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The 8th line from the bottoa of page 9 should read:
(1) the dispersion relation cannot be exactly satisfied, or

The first line in the 3rd complete paragraph on page 12 should read:
Similarly, the AHWFNC (Appleton-Hartree, with field, no colli-

Line BACK062 in SUBROUTINE BACK UP on page 76 should be replaced by:
H=R(1) -EARTHR -~ BACKO519
STEP=(-R(4) -8QRT (R(4)**2-2, * (H-HS) *R(4) /DRDT(1) *DRDT(4))) /DRDT(4) BACKO52

Line BACKO60 in SUBROUTINE BACK UP on page 76 should read: ,
IFC(ABSCR(1) -EARTHR-HS) .LT. .6E-4 .AND.ABS(STEP) .LT.1.) GO TO 60 BACKO60

Line PRINOOS8 in SUBROUTINE PRINTR on page 78 should read:
1 LPOLAR(2) , SGN PRINOOS

Line PRIN126 in SUBROUTINE\PRINTR on page 80 should read:
RANGE=EARTHR*ATAN2 (RCE , EARTHR+EPS+XNTRH) PRIN126

Following line WF¥C006 in SUBROUTINE AHVFWC on page 93, insert the line:
2 7 R | WFWC0065

Line BQNC020 in SUBROUTINE BQWFHC on page 100 should read:
REAL N2.NNP.LPOLAR.LPOLRI.KR.KTH.KPB.K2,KDOTY.K4.KDOTY2. BQNC020

Line TABX084 in SUBROUTINE TABLEX on page 112 shonld read:
PXPR=PXPTH=PXPPH=0 . | ’ TABX064

Following line CHAPO24 in SUBROUTINE CHAPX on page 116, insert the line:
PXPPH=0, CHAP0245
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Line VCHAO10 in SUBROUTINE VCHAPX on page 117 should read:
X=PXPR=PXPTH=PXPPH=0.

Line DCHAO13 in SUBROUTINE DCHAPT on page 119 should be replaced by:
HNAX1=HN1+EARTHE*THETA2 ‘
HNAX2=HN2+EARTHE+THETA2
HNAX=HMAX1
IF(FC2.GT.FC1.0R.FC2.EQ.FC1.AND .HNAX2.GT.HNAX1) HMAX=HMAX2

Line DCHAO14 in SUBROUTINE DCHAPT on page 119 should read:
X=PXPR=PXPTH=PXPPH=0.

Line DCHAO17 in SUBROUTINE DCHAPT on page 119 should read:
21=(H-HNAX1) /8H1

Line LINEO13 in SUBROUTINE LINEAR on page 120 should read:
X=PXPR=PXPTH=PXPPH=0.

Line PARAO12 in SUBROUTINE QPARAB on page 121 should read:
X=PXPR=PXPTH=PXPPH=0

Following line BULGO38 in SUBROUTINE BULGE on page 123, inaort the line:
PXPPH=0.

Following line EXPX014 in SUBROUTINE EXPX on page 124, imsert the line:
PXPTH=PXPPH=0.

The equation for the gyrofrequency near the top of page 143 should read:
Fg = Fg (Ry/(Ry + B))3(1 + 38 cos?d) /2
0

vhere & is the geomagnetic colatitude.

Line TABZ016 in SUBROUTINE TABLEZ on page 163 should read:
IF CREADNU.EQ.0.> GO TO 10
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STATEMENT OF MISSION

The mission of the Office of Telecommunications in the Department
of Commerce is to assist the Department in fostering, serving, and
promoting the nation’s economic development and technological
advancement by improving man’s comprehension of telecommuni-
cation science and by assuring effective use and growth of the
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In carrying out this mission, the Office
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of policy as required by the Department of Commerce
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functions responsive to the needs of the Director of the Office
of Telecommunications Policy, Executive Office of the Presi-
dent, in the performance of his responsibilities for the manage-
ment of the radio spectrum

o Conducts research needed in the evaluation and development
of telecommunication policy as required by the Office of Tele-
communications Policy, pursuant to Executive Order 11556
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PREFACE

This report documents the latest version of the three-dimensional
ray tracing program originally described in "A Three-Dimensional Ray
Tracing Computer Program," by R. M. Jones, ESSA Technical Report
IER 17-ITSA 17, and later modified in ""Modifications to the Three-
Dimensional Ray Tracing Program Described in IER 17-ITSA 17," by
R. M. Jones, ESSA Technical Memorandum ERLTM-ITS 134. This

report replaces all of the material contained in the above two reports.
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A VERSATILE THREE-DIMENSIONAL RAY TRACING
COMPUTER PROGRAM FOR RADIO WAVES
IN THE IONOSPHERE

% : ook
R. Michael Jones and Judith J. Stephenson

This report describes an accurate, versatile FORTRAN
computer program for tracing rays through an anisotropic
medium whose index of refraction varies continuously in three
dimensions. Although developed to calculate the propagation
of radio waves in the ionosphere, the program can be easily
modified to do other types of ray tracing because of its organi-
zation into subroutines.

The program can represent the refractive index by either
the Appleton-Hartree or the Sen-Wyller formula, and has
several ionospheric models for electron density, perturbations
to the electron density (irregularities), the earth's magnetic
field, and electron collision frequency.

For each path, the program can calculate group path
length, phase path length, absorption, Doppler shift due to
a time-varying ionosphere, and geometrical path length. In
addition to printing these parameters and the direction of the
wave normal at various points along the ray path, the program
can plot the projection of the ray path on any vertical plane or
on the ground and punch the main characteristics of each ray
path on cards,

The documentation includes equations, flow charts, pro-
gram listings with comments, definitions of program variables,
deck set-ups, descriptions of input and output, and a sample
case. :

Key words: Ray tracing, computer program, radio waves,
ionosphere, three-dimensional, Appleton-
Hartree formula, Sen-Wyller formula.

Yo
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1. INTRODUCTION

This report describes a three-dimensional ray tracing program
written in FORTRAN language for the CDC-3800 computer. Copies of
the program deck are available from the Institute for Telecommunication
Sciences.

Earlier versions of this program have been in use now for over nine
years, both by us and by people scattered all over the world. During that
time we have improved and modified the program to the exteat that we now
need to document these changes so that the present program will be easier
to use. We have included the input parameter forms that we use to request
ray path calculations because they give nearly all the necessary input data

and describe the electron density, collision frequency, and magnetic field

models,

2. GENERAL DESCRIPTION

This computer program traces the path of radio wave through a
user-specified model of the ionosphere when givea the transmitter location
(longitude, latitude, and height above the ground), the frequency of the
wave, the direction of transmission (both elevation and azimuth), the

receiver height, and the maximum number of hops wanted.

3. RAY TRACING EQUATIONS

The program calculates ray paths by numerically integrating
Hamilton's/ equatibns. Lighthill (1965) gives Hamilton's equations in
four dimensions (three spatial and one time) for Cartesian coordinates.
Haselgrove (1954) gives Hamilton's equations in three dimensions for |
spherical polar coordinates. Combining the two gives Hamilton's
equations in four dimensions in which the three spatial coordinates are

spherical polar (see Table 1 for a definition of the symbdls):

dr _ 3H



Table 1. List of the More Important Symbols

(¢} (o5 I

Q

F(w)

P!

r, ean

In section 3, absorption in decibels,

Magnetic induction of earth's magnetic field.
Speed of electromagnetic waves in free space.
Cosine of the anglle of incidence on the ionosphere.

Charge of the electron (a negative number).

exp t)dt

F(w) =WC3/2(W)+1 Cy /g™ = 3/2, S S
(Davies, 1965, p. 86)

Wave frequency.

Frequency shift of a wave due to a time varying iono-
sphere (sometimes called Doppler shift).

Gyro frequency for electrons, |e|B /2mm.
Plasma frequency, (Ne®/4n®¢ m)%
wEF(w).

Hamiltonian.

Components of the propagation vector in the r, 8, ¢
directions --a vector perpendicular to the wave front
having a magnitude 2n/\ = w/v.

Mass of electron.

Number of electrons per unit volume.

Phase refractive index (in general complex).
Group refractive index (in general complex).

Phase path length, phase of wave divided by free space
wave number Zn/xo.

Group path length ct.
Coordinates of a point in spherical pol‘ar coordinates,
Geometric ray path length.

Sine of the angle of incidence on the ionosphere.




- Table 1. (Continued)

t Time, travel time of a wave packet.

U 1 - iZ in the Appleton-Hartree formula or Z/F(1/Z) =
1/G(1/2) in the Sen-Wyller formula.

V.,V ,\ \4 Components of the wave normal direction in the r, 9,

o8 e g ¢ directions, normalized so that V2 + V2 + V2 =

Real {n®}. i 8 @

v Phase velocity.

X uaf\I Jo® = 2 /2 = Nez/(eomu)e).

Y /0 = fH/f;

YL Y cos {.

YT Y sin ¢.

Z - v/w or um/w.

€, Electric permittivity of free space.

8 Colatitude in spherical polar coordinates.

A Wavelength.

A, Wavelength in free space.

v Electron collision frequency.

v Mean electron collision frequency.

o) Characteristic wave polarization (definition in Table 6).

Pr, Longitudinal polarization (definition in Table 6).

T Independent variable in Hamilton's equations.

W) Longitude in spherical polar coordinates.

¥ Angle between wave normal and -Bo.

W 2rnf, angular wave frequency.

Aw 2mAf, angular frequency shift.

Wy 2mf = |e|B°/m, angular gyrofrequency.

oy 2ty = (Nea/eom) , angular plasma frequency.




de _ 1 3H -
dr r 3 ’ (2)
8
dp 1 3H | 5)
dr  r sin® 3k '
a
dr (4)
dk
r_3H de .o do
dr ar T ke dr +kcp sind dr ’ (5)

_6_1, 8 _, dr deo 6
7 r ("3 kOdT+kcprcosed‘T>’ (6)
dk
Q- 1 JoH i if.-k de 7
dr -rsin9< dep kcp S'med'r erOSGdT> ’ (7)
d H
—(2':9'_ ’ (8)
T at

The variables r, 8, ¢ are the spherical polar coordinates of a point on

the ray path; kr’ k , and k are the components of the propagation vec-

0 .
tor (wave normal. direction normalized so that in free space

2
2 2 2 _ W
k™ + kg +kcp =7 (9)

where w = 2nf is the angular frequency of the wave and c is the speed of
propagation of electromagnetic waves in free space); t is time, in (4) it
is the propagation time of a wave packet, in (8) it expresses the varia-
tion with time of a time varying medium; T is a parameter whose value

depends on the choice of the Hamiltonian H.



