarize the main results of the ray
path calculations. These cards are explained in figures 1 and 2.

These cards are very useful as input data to other computer
programs and for plotting the results of the ray tracing. In fact, these
cards represent the most useful form of output for production ray path
calculations. This method, called the rayset information-storage
technique, was developed by Dr. T. A, Croft (Croft and Gregory, 1963)

of Stanford University.
8.3 Plots of the Ray Path

A plot of the actual ray path, especially for very irregular iono-
spheres, can be helpful in understanding what sometimes seems like
strange results in light of the input data. Thus, the program has an
option for plotting, providing, of course, that the user has a plotter and
plotting subroutines such as those described in appendix 7. The program
can plot the projection of the ray path on any vertical plane or oa the
ground. The input parameter forms for plots of the ray path (appendix 1i)

give more details. Appendix 8e contains sample plots of the raypath.

9. DECK SET UP

The versatility gained by having several versions of some of the
subroutines is somewhat offset because the user must learn the deck
set up in order to make necessary substitutions. Figure 3 shows the
deck setup, including the subroutines that make up the main deck and
those which are frequently exchanged with alternate versions. The

order of the subroutines is unimportant.
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.,
Col. 80 Alphabetic character indicating type of rayset*®
Col. 79 Hop number ===

Col. 74-78 Imaginary pa.rt_of wave polarization

La:-— ~Nox o - X w X~ m:m'
0 - ~ e . -— T _~ T — P A |

Col. 69-73 Real part of wave polarization

Rt T N
Col. 63-68 Doppler shlft, Hz
Col. 57-62  Absorption, db 3
FE- SES 2EX SE~ =aa |
Col. 51-56 Phase path minus straight line distance

between transmitter and ray point, km

—_—— = — o o

= - o~ —_— e —=2Z 1

Col. 45-50 Group path minus straight line distance
between transmltter and ray point, km

i oZIn DI

{: T — o~ ; e - ¥ w F o~ o T
Col, 37-44 Straight line distance between transmitter
and ray point, km

—

=4tdu | from great circle between
Col. 19-24 At transmitter | transmitter and receiver

S5~ ~Be =whwe @i~ 22;1
R e N E S
Col. 31-36 Elevation angle of arrival, deg
=5~ B whw w8 :2:\
©8— &g =wlw @3~ =3
Col, 25-30 At ray point =«=| Azimuth angle of wave
’cﬁ—h eI normal, deg clockwise
SZ=- B2 wE= 2EDR ‘}

Col. 10-18 Ground range between transmitter and
receiver, km

-- COl. 1- . . w ~ e~ oo ~ o - )
i o 9 - H?.l.ght c.f.rfy’mlfrﬂ indicates implied
2 E:_ 5I Iz 2:f sz decimal
ii_——_ﬁl"’ - = U w =~ oo — o
\ G21906 3907‘3)
*G ray ground reflected. The height punched out is
the apogee height since the last ground reflect.
M ray made a closest approach to the receiver height
P ray penetrated
R  ray at the receiver height. The height punched out

is the height of the ray farthest from receiver height
since last crossing of receiver height
S program reached maximum number of steps

Figure 2. Sample minimum distance rayset.
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Subroutine to calculate the strength
and direction of the earth's magnetic
field and its spatial derivatives.

(Use only with versions of RINDEX with
the earth's magnetic field.)

Subroutine to calculate collision
frequency and its gradient, (Usc
only with versions of RINDEX with
collisions.)

Subroutine to define a
perturbation to an electron
density model.