For actual calculation, the ray tracing program uses group path
P' = ct as the independent variable because the derivatives with respect
to P' are independent of the choice of Hamiltonian, allowing the
program to switch Hamiltonians in the middle of a path. This choice
automatically /causes the program to take smaller steps in real path
length near reflection where the calculations are more critical. The

resulting equations obtained by dividing (1) through (8) by c times (4)

are.
ar 1 aH/akr _ (é)
dP' - "¢ °H/3w
do _ 1 /3K 10)
dP' ©  rc 3H/dw ’
dp _ ___1 ek (11)
dp! rc sin§ aH/dw '
r _ 1 3H/3r de .. d
s e Foamt t 5 sme——ﬂdp, , (12)
dk '
6 _ 1 /13H/36 dr dop
ap' T T (c SH/30 e apt T K, ¥ cos® dP'> ' (13)

dk
o __ 1 (laH/fw , .. ,dr de
B - 7 oioe (c a_ﬁ%f kcp sin® =43 kcprcose dP'> ; (14)
2 om— = e ‘ (15)

i} __l_aHéat
T 2m d3H/¥w



Equation (15) for the frequency shift of a wave propagating through
a time varying medium follows directly from Hamilton's equations (4)’
and (8). An alternative derivation is given by Bennett (1967). For large
frequency shifts, the frequency shift should be accumulated along the
ray path and the shifted frequency used in calculations at each point on |
the ray path. Equations (1) through (8) imply that all eight dependent
variables vary along the path, aﬂd that at each point on the path the instan-
taneous value of all parameters (including frequency) is gséd in further
evaluations of the equations. However, the time variation of the iono-
sphere due to natural causes (such as solar flares) is so slow that the
resulting frequency shifts are small enough (less than one part in 108 )
to have negligible effect on the propagation. For this reason, the pro-
gram calculates frequency shift to compare with frequency shift measure-
ments, but does not adjust the carrier freqﬁency of the wave used in the
propagation calculations.

The first six differentiai equations (9) through (14) are always
integrated. The user can choose whether to have the program integrate
(15) to calculate the frequency shift.

There are three other quantities that can be calculated by integra-
tion along the ray path. The phase path P (phase divided by the free

space wavenumber 2m/A = w/c) is calculated by integratin
(o] S . g

dP ¢ /. dr de dy
a5 g (B am TR Tt Kp ¥ g )
aH aH 3H
, etk 2k, Ko Bk
-1 . 16
w d3H/ 3w « ) : (16)

If the absorption per wavelength is small (as it must be for this type of

ray tracing to be valid), then an approximate formula can be integrated



to give the absorption in decibels

. o° .
dA 10 o maglF )

_ w dP
dP!'~ " log 10 ¢ k®*+k?+ k* dP!
e r 9 ®
H 3H 3H
T T SR : S
10 imag (-('9—2- n®) “r a3k 8 3k p ok
- c : r 9 Q. (17)
log 10 k2®+k?+k? c d3H/>w ’
e r e P

where n is the (complex) phase refractive index. The geometrical path

length of the ray can be calculated by integrating

2

ds_. /(fgf b5 () o aite (22

JEET () (&Y
- - r 8 © (18)

c. 3H/ 3w

The user can choose to have frequency shift, phase path, absorption,
or path length calculated using equé.tions (15), (16), (17), or (18) and
printed by setting the appropriate ;ralue in the input W array. (W59,
W57, W58, W60 in Table 2.)

If the user wants to add differential equations to the program, he
can do so by modifying subroutine HAMLTN, which evaluates Hamil-
ton's equations. '

The Hamiltonian and its derivatives are calculated by one of the
versions of subroutine RINDEX, which also calculates the phase refrac-

tive index and its derivatives.

4. CHOOSING AND CALCULATING THE HAMILTONIAN
Because Hamilton's equations guarantee that the Hamiltonian is con-

stant along the ray path and because it is desirable to have the dispersion



relation satisfied at each point on the ray path, it is usual to write the
dispersion relation in the form H = consfant and choose that H as the
Hamiltonian. TWo problems arise. First, in a lossy medium the dis-
persion relation is complex, so that the resulting complex Hamiltonian
gives ray paths having complex coordinates when used in Hamilton's
equations. Second, in some cases some forms of the dispersion rela-
tion have compﬁtational advantages over others when used as a Hamil-
tonian. |

Allowing the coordinates of the ray path to assume complex values
is called ray tracirfg in complex space (Budden and Jull, 1964; Jones,
1970; Budden and Terry, 1971) which is the extension to three dimen-~
- sions of the Iﬁhase integral method (Budden, 1961). Ray tracing in
complex space is necessary to calculate the propagation of LF radio
waves in the D region of the ionosphere (Jones, 1970), and it may also
be needed for some mediﬁm frequencies.

However, the effect of losses on the ray path of HF radio waves in
the ionosphere is probably small, so that the only effect of losses
is to attenuate the signal. For this case, then, it is desirable to find a
pre scription for calculating ray paths having real coordinates. Several
methods exist for doing this, and except for computational difficulties,
one is probably as good‘ as another. One should recognize that along
the ray path:

(1) the dispersion relation cannot be exactly satisfied, or

(2) Hamilton's equations cannot be satisfied, or

(3) both of the above.
In our program, we have chosen to keep Hamilton's equations and re-
quire only the real part of the dispersion relation to be satisfied,
neglecting the imaginary part. Another approach (Suchy, 1972) is to
alter Hamilton's equations so that the full complex dispersion relation

is still satisfied along a ray path having real coordinates. We are

>



reasonably certain that for any situation in which Suchy's method gives

significantly different answers from ours, neither method is valid;
ray tracing in comi:lex space or an equi\;'alent method would then be
required.

Three choices for the Hamiltonian illustrate the cor;nputational dif-
ficulties involved. Haselgrove (1954) used the following Hamiltonian

R (k® + k2 +k2)%
T )

(3 )
H= W - real (n)

-1, (19)

. ,
which, except for the effects of errors in the numerical integration and

the value of the independent variable, is equivalent to

real (n)

i

1 -4

3
c(k2+k3+k2)
r 6 o

real {1 .8 3 } (20)

There are eight versions of the subroutine RINDEX which calculate

(k2+k3+k

the Hamiltonian and its partial derivatives. (Eight versions allow the
user to choose the Appleton-Hartree formula oi' the Sen-Wyller formula},
and to include or ignore the earth's magnetic field and collisions.) Six of
these versions (subroutines AHWFWC, AHWFNC, AHNFWC, AHNFNC,

SWWF, and SWNF) use the following Hamiltonian:

H

1 c?
— ka ; k2 t ka - 3 n2
2 (w§ ( r 9 Qp) real ( )>

2 4 kc:) - na)} . (215/

real {% (-"u;- (k2 + X

The other two versions (subroutines BQWFWC and BQWFNC) use as a
Hamiltonian the real part of the quadratic equation whose solution is

the Appleton-Hartree formula (Budden, 1961)

10 F\



H = real {[(U-X) U2 -Y2U] c*i* + X(k* Y)° c*k® +
+ [-2U(U -X)? + Y3(2U -X)] c*KPw® -X(k- Y)® c®u® +

+ [(U-X) - Y%7 (U -X) w"'} (22)

except in or near free space (defiﬁed by X < 0.1) where they also use
(21) as the Hamiltonian, In(22), U=1 -iZ, and X, Y, and Z are the
usual magnetoionic parameters. ‘

In a lossy medium, the Hamiltonians in (20), (21), and (22:) determine
‘sligﬁtly different ray paths, but the differences are significant only when
it is no longer valid to represent ray paths with coordinates that are
real rather than complex. In fact, this is a weak criterion. The ray
paths determined by these three Hamiltonians will become invalid be-
fore there are noticeable differences between the three ray paths‘.‘ In
a lossless medium, the above three Hamiltonians determine identical
ray paths (except for integration errors).

For either a lossy or lossless medium, some of the aboye three
Hamiltonians have computational difficulties. Special care must be
taken in using (19) or (20) in an evanescent region (which is frequently
necessary at or near vertical incidence because the numerical integra-
tion subroutine usually requires the evaluation of the differential equa-
tions not only on the ray path, but also at points near the ray path), For
instance, in a lossless medlum, real (n) is zero 1n an evanescent
region, which leads to problems in (19) and (20). Thzs problem will
not arise in (21) because real (n® ) is well behaved in or at the boundary
of an evanescent region, nor will it occur in usmg (22).

Neither (20) nor (21) (nor any other Hamiltonian based lon the refrac-
tive index) will work for a ray passing through,a spitze (Davies, 1965, |

P. 202) because the refractive index is indeterminate at (awsi)i‘tze, ahd

' 11



some of the derivatives of n diverge. So far, we have had no problems
using (22)\ to calculate ray paths through a spitze with or without
collisions.

However, the Hamiltonian in (22) will not work in or near free space
because all of its derivatives are zero in free space. This problem is
related to (22) not being able to distinguish between ordinary and extra-
ordinary waves. To get started, the program uses (21) until the elec-
tron density is large enough that X is equal or greater than 1/10.

As far as we can tell, the AHWFWC (Appleton-Haftree, with field,
with collisions) version of subroutine RINDEX has been made obsolete
by the BQWFWC ‘(Booker quartic, with field, with collisions) version..
The latter will do everything the AHWFWC version will do and in addi-
tion it will calculate rays through spitzes. ‘A few trial runs, however,
indicate that AHWFWC runs about 30 percent faster than BQWFWC.