Subroutine to calculate

electron density and its SUBROUTINE (any name) \
gradient. ENTRY COLFRZ

SUBROUTINE (any name)

Insert one of eight versions of ENTRY MAGY

RINDEX to calculate the refrac- SUBROUTINE (any name) '\
tive index and its gradient. ENTRY ELECTI1

(Described in section 3.) SUBROUTINE (any name) N

ENTRY ELECTX
SUBROUTINE (any name)
ENTRY RINDEX
| SUBROUTINE RKAM
| SUBROUTINE HAMLTN
| SUBROUTINE LABPLT
These routines | SUBROUTINE PLOT
make ap the | SUBROUTINE RAYPLT
main deck [ SUBROUTINE PRINTR
| SUBROUTINE POLCAR
| SUBROUTINE REACH
| SUBROUTINE BACK UP
| SUBROUTINE TRACE
| SUBROUTINE READW

PROGRAM NITIAL

Figure 3. Program deck set-up
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10. INPUT

The input data for a ray tracing program divide themselves
naturally into two groups:

First, data that control the type of ray trace requested, such as
the transmitter location and frequency, plus parameters describing
analytic models of the ionosphere. Since there are few of these,
efficiency in packing such data can be exchanged for versatility and
ease of data handling. Therefore, by putting only one piece of data on
each card, we gain the conveniences of reading in these data in any order
and of having the program read in only those data that are different
from those of the previous case. A number in the first three columans
of each card identifies the data being read in. Table 2 defines the
identifying numbers that are subscripts for a linear array, W. The
last 56 columns of the card are available for comments.

We have also provided a method for conversion of units for input.
The computer program needs angles in radians, whereas people usually
like to use angles in degrees. The program is set up for angles in radians,
but putting a '"1" in column 18 allows the user to enter the angle in degrees
and have the program make the conversion. A '"1" in column 19 allows
the user to enter central earth angles as the great circle distance along
the ground in kilometers. (The program will calculate the latitude of a
transmitter which is 500 km north of the equator, for instance.) The
program expects distances in kilometers. A "1" in column 20 indicates
a distance in nautical miles, and a "1" in column 21 indicates a distance
in feet.

Appendix 8b contains a sample of how the cards are to be punched.
If two or more cards have the same identifying number, the last one
dominates. A card with the first three columns blank indicates the end

of this type of data cards.
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Table 2. Description of the Input Data for the W Array

Wi

Wz 2k
W3
W4
W5
w7
W38
w9
Wil
W12
W13
W15
W16
wil7
w20
w21

W22
W23
W24
W2 5%
W41

W42
W43
W44
W45k
W4 6%
W4T
W57
W58
W59
w60
w71
w72
wsl

Wg2-88

W100-149
W150-199
W200-249
W250-299

= 1. for ordinary ray

=-l. for extraordinary ray

Radius of the earth in km

Height of transmitter above the earth in km

North geographic latitude of the transmitter

East geographic longitude of the transmitter

Initial frequency in MHz

Final frequency in MHz

Step in frequency in MHz (zero for a fixed frequency)

Initial azimuth angle of transmission

Final azimuth angle of transmission

Step in azimuth angle of transmission (zero for a fixed azimuth)
Initial elevation angle of transmission

Final elevation angle of transmission

Step in elevation angle of transmission (zero for a fixed elevation)
Receiver height above the earth in km

Nonzero to skip to the next frequency after the ray has penetrated
the ionosphere

Maximum number of hops

Maximum number of steps per hop

North geographic latitude of the north geomagnetic pole

East geographic longitude of north geomagnetic pole

=l. for Runge-Kutta integration

=2. for Adams-Moulton integration without error checking
=3. for Adams-Moulton integration with relative error check
=4, for Adams-Moulton integration with absolute error check
Maximum allowable single step error

Ratio of maximum single step error to minimum single step error
Initial integration step size in km (step in group path)
Maximum step length in km

Minimum step length in km

Factor by which to increase or decrease step length

=1l. to integrate, =2. to integrate and print phase path

=l. to integrate, =2, to integrate and print absorption

=l. to integrate, =2. to integrate and print doppler shift

=1. to integrate, =2. to integrate and print path length
Number of steps between periodic printout