Similafly, the AHWFNC (Appleton-Hartree, with field, no colli-
sions) version has béen made obsolete by the BQ\X/’FNC version, which
apparently runs just as fast as the AHWFNC version. We/ are contipu-
ing to include the AHWFNC version just in case there /"é’t’re undiscovered
problems with the BQWFNC version. \

In addition to the Appleton-Hartree formula, which is based on a
constant collision frequency, the program also includes the ge;eralized
formula of Sen and Wyller (1960), which assumes a Maxwell-Boltzman
distribution of electron energy and a collision frequency proportional to
energy. Two versions of subroutine RINDEX use the Sen-Wyller formula
for calculating the refractive index and the resulting Hamiltonian wi>th‘
its derivatives. These are SWWF which includes the effects of tﬁe
earth's magnetic gyeld and SWNF which neglects the Earth's magnetic
field. The SWWF versmn will probably not work for calcula.tmg rays

through a spitze. It would be poss1b1eyto make a version which used as

12



its Hamiltonian the quadratic; equation whose solution is the Sen-Wyller
formula for calculating rays through a spitze, but it is unlikely that we
will ever do that. . | ' p

The versions of subroutine RINDEX that use (21) for a Hamiltonian

use the following formulas for calculating the derivatives of that

Hamiltonian.
3 _ _an | f
3t - Pt ! (23)
3H _ __an
dr = -n dr s (24)
H _ 30
26 28 (23)
aH dn
== -n— , 26
Y nacp (26)
oH nn'
- 22 ' 27
dw W ' (27)
d3H _ c? c _3n
—B == kr - n T (28)
r r
d3QH c*® c_ dn ‘
=73k, -—mn7- (29)
o) 5 w 8 w 2 5
2
A .Sk S ~(30)
) wT o w3
® ®
= 3 . 3 . 3H BH \
k Sir'-kr Bkr +ke ake +-kCP-akcp =n® , (31

where n' is th}g group refractive index defined by

13



dn dn
|_u — — ,
n n+fdf n+wdw ) (32)

and Vr’ Ve, and V are the components of the wave normal direction in
)

the r, 6, and ¢ directions normalized so that

2 2 2 2
VI+Ve +ch = Real {n°} . (33)

The derivatives of the Hamiltonian in (22) are given in section 5. 5.

5. REFRACTIVE INDEX EQUATIONS

The refractive index equations used in this ray tracing program
are based either on the Appleton-Hartree férmula (Budden, 1961) or on
the generalized formula of Sen and Wyller (1960), There are eight ver-
sions of SUBROUTINE RINDEX, the subroutine that calculates the re -(/l
fractive index and its gradient:’ ,

(1) Appleton-Hartree formula with field, With collisions.

(2) Appleton-Hartree formula with field, no collisions.

(3) Appleton-Hartree formula with collisions, no field.

(4) Appleton-Hartree formula no field, no ¢ollisions.

(5) Booker quartic with field, with collisions.

(6) Booker quartic with field, no collisions.

(7) Sen-Wyller formula with field.

(8) Sen-Wyller formula, no field. -

Each of these eight versions calculates n®, nn', n an/3r, n én/ae,

n 3n/3yp, n an/dVs,n an/aV , n an/aV , n 36/3t, and the i:olarization,
where n is the complex phase refractwe 1ndex, n' is the complex group
refractive index; r, 8, and ¢ are the sphencal polar coordinates of a
point on the ray path, and Vr, vV o’ and ch‘are the components of the

wave normal direction in the r, 0, and ¢ directions. The quantities



X, 3X/3r, 3X/36, 3X/3yp, and 3X/at are supplied by one of the versions
of subroutine ELECTX which defines the electron density model. The
quantities Y, 3Y/3r, 3Y/38, 3Y/30, Y, Y /ar, 3Y /28, Y /acp,

Y, dY /ar, dY /ae, dY /acp, " dY /ar, ach/ae and 3Y /acp are
supphed by one of the versmns of subroutme MAGY which defmes the
magnetic field model. The quantities Z, 3Z/3r, 3Z/36, and 3Z/3p are
supplied by one of the versions of subroutine COLFRZ which defines

the collision frequency model.

In our formulation, we have tried to avoid using multivalued
functions, such as the square root or cos-l, wherever possible. Only
twice do we use the square root. One instance is the square root in the .
Appleton-Hartree formula, unavoidable without adding more differential
equations to the system. The second instance is a square root used to
calculate polarization. This latter use is unimportant because the
polarization is not used in the ray tracing equations.

It is desirable to avoid multivalued functions because, unless
extreme care is used, the value of such a function can change discon-
tinuously from one poiat on the ray pa;th to the next. A particularly
troublesome ;:ase occurs at reflection for vertical incidence. At that
point, the real part of n goes through zero, and n changes from
approximately purely real to approximately purely imaginary. Since

the numerical integration subroutine usually requires the evaluation of

the differential equations not only on the ray path, but also at points
near the ray path, it is necessary to be able to evaluate the differential
equations above the reflection height, that is, in an evanescent region.
We have found that it is possible to regroup the variables in the
equations to avoid this problem: we calculate the real part of n® and
its derivatives instead of the real part of n and its derivatives. And

N
., ’
we calculate nn instead of n .

15



It was not easy to avoid using multivalued functions, however. Many
of the usual parameters used to compute the refractive index require the
use of multivalued functions in their calculation. Thus, we couldn't

calculate

Ve VZo V2 o4y
r 8 ®

nor cos {, nor sin {, where ¥ is the angle between the wave normal
direction and the earth's magnetic field. Thus, we also could not

calculate

i

Y

L Y cos ¥

nor

Y

T Y sin ¥,

The most difficult part of avoiding the use of multivalued functions was
in calculating‘ the derivatives,
7

The following is a list of the equations calculated by the eight versions

of subroutine RINDEX.

5.1 Appleton-Hartree Formula with Field, with Collisions

The square of the complex phase refractive index is given by

{

n® = 1-2X 1-iZ2-X > , (34)
-3 i7 - - 2 4 2 17 - 2
2(1-iZ)}(1-iZ -X) YT + YT + 4YL(1 iZ-X)
where £2 \
X=X (35)
f2
f
v=F , (36)
Vv
2= 1)
YT =Y sin ¥, (38)
YL =Y cos U, , ( ‘ (39)



N

the electron collision frequency, f is the wave frequency, and V¥ is

f__is the plasma frequency, fH is the electron gyrofrequency, Vis

the angle between the wave normal direction and the earth's magnetic

field.

The following equations parallel the formulas in this version of

RINDEX.

V2 = V2 + V2 +VE
r %

8
V-Y=VrYr+VeYe+VqJYcp

Lo_v-xy
v Ve
YZ__‘.(I\I.Y)2
L Ve
2 - yv2 _v?
YT Y YL |
4 2 2
5= (%)
U=1-1iZ

= 4 2 Jvy2
RAD :I:JYT +4YL (U-X)

D

2U(U-X) - Y?r + RAD

_ 2X(U-X)

2 _
n° =1 D

Y?I, - 2{U-X)? )

ZX(U-X)(-I s

Y. Y _ oy D2

17

(40)

(41)

(42)
(43)
(44)
(45)
(46)
(47)
(48)

(49)

(50)



L
Y Y _al=__L£-(v>-———r V=24V cp)(—) (51)

T Ladr Y or \'ror § dr ¢ or v
2
vy 2 lray (T o Te o M) (Ty (52)
T L3 Y 3 Y. 6 38 T '938 J\V,
2 Y Y
ey ey (% o e o a—°3-)(—‘-‘- (53)
T LY Y 239 r 3Y 6 2 ® 39 v
3
Y* (U-2X)+4Y?(U-X)
2U(U-X)B-Y 2 (U-2X) + T k
) T ‘ RAD
n_& - . ' , (54)
3X D? o
4 2 2
2 2xwx) (o Tty 0% (55)
3Y D? Y T RAD
dn ixX ‘ ' Y‘LT | k
°n_ _1ia _ - 2 - 2
n3Z T oo <Z(U X)" Y, +RAD) - (58)
dn _ 3n 3X dn dY dn 372 n an 3V
53X 3¢ TB3Y 57 +n‘a"z‘§£-“+Y 37 YLYr 3y (57)
dn an 3X on dY on 32 n 3
n—— = n—22 8201 on 9Z on L
36 23X 36 ' *3Y 38 1857 3 +YLYT 3V 'r¥L 5% (58)
dn _ dn 3X L 2n 2Y 3n 3z
3¢~ "3X 39 P37 39 TR3y acp+YLYT 37 YL 3y (59)
. v v ‘ J
Q2R _ _n .a.’l( r L <YL>Y) 60
3V, Y Y 3\ T2 v r (60)
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w2
n on  _ n dn (V YL _(YL)Y )
oV YLYT X} V2 v &)
on on dn
' 2 - Pudiundil Padinind Pty
nn =n (ZXnaX +YnaY+ZnaZ)

(-Y2 +RAD)./V?
-i

Polarization = p

2(U-X) V- Y.
(Budden, 1961, page 49).
: iX'VY?I,
Longitudinal polarization = VY
(U-X)N(U+i —— p)
V2
(Budden, 1961, page 54).
LN > &
ot 3X a3t

5.2 Appleton-Hartree Formula with Field, no Collisions

The equations are the same as with field with collisions except for:

19

(61)

(62)

(63)

(64a)

(64Db)

(65)

(66)

(67)



5.3 Appleton-Hartree Formula no Field, With Colli sions

U=1-iz v (68)
X \
2 g - - N
n® =1 g (69)
3n 5 '
(X TTT (70)
an . 5iX ) :
¢ _ 2 on dn
nn ' =n -(ZXn—aX + Zn-—-—az> ) ("72)

"3 TP3X 5r Y3z 5w (73)
on _ _on 93X on 32 J
"38 ""3X 36 T™37Z 58 )
on _ _3dn 3X dn JdZ
na,cp-naxaq:)+na o (75)
on
nsy— = 0 (76)’
r ‘
dn
n v 0 : » (77)
8
an ) b
n=——'=0 (78)
v
3 © ‘
Polarization = i | (79a)
Longitudinal polariiation =0 (79b)
d3n _ _ 3n 3X |
"3 TPEX 3¢ (80)
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5.4 Appleton-Hartree Formula no Field, no Collisions

n® =1-X (81)
on
n-a—}-(-— -.5 (82)
dn _ [ _an\ [3X
'a?‘(%x)( r) (83)
dn _ g__)ax
nSE " (nax, 56 (84)
oo _ (p3n)3X
Y (na ) P (85).
dn  _
n-éT/,— = 0 (86)
T
on
n-a—\_/'_= 0 (87)
8
dn  _
na—v- =0 (88)
®
nn’ = 1 (89)
Polarization = i (90a)
Longitudinal polarization = 0 (90b)
on _ _dn 09X
73 TPAX 3t (91)

5.5 -Booker Quartic with Field, with Collisions
The form of the dispersion relation used for the Hamiltonian in
this version of subroutine RINDEX is the quadratic equation whose

solution is the Appleton-Hartree formula. This Hamiltonian, given by
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-

(22), is also a special case of the Booker quartic for S=0and C =1
(Budden, 1961). This version uses the Hamiltonian in (22) only when
the electron density is large enough that X is greater 'than or equal to
1/Y0. For X less thaﬁ 1/10, the Hamiltonian in (21) is used.

Below are the equations for the derivatives of the Hamiltonian in
(22). The equations for the derivatives of the Hamiltonian in (21) are

the same as those in section 4. 1.

k2=kj+k§;k; , (92)

kY= krYr+keYe+kcchp , | (93)
U=1-izZ , | (94)
A=(U-X)U® -UY? | o (95

B = -2U(U - X)® + Y?(2U - X) , (96)

o= Actk* +X(k - Y)® c*K® (97)

B = Bc? kawz -X(k* Y)? c? o , (98)
vy=(U -X)® - Y3)U -X)w* , (99.)
H=ag+8+7y , ‘ (100)

TR = “UPCHI (k- YR KR +(4U(U -X) - Y7)cPIRGR 4

“(k*YPcPu? +(-3(U - X)? +Y3)‘w4’ .o (101)
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oH

m= -U c*K* + (2U - X) c®KkRy° - (U -X) o* , (102)
—_o°H _ 2,.2,2 2
a((k,Y)e) =Xc (C K® -w ) ’ (103)
%%=(2U(U—X)+U2 - Y®) otk +
+2(Y? -(U - X)® -2U(U - X)) c®kPu0® +
+(3(U - XP - Y?) o* , (104)
3H _ . 3H =
a - 1 aU H ) (105)
BH 412 2 4 Q,°
gﬁ;ﬁ-)=2Ack +X(k- Y)® c* + Bec2uw® , (106)
oH _ 3H 33X
d3H 3H 3X 3H 3Y | 3H dZ
—:—-———+2-—-——-— — e ——
3r 3X ar AY=) Yar +az ar T
oY dY dY

QH . r ) \
+za((k'Y)=)(k Y) (kr 31 +ke—a';'+kcp——gar) s (108)

3H _3H X dH 3Y | dH 3Z
i Tt e ¥ s =
36 X a6 3(Y?) Yae 3Z 39 ¥
: Y Y Y
aH r 8
+2 == (k- +k +k —¥
k" Y) )( ¥) (kr 36 9 28 kcp ae) » (109)
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3H _ 3H X 3H_ . 3Y 3H 3Z

= + e - — —— 4
3 X AYR) " 30 3Z 3y
Y Y Y
oH T 9 :
+2 (k' Y¥)(k — +k — +k s 110
(k- Y)z)( )< r o3 8 3 ® P ) (110)
dH 3H X dH Y=
— + - ——— 2 —— e—
dw (ZB 4"Y)/UJ 2 ax W a(YB) w
oH (k- Y)® 3H Z
- : - -, 111
‘&P @ 3Z (111)
dH oH oH
—_— 2 T +2(kY) —————m— , 112
2k - 250 5 A Sy Y (112}
3H _ ., _3H ) 3H )
akg -2—-——8(k3)ke+2(k Y) (k- 1) Ye , (113)
oH dH dH
—_— = 2 ——g— + 2k Y) e Y, 114
3k, AR Bp T2 ) (e - Y)®) To (114)
k®(calculated) = k°® B 2‘2 = day ) (115)
3H _ dH 3H 3H
k K —kr -—-ak +ke -—-—ak +kcp ——ak = 4o+ 28 , (116)
T ) ® :
. - 2 \
Polarization = i L <U + L 2) , (117)
k.Y - W .
calculated )
Longitudinal 4;3 (k- Y)E 3.2
‘ . . . TR 'k calculated
Polarization = i <1 - = ) (118)
U-X W
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5.6 Booker Quartic with Field, no Collisions

All the equations here are the same as for the Booker quartic version
with ¢ollisions (section 5. 5) except for:

= £2 =90 , ‘ 11
or 38 3y (119)

(120)

All the variables except polarization are real; polarization is pure
imaginary.

5.7 Sen-Wyller Formula with Field
It is possible to write the generalized Appleton-Hartree formula

of Sen and Wyller (1960) in the following form:

2.1 » 2X(U-X) + 2 AUX sin®y
BT T 2U(U-X)1+A) +2 AUX sin® §-U(1-BC)U +A(U+X)) sin®§ + RAD

(121)
where

RAD =+ ,/U((1-BC) U+A(U+X))? sin®y+U>(U-X)>(C-B)® cos®y

]

(122)
C+B

A= 2 "1: (123)

\

r(L ‘

B = , (124)
F 1-Y ;

Z



, (125)
1+ Y
(=)
| U= 2 ~ (126)
F= | -
(2)
5 °°t3/2 -ty
F(w) =w Cg (W) +i3 Cpp (w) = 3 S == , (127)
z!o° |
fz . .
X=2= , : (128)
£
Y = }E ' . | (129)
\Y)
g =

fN is the plasma fréquency, fH is the electron gyrofrequency, 2 is the
mean electron collision frequency, f is the wave frequency, and ¥ isthe
angle between the wave normal direction and the earth's magnetic field.
(Note that if we would use ‘

Flw) = 11 , (131)

then (121) would reduce to the usual Appleton-Hartree formula. ) \
This version of RINDEX calls subroutine FSW. The first

argument in the calling sequence is the argument w of F(\x;). The second

argument in the calling sequence is the value of the function F(w) cal-

culated by FSW. The third argument in the calling sequence is the de-

rivative of the function, F'w).
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The following equations parallel the formulas in this version of

RINDEX.

- Q

I

]
—~
Nj=
~~——

Q
m -
m il
e )
‘ N
o
N} Nj+=-
<~
N—

[e72 Xo )
1 I
TR
Njw
colm~

3
1]
3
[

27

—
9|9~
=,

- (1-Y) 5

(132)

(133)

(134)

(135)

(136)
(137)
(138)
(139)
(140)

(141)

(142)



d

Q/

C .

———

V .

[}
]
"l

c

o

C

——— =%

o

Y=V Y +V
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e
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/
X
Y

Y
(14+Y) Y

"
Ul
f\
ry

t
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va

.5(B+C) ~ 1

Y
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)

+V Y
% 0

(143)
(144)
(145)

(146)

(147)

(148)
(149)
(150)
(151)
(152)

(153)

(154)



Ty = [(1-BC) U® + AU(U+X)] sin®y (155)

)

T .2
— =
3% +AU sin®{§ | (156)
oT JA 2 oC OB .2
A - . + C=—= 7
37 (U(U+X)aY u (B—a-_? CaY )) sin® { (157)
31 _ (20 x2U _ye (2S , 2B
= = (2Uaz (1-BC+A) + AX=— - U (Ba + C= )
(158) .
A\ .,
+ U(U+X) 37 ) sin®y{
2T
Y 1Y aajdrxl == (159)
LT Yo
T, = U® (C-B)® (U-X)? cos®y - (160)
oT, 2 2 2 \ ’
-g-f = -2(U-X) U® (C-B)?cos ] (161)
T aC 9B
— = 2 - 2 2 - — ™ —
Y 2U%(U-X)® cos® §(C-B) (BY 3 ) (162)
3T 3C 3B . {1 1 23U
—— - 2 - 2 - —— - 2 —_— —
=5* = 2U° (U-X)?(C-B) (az az).cos ¢ + 2T, (U tESE 3 )(163)
1 d 2T
- ——a —
—?_YL " 30 ——§YL (164)

RAD = + VT2 + T, \ (165)
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3T, . 1 3T
et W — ——
>RAD _ 113% -t 3 3%
30X RAD (166)

5Y RAD (167)
3T 1 3T
oly 1 oTs
JRAD _ 1137 *3 dZ
Y RAD (168)
Tl(YlY aaT)+él'<YlY aaT)
1 3RAD e Lip 9V -
T Y (169)
LT RAD
D =2U(U-X) (1 + A) - T; + RAD + 2AUX sin® ¢ (170)
3D _ 0T, d RAD .. 3
=% ° -2U =% + Y + 2 AU sin® ¢ (171)
3D _ dA 3T, . 3RAD . 2, A
v = ZU(U-X)aY - 3% + 5v + 2 Usin dfaY (172)
3D _ dU 3A  dT, d RAD
37 = 2(1+A) 3= (2U-X) + 2U(U-X) 57 "5t 32 +
(173)
. 2 23U .2 dA
+ 2AX sin ¥ 37 + 2 UX sin waz
. lY g]d? - -(Y lY val) + (Y 2 RaAD )+ 2AUX/ Y2 (174)
LT LT LT v
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-1 =:%§-<(U-X)+UAsin2¢> (175)
n® = 1 + (n® -1) (176)
on _1 2 L 13D} X
n3x (2 '”(x D3 >+D (77),
dn. _  XUsin®¢ dA (n®-1) 2D
"3 T T D 3Y T 2D oY (178)
om _ X in2g) U XU .2 3 (n°-1) 3D
n3> = -5 (1+A sin® {) 37 5 sin ¥ 3Z " 3D 37 (179)
n_ 3 _  XUA (n®-1) ( 1 aD) (180)
- = 2 - ey
Y Y 3y Y2 D 2D YLYTK d
2
vy 2L ooy -(v i ] fv e X sy
L T or Y Odr r Or 8 dr % dr v
’ 2
vy A L oay -(V e +V e + Vv e )—-—-—-V'Y (182)
L'T 36~ Y 26 r 36 8 38 w38/ yE
2
vy 2 _ YLy (v Ty Zoy ——aY)V'Y (183)
LT 39 Y 39 oY 6 2 ® o A

dn _ _3n 3X on dY dn dZ n_ 3n AV
"o T P3Xer TP 3 TPz er +( 3 )(YLYT ) (184)

n

38 dX 98 dY a6 dZ 98 (

Y
<ILYT "'e') (185)

on . Sn X, %m 3Y , 3m 3z h__ 2 N
nacp DIy acp+naY acp+naz acp+( )(YY ) (186)
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on n on . \
NG (Y 7 S‘) <v YE - (V Y)Yr>/V2 (187)
r L T
n:\’; = (YnY %&) (v ¥? - (V-Y)Ye)/ V2 (188)
8 LT \ .

ngf\; = (Y nY —r@‘-) ( v: - (V~Y)ch>/ V2 (189)
® LT
n® -<2X (n%%) +Y (n%%—) + Z (n%%-)) (190)

i(T,-RAD) Y fV? k

[}

polarization = p = T(0-XNC-BIV - T) (191a)
longitudinal polarization = X(.5i(C-B) 0 +A cosV ) 310 —— (191hb)
p((U=-X)(1+, 5i(C-B)pcos¥)+A(U=-Xcos*V))
where
cos ¥ =~ (192)
Y/VV
dn _ _on oX
n-é-;:- = nax St (193)

5.8 Sen-Wyller Formula no Field
This subroutine uses the function G which is related to the function F

(defined in thé previous section) as follows:
G(w) = wF(w) . 7 . (194)

The following equations parallel the formulas used in this version of

RINDEX.
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F, = F<-IZ-) (195)

r oot L
F,y = F (Z) (196)
G, =G (197)
“\ 3 |
Gf =G’ (-‘—) (198)
v zZ
n® =1-XG, (199)
n _ 1 ..
ng}—{- = -3 Gy (200)
d3n XGI'
ni = "2—;5— (201)
on  _ dn \ aX on \ o0Z
ne = ,(n x) =+ (na )ar (202)
on _ on \ oX on\ 23z '
nss = (na )—e' + (na ) S5 (203)
on d X on 3Z ~
nacp = (nax> m + (na ) 30 (204)
= P 2o 2
nn’ = n -(2X(nax) +Z(naz)) (205)
polarization = i (2062)
longitudinal polarization = 0 (206b)
on _ _dn 93X
3% T PIX St (207)
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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 subrouting.

| 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 nee.ds of everyone who wants to
use the program. Anticipating this when we wrote the program, we mac.lé.
it possible to add models easily. The user may make up his own iono-
spheric modéls 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 coatains 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 a 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 pai:hs that conﬁect 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 ndt have such a feature. To find all the paths connecting the trans-
mitter with the receiver requires a very elaborate homing roﬁtine 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 theﬁ 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
apoge'e if the receiver is above the apogee height and it approximates a
perigee if the receiver is below the perigee height. The approxirﬁation
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. Thi‘s procedure helps make rays that have the same
hop number have a ground range that is a continuous function of the

direction of transmission.