Nonzero to punch raysets on cards

=0. to not plot ray path

=1l. to plot projection of ray path on a vertical plane

=2, to plot projection of ray path oa the ground

Parameters used when plotting

Parameters for analytic electron density models

Parameters for perturbations to electron density models
Parameters for analytic magnetic field models

Parameters for analytic collision frequency models

*These values have been initialized in the main program but may be reset by reading
them in. See Appendix lb for the initial values,
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A second group of input data cards are necessary if nonanalytic iono-
spheric models such as the electron density profile defined by subroutine
TABLEX or the collision frequency profile defined by subroutine TABLEZ
are used. Each subroutine defining a nonanalytic ionospheric model reads
in data cards according to a format defined in that subroutine. An ele-
ment in the W array controls the reading of these cards. (See table 2.)

Figure 4 shows the order in which these data cards should be arranged.
11. ACCURACY

The numerical integration subroutine has a built-in mechanism to
check errors and adjust the integration step length accordingly. If
the errors get larger than a maximum specified by the user, the routine
will decrease the step length in order to maintain the accuracy. On the
other hand, if the accuracy is greater than that required by the user,
the routine will increase the step length in order to reduce the comput-
ing cost. The user specifies the desired accuracy in W42 (see
table 2). W42 is the maximum allowable relative error in any single
step for any of the equations being integrated. To get a very accurate
(but expensive) ray trace, one can use a small W42 (about 10—501' 10-‘6 ).
For a cheap, approximate ray trace, one should use a large W42
(10_3 or even 10 °). For cases in which all of the variables being inte-
grated increase monotonically, the total relative error can be guaranteed
to be less than W42. Otherwise, the total relative error cannot be
easily estimated.

The far left column of the printout frorm the ray path calculation
gives an indication of the integration error in the magnitude of the vector
which points in the wave normal direction. Although the calculation of
this error is made independently of the error calculation in the numeri-
cal integration routine, we have found that except near reflection for ver-

tical or near vertical incidence this error is usually of the same order
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etc.

Az

o 4
I
i

TITLE CARD

I

C ollision frequenc rofiles (ifan
r Yy P Yy
I

‘ I Magnetic field data (if any) \\\ .l!lll
| Electron density profiles (if any&

~{ Blank Card
N -

Data for the W ARRAY
TITLE CARD \ J

0
I Collision frequegcv profiles (if an)b\ .
T :

C N\ (LU
1 Magnetic field data (if any) : :

Electron density profiles (if any) \\
A card with the first three column

blank to indicate the end of data
in put into the W ARRAY
| o

= N
DATA for the W ARRAY, one per ¥

card as shown in Appendix 8h. iy This may be repeated
as often as necessary.

TITLE CARD, the first three
columns identify the ionosphere

Figure 4. Data deck set-up.
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of magnitude as that specified in W42. We have found that whenever
this error has exceeded W42 by several orders of magnitude, the elec-
tron density subroutine we had written was calculating a gradient of
electron density inconsistent with the spatial variation of electron
density being calculated. See the general description of electron

density models in Appendix 3a for more information.

12. COORDINATE SYSTEMS

The program uses two different spherical polar coordinate
systems, namely, a geographic and a computational coordinate system.
Input data for the coordinates of the transmitter (W4 and W5) and input
data for the coordinates of the north pole of the computational coordi -
nate system (W24 and W25) are entered in geographic coordinates.
(Putting W25 equal to 0° and W24 equal to 90° would superimpose the
two north poles and equate the two coordinate systems. )

When the two coordinate systems do not coincide, the three types
of ionospheric models calculate electron density, the earth's magnetic
field, and collision frequency in terms of the computational coordinate
system. In particular, the dipole model of the earth's magnetic field
uses the axis of the computational coordinate system as the axis for the
dipole field. Thus, when using this dipole model, the computational
coordinate system is a geomagnetic coordinate system, and both elec-
tron density and collision frequency must be defined in geomagnetic
coordinates. Dudziak (1961) describes the transformations between

these coordinate systems.
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