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

sample of the priatout.
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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 fé.ct, these
cards represent the most useful form of output for production ray path
calculations. This method, called the rayset information-étorage
technique, was developed by Dr. T, A, Croft (Croft and Gregory, 1963)

of Stanford Univérsity.
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 dafa. Thus, the program has an
option for plotting, providing, of course, \t{hat the user has a plotter and
plotting subroutines such as those describéd in appendix 7. The program
can plot the projection of the ray path on any vertical plane or on the
ground. The input parameter forms for plots of the ray path (appendix/li)

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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A indicates implied decimal

Sample transmitter rayset.

Figure 1,
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/ Col, 80 Alphabetic cha.racter indicating type of rayset*

%’% Col. 79 Hop number -za '
'-.‘i Col. 74-78 Imaginary part of wave polarization
z |=§—- ~N T s - T Gﬂ#h n:m'
l:'_"olz D - ~ e - - o |
E‘ Col. 69-73 Real part of wave polarization
'_°’ |’='~a"' NZ ™ w3 @3~ -sal
T8 L3 23 2w el eze
-gl Col. 63-68 Doppler shift, Hz
=# [2i" 33 iz Zif oi3
g Col, 57-62  Absorption, db &
ST 233 I35 Zin =sd
Col, 51-56 Phase path mmus straight line distance

between transmitter and ray point, km

- s el
= Y . ~ e -t D - _— —-

Col. 45-50 Group path minus straight line distance

between transmitter and ray point, km
T3 3= ~Fem wIw T~ w3 |
! ggCol. 37-144 Straight line distance between transmitter
ol a.nd ray point, km
v'-*! - “s e ~ M wwem e s o e
=8 . iz Sis 3Es 2 2z
-4 Col, 31 36 Elevation angle of arrival, deg
=iz ~Es 3E IR |
Col. 25-30 At ray point E ~Azimuth angle of wave
oim ~im wfim 2z~ =l normal, deg clockwise
285 .¥T wiw @z~ = from great circle between
Col, 19-24 At transmitter\ transmitter and receiver
ci- iz ziz sit ziz|
Col, 10-18 Ground range between transmitter and
receiver, km
= = Nz ™ - =W @ = e - =
Fz: NEn TER Sin :5*’
ers anm YIS etk Sa
Col, 19 Height of ray, km indicates implied
Eo_ 318 Itg 2:% 3: decimal
B N - @~ -—a) ]
$2190¢ 38079
*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 carth's magnetic
field and its spatial derivatives. .
(Use only with versions of RINDEX with

the earth's magnetic field.)

Subroutine to define a
perturbation to an electron

density model.

' Subroutine to calculate
electron density and its
gradient.

Insert one of eight versions of
RINDEX to calculate the refrac-
tive index and its gradient.
(Described in section 3.)

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

SUBROUTINE (any name) '\
ENTRY COLFRZ
SUBROUTINE (any name)
ENTRY MAGY
SUBROUTINE (any name) \
ENTRY ELECT1
SUBROUTINE (any name) \
ENTRY ELECTX

SUBROUTINE (any name) '\
ENTRY RINDEX

| SUBROUTINE RKAM

| SUBROUTINE HAMLTIN

| 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 trahsmitter 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 oaly those data that are different
from those of the previous case. A number in the first three columns
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 met\hod: for convefsion 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 entef t-he angle in degrees
and have the prog’ram make the conversion. A '"l1" in colufnﬁ 19 allows
the user to enter central earth angles as the great circle dist;.nce 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

wl = 1. for ordinary ray
= -1, for extraordinary ray

w2 Radius of the earth in km

W3 Height of transmitter above the earth in km

W4 North geographic latitude of the transmitter

W5 East geographic longitude of the transmitter

w7 Initial frequency in MHz

w8 Final frequency in MHz v

w9 Step in frequency in MHz (zero for a fixed frequency)

w1l Initial azimuth angle of transmission

Wiz Final azimuth angle of transmission

w13 Step in azimuth angle of transmission (zero for a fixed azimuth)

w15 Initial elevation angle of transmission

wilé Final elevation angle of transmission .

w17 Step in elevation angle of transmission (zero for a fixed elevation)

w20 ‘Receiver height above the earth in km

w21l Nonzero to skip to the next frequency after the ray has penetrated
the ionosphere

W22% Maximum number of hops

W23 Maximum number of steps per hop '

W24k - North geographic latitude of the north geomagnetic pole

W2 5% East geographic longitude of north geomagnetic pole

W4l =1, 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

W42% Maximum allowable single step error

W43% Ratio of maximum single step error to minimum single step error '
W44% Initial integration step size in km (step in group path)
W45% Maximum step length in km

W46% Minimum step length in km

W47% Factor by which to increase or decrease step length

w57 =1, to integrate, =2, to integrate and print phase path
w58 =1, to integrate, =2, to integrate and print absorption
w59 . =l. to integrate, =2. to integrate and print doppler shift
w60 =1, to integrate, =2. to integrate and print path length
w71 Number of steps between periodic printout

W72 Nonzero to punch raysets on cards

w81l =0, to not plot ray path

=1, to plot projection of ray path on a vertical plane
=2. to plot projection-of ray path on the ground

waz2-88 Parameters used when plotting

W100-149 Parameters for analytic electron density models
W150-199 Parameters for perturbations to electron density models
W200-249 Parameters for analytic magnetic field models ,
W250-299 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 accu;ate/
(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" 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 from the ray path calculation
gives an indication of the integration error in the magnitude of the Qector
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,

TITLE CARD

ll
C ollision frequency profiles (if any

agnetic fie ata (if an \\ l:!”'
Electron density profiles (if an \\

Blank Card

the W ARRAY
TITLE CARD !
=

! =

: Collision frequency profiles (if any "
. [ ]
. NI

A card with the first three column
blank to indicate the end of data
in put into the W ARRAY

I Magnetic field data (if any) .I'

T

DATA for the W ARRAY, one per
card as shown in Appendix 8b. 1 This may be repeated

as often as necessary.

TITLLE 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 transmftter (W4 and W5) and input’
data for the coordinates of the north pole of the co.mputational 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 thé
dipole field. Thus, when using this dipole model, the computational
coordinate system is a geomagnetic coordinaté system, and both elec~
tron density and collision frequency must be defined in geomagnetic
coordinates. Dudziak (1961) describes the transformations between

5

these coordinate systems.
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13, HOW THE PROGRAM WORKS

This ray tracing program consists of various subroutines that per-
form specific tasks in calculating ray paths. This division of labor
facilitates modifying the program to solve specific probléms. | Often it
may be necessary to change only one or two subroutines to convert the
program to a different use. ‘

The main program (NITIAL) sets up the initial conditions (trans-
mitter location, wave frequency, and direction of transmission) for
each ray trace. In setting up the initial conditions for eaqh ray trace,
the main program (NITIAL) steps frequency, azimuth angle of trans-
miséion, and elevation angle of transmission. The details of the workiz;gs
of NITIAL can be found in the flow chart in figure 5. Then subroutine
TRACE calculates one ray path for the requested number of cros sings
of the specified receiver height. Subroutine TRACE is the heart of the -
ray tracing program. It is the most complicated subroutine included,
but also the most important to understand. The flow chart in figure 6
should help to explain TRACE. _

Subroutine RKAM integrates the differential equations nume'ricallyv
using an Adams-Moulton predictor-correctorJmethod with a Runge-
Kutta starter. Sub:'cout'ine HAMLTN evaluates the differeantial equa-
tions to be integrated. Subroutine RINDEX calculates the phase refrac-
tive index and its gradients, the group refractive index, and the pola:i»za-
tion. (Eight versions of subroutine RINDEX are included.) Subroutines
ELECTX, ELECT1, MAGY, and COLFRZ calculate the ionospheric
electron density, perturbations to the electron density (irregqlarities),
the earth's magnetic field, and the electron collision frequency, respec‘;-'
tively. Several versions of these four subroutines are included and it |
is easy to add more. Subroutine REACH calculates a straight-

line segment of a ray path in free space between the earth and the
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ONENTER A

Imitialize

Initializotion

the W-arroy

Set consmnn]

10 []
Hove the W-array read in

Set the frequency, elevation and azimuth angles of tronsmission 10 zero

It W71 15 zero, set it to W23 (this means no periodic printing)

Make sure |RAY| =1 (+1 for ordinary,~1 for extrgordinory )

Set NTYP (=1 for extraordinary, = 2 for no field ,* 3 for ordinary }

Save the name of the electron density perturbation model

It w150 is zero, indicate no perturbation

Punch on cards the W-array for some of the ionospheric parometers

Print the W-orroy

Let subroutines PRINTR and RAYPLT know there is o new W-array

Inighize -parameters for infegration subrouting RKAM

Determine tronsmitter location in computationgl coordinate system

Caiculate the number of frequencies, azimuth angles, and eievation
angles requested

Begin fraq y loop

Bagin azimuth anqle loop

Begin elevation angle loop
~ Initiglize the independent varicble and the first 6 dependent integration voriabies

Set RSTART (tell subroutine RKAM to start integration )

Isthis the 'irgv glev. ongis ?

Set the number of rays printed on this page to zern
Set the number of iines printed on this page to zero

ir
Have we already printed 3rays on this page
or

Have we printed mare than
17 inas onthis
page ?

25

Increases the number of rays printed on this poge by one

Print o page heading, the frequency, and
the azimuth angle .of transmission

| Print the elevation angle of transmission

Transmitter nan Yes

Have the slactron density caicuiated
Print the plasma frequency and @

avanescent region ?

30 No

\ Normalize the three components of the wave normal direction 30 that the
magnitude equals the refractive index

Initialize the rest of the dependent integration voriobles

Have one ray path coiculated

Calculate and print how long it took to calcuiate that ray path

Oid tharay
penetrate on the first nop ?
and

message that the ray 15 in an
evanascent region

Do we only want non-
penetrating rays ?

No

[ Terminate this ray path plot |

No

Lost azimuth angle ?

Did theray
netrate onthe first hop?

Block numbers correspond to
pragram statement numbers,

Are we asking for only one
zmuth ongle and one
alev. angle ?

No

Last frequency ?

55
"Punch o card signaling the end of the raysets for this W-arroy

Restore the name of the electron density perturbation model in MODX(2)

Figure 5.
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The

]
TTmuolize NHOP, MAX NSKIP, RSTARY
IMOP, HTMAX , NEWRAY, THERE
1 Cait HAMILTON (colcytate derivatives)
Calculore HOME {going oway from
receiver height)
Print, punch XMTR
Ploi o roy point

Begin hop loop l

Hop Loop

Trutiolize PENET

{Beqm s'-ep loop
i Colculote H, APHT, HTMAX

| -
N ’Y{ free

S, ves [Calt REACH .
spaca ? [ritighize RSTART
' Calculate M, APHT,HTMAX
’ tsism——————————

No

12
| Sava integration variables 8 derivativas
| Set WAS (to remember THERE )

: Call RKAM
‘ Calculate H
St THERE ta false NO_ perrited
| Set WASNT (to remember HOME }
| Catculate HOME
Calculate SMT (sstimate of verhical Yes
distance fo nearest apoges or periges
-1
fo8ses 20 Set R
fecawar hewght Yes | Call BACK UP (RCVRH) Calculate HTMAX |
ot Sgor A or Set THERE Print, Punch RCVR
Plot o ray point
No Yoy
losest
appreach to Yes 30 At the
receiver haght Call GRAZE (RCVRH} receiver height ?
SO (THERE)
No 40 No
Yes Set dR/dt to O
. R Print, punch MIN DIST
Plot o ray point
N

Speciol conditions for printing

75
Plot a ray point

Step Loop

Yes

penetra: the
ionosphere ?

No
1 Periodic printing

Figure 6.

ray graphics illustrate the path of a ray during a single step.

o
Increase hop number @
Print, punch MINDIST

20
C

ail 8ACK UP (0.)
8%
Set H
Set THERE to false
%0
Set PENET

Print, punch PENETRAT

At vha\\ Yes !
receiver heght ? .@

(THERE}

Yoo
£ TURNL L ast hap ?

Receiver~ #0

herght 2,

0

Increase hop number
Intialize APHT
€0

Set R

Calculate APHT
| Reftect mx qt ground

Set RSTART

Print, punch GRND REF

Initiahze HTMAX

Set THERE
Print, punch RCVR

Block numbers correspond to statement

numbers in the subroutine
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ionosphere or between ionoépheric layers. Subroutine BACK UP finds
an intersection of the ray with the receiver height or with the ground.
Subroutine PRINTR prints information describing the ray péth and
punches the results on cards ('raysets). Subroutine RAYPL T plots the
ray path. The block diagram in figure 7 shows the relationship among
these (and other) subroutines.

The listings of most of the subroutines have comments that should
help in understanding how they work. In addition, Tables 3 through 14

define the variables in the common blocks.

14, ACKNOWLEDGMENTS

Part of‘the organization of this program into subroutines follows
that of the program of Dudziak (1961), in particular for subroutines
RKAM, HAMLTN , RINDEX, ELECTX, MAGY, and COLFRZ. Also,
the coordinate transformation in subroutine PRINTR and the method for
data input via the W array are taken from the pr&gram of Dudziak (1961).
The term ''rayset, ' the idea of punching results of each hop for each
ray trace onto cards, and the idea of auto’matically plotting ray paths
come from the program of Croft and Gregory (1963). The quasi-parabolic
layer électron density model QPARAB is taken from the paper by Croft
and Hoogasian (1968). Notice that the quasi-parabolic layer that is
now in the program is slightly different f{rom the one in the program of
Jones (1966). Subroutine RKAM is a modification of subroutine RKAMSUB,
which was written by G. J. Lastman and is available through the CDC
CO-OP library (the CO-OP identificatioh is D2 UTEX RKAMSUB). Sub-
routine GAUSEL was written by L, David Lewié, Space Environrnent
Laboratory, National Oceanic and Atmospheric Admin'istkration. Sub -
routine FSW was written in conjunction with Helmut Kopka of the Max -

Planck-Institut flir Aeronomie, Lindau/Harz, Germany.
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Table 3. Definitions of the Parameters in Blank Common

Position in Variable .
Common Name Definition
1-20 R The dependent variables in the dif-
ferential equations being integrated--
the definitions of the first six are
- fixed, but the others may be varied
by the program user,
1 R(1) r
2 R(2) 8
3 R(3) ®
4 R(4) kr
5 R(5) ke
6 R(6) kcp
7-12 R(7)-R(12) Those variables the user has chosen
to integrate, taken in the following
order: ‘
P -phase path in kilometers
A -absorption in decibels
Af -Doppler shift in hertz
s -geometrical path length in kilo-
meters .
13-20 R{ i3)-R(20) Reserved for future expansion.
21 T Group path in kilometers (the inde-
: pendent variable in the differential
equations).
22 STP Step length in group path.
23-42 DRDT The derivatives of the dependent
' variables with respect to the inde-
pendent variable T.

R and T are initialized in program NITIAL and changed in subroutines
RKAM, REACH, and BACK UP. ’

STP is calculated in subroutine RKAM.

DRDT is calculated in subroutine HAMLTN and used in subroutine
RKAM, -
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Table 4. Definitions of the Parameters in Common Block /CONST/

Position in Variable
Common Name Definition
— e e — ]

1 PI ™

2 PIT2 21

3 PID2 /2

4 DEGS 180.0/m

5 RAD 1/180.0

6 K Ratio of the square of the plasma
frequency to the electron density in
MHz?cm?® = r c?/m = & /(41® ¢ m),
where ro is the classical electron
radius, c is the free space speed of
light, e is the charge on the electron,
m is the mass of the electron, and
e, is the capacitivity of a vacuum.

7 C Free space speed of light in km/sec.

8 LOGTEN | |

loge 10

These parameters are set in

program NITIAL,.
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Table 5. Definitions of the Parameters in Common Block /RI§/

Position in
Common

Variable

MODE
EIMAX
E1IMIN

E2MAX
E2MIN
FACT

RSTART

The number of equations being

 integrated.

The initial step in group path in
kilometers.

Defines type of integration used
(same as W41), see Table 2.

Maximum allowable single step
error (same as W42).

Minimum allowable single step
error (= W42/W43).

Maximum step length (same as W45)..
Minimum step-length (sé.r_ne as W46).

Factor by which to increase or de-
crease step length (same as W47).

Nonzero to initialize numerical inte-
gration, zero to continue integration.

These parameters are calculated in program NITIAL (some are
temporarily reset in subroutine BACK UP) and are used in subroutine

RKAM.
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Table 6. Definition of the Parameters in Common Block /RIN/

Postion in

Common.
f————

1,2,3

7,8

9,10

11,12
13,14
15,16
17,18
19,20
21,22
23,24
25,26
27,28

29, 30

Variable

MODRIN
COLL

FIELD

SPACE
KAY?2

H
PHPT
PHPR
PHPTH
PHPPH
PHPOM
PHPKR
PHPKTH
PHPKPH
KPHPK

POLAR

Description of version of RINDEX in
BCD.

‘= 1 if this version of RINDEX in-
cludes collisions, = 0 otherwise.

= 1 if this version of RINDEX in-
cludes the earth's magnetic field,
= 0 otherwise.

TRUE, if the ray is in a nondevia-
tive, nonabsorbing medium.

k®, square of the complex phase
refractive index times w® /c®.

Hamiltonian (complex)
3H /3t (complex)
dH/3r (complex)‘

3H /36 (complex)

3H /3¢ (complex)
dH/3w (complex)
BH/akr (complex)
BH/ake (complex)
aH/akm (complex)

k- aH/al-z (complex)

=k 3H/3k_+k 3H/3k + kcpal-l/akc‘p

Characteristic polarization of the
wave; equal to the ratio of the com-
ponent of the electric field perpen- |
dicular with the earth's magnetic
field to the transverse component of
the electric field parallel with the
earth's magnetic field (complex)
(Budden, 1961, p. 49, eq. (5.13)).
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Table 6. (Continued)

Position in Variable
Common Name Definition

31,32 LPOLAR Characteristic longitudinal polariza-
tion of the wave; equal to the ratio of
the longitudinal component of the
electric field to the component of the
electric field perpendicular with the
earth's magnetic field. (complex)
Budden, 1961, p. 54, eq. (5. 38)).

33 SGN =+1 or -1; used for ray tracing in
complex space. :

These parameters are calculated in subroutine RINDEX and used in
subroutine HAMLTN,

Note: In some subroutines, the real and imaginary parts of the com-
plex variables have separate names.
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Table 7. Definitions of the Parameters in Common Block /FLG/
(See Subroutine TRACE)

Position in
Common

Variable
Name

NTYP

NEWWR

NEWWP

PENET

LINES

IHOP

HPUNCH

Definition
= 1 for extraordinary, = 2 for no
-field,

= 3 for ordinary

Set equal to . TRUE. to tell sub-
routine RAYPLT there is a new W
array. :

Set equal to . TRUE. to tell sub-
routine PRINTR there is a new W
array.

Set equal to . TRUE. if the ray just
penetrated. ‘

Number of lines printed on the cur-
rent page.

Hop number (at the beginning of each
ray, subroutine TRACE sets this
parameter to zero so that subroutine
RAYPLT will begin a new line in
plotting the ray path and subroutine
PRINTR will print column headings
and punch a transmitter rayset).

The height to be punched on the ray-
sets. \ :
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Table 8. Definitions of the Parameters in Common Block /XX/

Position in Variable

;ommon Name

1 MODX(1)
MODX(2)

3 X

4 PXPR

5 PXPTH

6 PXPPH
PXPT

8

HMAX

Definition

BCD name of the electron density
“subroutine.

‘BCD name of the subroutir;e defining
a perturbation to the electron density
model.

X in Appleton-Hartree formula,
square of the ratio of the plasma
frequency to the wave frequency.

2X
or
X
L]
_a_}f
P

aX

ol where t is time; used for cal-

culating Doppler shifts.

~

Height of maximum electron density.

These parameters are calculated in subroutine ELECTX, possibly
modified in subroutine ELECT1, and are mainly used in subroutine

RINDEX.
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Table 9. Definitions of the Parameters in Common Block /YY/

Position in Variable
Common Name Definition :
e ———

1 MODY BCD name of the subroutine defining
the earth's magnetic field.

2 Y Y in the Appleton-Hartree formula,
ratio of the electron gyrofrequency
to the wave frequency.

3 PYPR ¥
or
Y

PYP —

4 TH 38

5 . PYPPH -B-X
o

6 YR Y , proportional to the component of

: the earth's magnetic field in the r
direction.
aYr

7 PYRPR T ——

or
BYr
8 PYRPT —
38

Y
9 PYRPP —=
o

10 YTH : Ye
' Y 6
11 PYTPR e
or
, aYe
12 ~ PYTPT —-—ae
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Table 9. (Continued)

Position in Variable
Common Name , .. Definition
N aYe
13 PYTPP —
olis)
14 YPH Y
0
3Y :
15 PYPPR —@
Jr
dY
16 PYPPT —2
39
dY
17 PYPPP —2
el

These parameters are calculated in subroutine MAGY and are mainly
used in subroutine RINDEX. '
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Table 10. Definitions of the Parameters in Common Block /ZZ/

Positionin Variable ‘
Common_ Name Definition

1

MODZ

Z

PZPR
PZPTH

PZPPH

BCD name of the collision frequency
subroutine.

'Z in the Appleton-Hartree formula,

_ ratio of the electron-neutral collision

frequency to the angular wave fre-
quency.

These parameters are calculated in subroutine COLFRZ and are mainly

used in subroutine RINDEX.
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Table 11.

Definitions of the Parameters in Common Block /TRAC/

Position in
Common

Variable

m_ ef1n1t10n

GROUND
PERIGE
THERE

MINDIS

NEWRAY

. TRUE. if the ray is on the surface
of the earth.

. TRUE. if the ray has just made a
perigee.

. TRUE. if the ray is at the receiver
height.

. TRUE, if the ray hasljust made a
closest approach to the receiver
height.

Set equal to . TRUE. to tell sub-

routine REACH that this is a new
ray.

An estimation of the vertical distance
to an apogee or perigee of the ray.

These parameters are used for commumcatlon between subroutme
TRACE and subroutines REACH and BACK UP.

Table 12. Definition of the Parameter in Common Block /COORD/

Position in

Variable

Def1n1t1on

The straight line distance along the
ray from the position of the ray

where REACH was called to the present
position.

This parameter is used for communication between subroutine REACH

and subroutine POL CAR,
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Table 13, Definitions of the Parameters in Common Block /PLT/

Position in Variable :

Common Name Definition
T

1 XMINO, XL - The x coordinate of the left side of
the plotting area in kilometers.

2 XMAX0,XR The x coordinate of the right side of
the plotting area in kilometers. .

3 XMINO,YB The y coordinate of the bottom of the
plotting area in kilometers.

4 YMAXO0,YT |  The y coordinate of the top of the

‘ plotting area in kilometers.

5 RESET Set equal to one whenever the plottihg‘

area is changed.

These parameters are used for communication between subroutine
RAYPLT and subroutine PLOT, '
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‘Table 14. Definitions of the Parameters in Common Block /DD/

Position in
Common

ey

Variable
Name

4
as
L

IOR

IT

1S

IC

ICC

IY

Definition

sity
IN = 0 specifies normal intensity.
1 specifies high intensity.

Orientation.

IOR = 0 specifies upright orientation.

IOR = 1 specifies rotated orientation
(90° counterclockwise).

‘Italics (Font).

IT = 0 specifies non-Italic (Roman) .
symbols. ' '

IT = 1 specifies Italic symbols.

Symbol size.

IS = 0 specifies miniature size.
IS = 1 specifies small size.

IS = 2 specifies medium size.
IS = 3 specifies large size.

Symbol case.
IC = 0 specifies upper case.
IC = 1 specifies lower case.

Character code, 0-63 (Rl format).
ICC and IC together specify the
symbol plotted.

X -coordinate, 0-1023.

n

Y -coordinate, 0-1023.
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We also want to thank those who have used our program and have
pointed out errors or made suggestions. In particular, we are grate-
ful to Dr. T. M. Georges of the Wave Propagation Laboratory, National
Oceanic and Atmospheric Administration, for his suggestions resulting
from extensive use of the program, for development of some of the
ionospheric models (DCHAPT, DTORUS, WAVE, WAVE2), and for
financing part of the development of ray tracing through a spitze.

Exémples of use of the ray tracing program are shown in the

reports by Stephenson and Georges (1969) and Georges (1971).
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APPENDIX 1. LISTINGS OF THE MAIN PROGRAM AND
SUBROUTINES IN THE MAIN DECK

This appendix contains listings of the main program and those sub-
routines that have only one version (with the exception of subroutine
RAYPLT, which has a do-nothing version for users lacking a plottef to
plot ray paths). Thus, the routines which form the contents of this appen-
dix will be used in all ray path calculations.

Additionally, this appendix contains the main input parameter form
for ray tracing and the input parameter forms for plotting. These forms
are very useful when using the program because they indicate the input
parameters needed for ray path calculations

The contents of this appendix are arranged as follows:

Main input parameter form : 68
b. Program NITIAL ) 69
c. Subroutine READ W ‘ 72
d  Subroutine TRACE 72
e. Subroutine BACKUP I i
f. Subroutine REACH 76
g. Subroutine POLCAR ' 77
h. Subroutine PRINTR 78
i. Input parameter forms for plotting 82
j.. Subroutine RAYPLT , ‘ 84
k. Subroutine PLOT 86
1. Subroutine LABPLT 87
m. Subroutine RKAM 88
n. Subroutine HAMLTN ‘ 90
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INPUT PARAMETER FORM
FOR THREE-DIMENSIONAL RAY PATHS

Name

Project No.

Ionospheric ID (3 characters)

Title (75 characters)

Date

Models: Electron density
Perturbation
Magnetic field '
Ordinary ' (W1 =+1.)
Extraordinary (Wl=-1,)
Collision frequency
Transmitter:  Height km, nautical miles, feet (W3)
Latitude rad, deg, km (W4)
Longitude rad, deg, km (W5)
Frequency, initial MHz (W7)
final (W8)
_ step (W9) :
Azimuth angle, initial rad, deg clockwise of north (W11l)
final (W12)
step “‘ (W13)
Elevation angle, initial rad, deg (W15)
final (W16)
step (W17)
Receiver: Height ‘ km, nautical miles, feet (W20)
Penetrating rays: Wanted (W21 = 0.)
Not wanted (w2l =1.)
Maximum number of hops (W22) -
Maximum number of steps per hop (W23)
Maximum allowable error per step (w42)

Additional calculations:

Phase path
Absorption
Doppler shift
_Path length
Other

Printout:

Punched cards (raysets):

~ Every

= 1, to integrate
= 2, to integrate and print
~ (W57)
(Ws8)
(W59)
{(W60)

il

steps of the ray trace (W71)

(W72 = 1.)
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PROGRAM NITIAL
SETS THE INITIAL CONDITIONS FOR EACH RAY AND CALLS TRACE
JIMENSION MFLD(2)
SOMMON /CONST/ PL,PIT2,PID2+DZGSyRAD+K4CyLOGTEN 5
SOMMON /FLG/ NTYP NEWWRyNEWWP,PENET s LINES,IHOP HPUNCH
SOMMON /RIN/ MODRIN(3) 4COLL,FIELDsS3ACE,N2,N2I+PNP(L0Q),PILAR,

1 LPOLAR,SGN

COMMON /RK/ NySTEP,MODE,ELMAXyELMIN, E2MAX E2MIN,FACT ,RSTART
SOMMON /7XX7 MOOK(2) yXePXPRyPXITHyPXIPHPXPToHMAX

COMMON 7YY/ MOQY,Y(16) /ZZ/ MIDZ,Z(W)

COMMON R(20)T,STP,0R0T(20) /WW/ IJ(10),WO4W(u00)

EQUIVALENCE (RAYoW{ 1)) s (EARTHR yN(2) )y (XMTRHeW(3)) 4 (TLAT,W (1)),

L (TLONyN(S)) s (FyW(B))y (FBEGoW(T7)) s (FENDsIW(B)) 4 (FSTEP,W(I)),
2 (AZ1,W(10)) 9 (AZIEG +W(L12)) o CAZENIGW(L12)) 4 (AZSTEP,W(L3)),

3 (BETAWW(14)) s (ELBEGIW(15)) 4 (ELENDsW(16)),(ELSTEP W(17)),

NITIOOL
NITIVG2
NITIO003
NITIO0G
NITIGO0S
NITIJ06
NITIJO07
NITIO0G8
NITIO009
NITI010
NITIOLL
NITI012
NITIOL3
NITIOL4
NITIO01S

“ (ONLY W(2L1) 3 (HOP, W(22) )y (MAXSTO9W(23)) 4 (PLAT W (24) )4 (PLONyW(25))INITIOLSE
59 (INTYP oW (1)) o (MAXERR W (%2) )y (ERATIO W H(H3)) o (STEPLyH(LGL)),
& (STPMAX W {43) )9 (STPMINSW(LBE)) 4 (FAT TR'H(Q7))o(SKIPoH(71)),
7 (RAYSETsW(72) )9 (PLT W (B1)) 4 (2ERT,A(150))

LOGICAL SPACE.NEWWR ,NEWNP,PENET

REAL NZyN2IsLIGTENy KyMAXSTP,yINTY?, YA XERR y MU
COMPLEX PNP,POLAR,LPOLAR

NDATE=IDATE(D)

SECOND=KLOCK(0)*.001

<OLLsuH NI

IF (COLLeNE«Os) XKOLL=4HWITH

Ceevrvsvss CONSTANTS

CO!!‘

Ceess

10

12

13

16

PI=3.1415326536

2IT2=22.%PI

2102=PL/72.

J€EGS=180./P1

RAD=PI/180.

332.997925E5
K22,81785E~-15%C**2/PI
LOGTEN=ALIG(10.)
#sexs INITIALIZE SOME VARIABLES IN THE W ARRAY
DO 5 NW=1,40G0

N(NW) =0,

PLON=0,

PLAT=PID2

EARTHR=26370.,

INTYP=3,

MAXERR=Z1.E=4

ERATIO=50.

STEPL=1.

STPMAX=100. .
STPMINSL.E=8

FACTR=0.5

MAXSTP=1003. (

‘HOP=1, |
sr8x8 READ A ARRAY AND PRINT NON-ZERO VALUES
CALL READ W

F2B8ETA=AZL2].

IF (SKIP.EQs0¢) SKIP=MAXSTP
RAY=SIGN(L.,RAY)
NTYP=22 . +FIELD*RAY

50 TO (13414415)e NTYP
MFLO(1) =8HEXTRAORD

MFLO(2) 2SHINARY

30 TO L8

MFLO(1) =8HNO FIELO

MFLD(2) =1H

50 TO 16

69

NITIOL7
NIT 1018
NITI019
NITI020
NIT Y021
NITI022
NIT1025
NITI026
NITI027
NITI028
NIT 1029
NITI030
NITI031
NITI032
NITI033
NITI034
NITI035
NITI036
NITI037
NITI038
NITI039
NITIO40
NITI061
NIT 1042
NITI043
NITIOUG
NITI04S5
NIT 1046
NITIOW?
NITIOLS
NITIOW9
NITI050
NITIO051
NIT10S2
NITI053
NITI0S4
NITIO05S
NIT 1056
NITI057
NITI0SS
NIT 1059
NITI060
NITI064
NIT1062
NITI063
NITI064
NITI065



15 MFLD(1)=8HORDINARY
MFLD(2)=28H
16 MODSAV=MODX(2) ”
IF (PERT+EQeOe) MODX(2)=26H
IF (RAYSETeNE«Oos) PUNCH 20009 IDsMODX(1) 9o {W(NW)sNW=1015107),
1 MODX(Z),(W(NW)’NW=151°157’9MODY9(W(NW)9NW’201!ZO7)’
2 MODZ s (WINW) sNW22515257)
2000 FORMAT (10A8s4(/A8+2XsTE1Qe3))
PRINT 1000 IDsNUATE sMODX +MOULY s MODZ sMOLR IN sMF LD »KOLL
1000 FORMAT (1H1910A8925XsAB/4(1XsAB)+s20X93ABLX9A0IAD I LAIAL S
1 114 COLLISIONS/)
PRINT 1050

NIT1066
NITIO067
NITIO068
NIT1069
NITIO70
NITI071
NITIOT2
NITIO73
NiLlV /s
NITLO?S
NI1TI1076
NITIO?77

1050 FORMAT (85H INITIAL VALUES FOR THE W ARRAY == ALL ANGLES IN RADIANNLI iU/

1S9 ONLY NONZERO VALUES PRINTED/)
DO 17 Nw=1,400
- IF (WINW) eNEeOe) PRINT 17009 NWsWINW)
1700 FORMAT (144E19411)
17 CONTINUE

NL1LIUT9
NIIT0O80
NiTI081
NITI082
NITIO083

Cusddunnns | ET SUBROUTINES PRINTR AND RAYPLT KNOW THERE 1S A NEW W ARRAYNIT1084

NEWWP=o TRUE o
NEWWR= o TRUE o
C********* INITIALIZE PARAMETERS FOR INTEGRATION SUBROUTINE RKAM
N=6
DO 20 NR=7+20
IF (WISO+NR) eNE+Os) NaN+1
20 CONTINUE
MODE=INTYP
STEP=STEP]
E1MAXsMAXERR
EIMIN=MAXERR/ERATIO
E2MAXaSTPMAX
E2MINsSTPMIN <
FACT=FACTR
Crentnnnnst DETERMINE TRANSMITTER LOCATION IN COMPUTATIONAL COORDINATE
Criniannnst SYSTEM (GEOMAGNETIC COORDINATES IF DIPOLE FIELD IS USED)
ROSEARTHR+XMTRH -
SPaSIN (PLAT)
CP=SIN (PID2~PLAT)
SDOPH=SIN ( TLON~PLON)
COPHaSIN (PID2=-(TLON~PLON))
SL=SIN (TLAT)
CL=SIN (PID2~TLAT)
ALPHA=ATAN2(~ SDPH*CP.-CDPH*CP*SL+SP*CL)
THO=ACOS (COPH*CP®#CL+SP#SL)
PHO=ATAN2 ( SDPH*CL ¢ COPH#SP*CL~CP*5(_ )

CHrunnnnd® LOOP ON FREQUENCYs AZIMUTH ANGLEs AND ELEVATION ANGLE

NFREQ=1
IF (FSTEPeNE«Os) NFREQ'(FEND*FB&G'/PSltP+1ob
» NAZ=]
IF (AZSTEPeNE«Oe) NAZ=(AZEND-AZBEG!/ALSHEP+1eY
NBETA=1

IF (ELSTEPeNE.Os) NBETA=(ELEND~ELBEG)/ELSTEP+1.5
DO 50 NF=1sNFREQ
F=FBEG+(NF-1) *FSTEP

DO 45 J=1,NAZ
AZ1=AZBEG+(J-1)#AZSTEP
AZA=AZ1#DEGS
GAMMA=P [ ~AZ1+ALPHA
SGAMMA=SIN (GAMMA)
CGAMMA=SIN (PID2-GAMMA)
DO 40 I=1sNBETA
BETA=ELBEG+{ 1~1)*ELSTEP
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NIT108S
NIT1086
NITIO87
NITI088
NITI089
N1TI090
N111V9l
NITI092
N1I1093
N111U94
NITI098
NIT1096
NIT1097
NIT1098
NIT1099
NIT1100
NITI10]
NITI102
NITI103
NITI1104
NITI105
NITI106
NITI107
NITI108
NITI109
NITI110
NITI11l
Ni11112
NELLLLS
NItIlle
NITI115
NITI116
NITI117
NITI118
NITI119
NIT1120
NITI121
NITI122
NITI123
NITI124
NITI125
NIT1126
NITI127



C

Cannunasdn® ALLOW IONOSPHERIC MODEL SUBROUTINES TO READ AND PRINT DATA

FL=BETA*NFGRS

CBETA=SIN (PID?2-BETA)

R(1)=R0

R(21=THn

R{3)zPHN

R{s)=SIN (BETA)
R(5)=CBETA#CGAMMA
R(6)=CBETA*SGAMMA
T=zNe

RSTART=1,

SGN=le (NEED FOR RAY TRACING IN COMPLEX SPACEW}

CALL RINDEX

IF {1eNEeleANDeNPAGE L. Te3¢ANDeLINESLEC17) GO 10 25

NPAGE =L INFS5=0

PRINT 1000 lDoNDATEoMODXoMUDYoMOD[oMUDHlN’MPLDo&ULL

PRINT 240ns FsAZA

NITI128
NITIV29
NITI130
NITI131
NITI132
NITTI133
NITI13a
NITI138
NITI136
NITI137
NITI138
NITI139
NITIl4u
NIIT141
NITI142
NI11143
NITI144

2600 FORMAT (18Xs11HFREQUENCY =sF1l2e6537H MHZs AZIMUTH ANGLE OF TRANSMINITI145

1SSION =9F12e694H DEG)

25 NPAGE=NPAGE+]
PRINT 2500+ EL

2500 FORMAT (/31X#33HELEVATION ANGLE OF

IF (N2eGTe0e) GO TO 30

CALL ELECTX

FN=SIGN (SQRT (ABS

PRINT 2900 FN

2900 FORMAT (5B8HOTRANSMITTER IN EVANESCENT REGION,
1BLE/20HOPLASMA FREGUENCY =

GO TO 44

30 MUxSQRT (N2/(R(4)##24R(5)##2+4R(6)I**2))

DO 34 NN=4s6
34 R{NN)=R(NN)*MU

DO 35 NN=74N
35 R(NN}=0,

CALL TRACE

OSEC=SECOND

SECOND=KLOCK{N) #4001

DIFF=SECOND-OSEC
PRINT 3500+ DIFF

3500 FORMAT (36Xs26HTHIS RAY CALCULATION TOOK

2E1710)

TRANSMISSIUN =9F12e694H DEG/)

sFBe3s4H SEC)

IF (PENET«ANDeONLYeNEoOs¢ANDs IHOP4EQel) GO TO 44

40 CONTINUE

44 [F {(PLTeNE«Oe) CALL ENDPLT

45 CONTINUE

NITI1l46
NITI147
NITIla8
NITT149
NITI150C"
NITI151
NITI152
NITI153

TRANSMISSION IMPOSSINITI154

NITI185
NiTI1S56
NITI157
NITI1®8
NITI1S59
NITI160
NITI161
NITIl62
NITI163
NITIYGa
NITIl65
NITI166
NITI167
NITI168
NITI169
NITI170
NITI171

IF(PENET o ANDoONLY ¢NE+Os e ANDe IHOPSEQe loAND.NAZoEQ.IoANDoNBETA EQe1INITILIT2

1 GO TO 55
50 CONTINUE

56 IF (RAYSETeNE«Oe«) PUNCH 5000

5000 FORMAT (78Xs1H=)
MODX (2)=MODSAV
GO TO 10
END -
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NITIL73
NITI174
NITIY?7S
NITIY1T76
NITTL1T77
NITI178
NITI1T79-



SUBROUTINE READ W READOO1

C READS W ARRAY READO0O?2
C A 1 IN THE FOLLOWING COLUMNS WILL MAKE THE DESCRIBED CONVERS[ONSREADOO3
COL 18 DEGREES TO RADIANS READOO4
COL 19  GREAT CIRCLE DISTANCE IN KM TO RADIANS READOOS
COL 20  NAUTICAL MILES TO KM READOOG
coL 21 FEET TO KM READOO7
C READOOS
COMMON /CONST/ PI+PIT2+PID2sDEGSsRADsDUMI(3) READ0OO9
COMMON /WW/ 1D(10!sWOsW(400) READO10
EQUIVALENCE (EARTHRsW(2)) READO11
INTEGER DEGSFEET o READO12

READ 1000, ID ) READO13

1000 FORMAT (10A8) READO14
IF (EOF+60) 344 : READO1S

3 CALL EXIT READO16

4 READ 1100» NWsW(NW) sDEGsKMINMSFEET READO17
1100 FORMAT (I3+E14e7+511) READO18
IF (NW.ENe0) GO TO 10 READO19

IF (NWeGTe0sANDeNWeLE400) GO TO 5 READO20

PRINT 4000+ NW READO21

4000 FORMAT(15H1THE SUBSCRIPT +13s77H ON THE W-ARRAY [NPUT IS OUT OF BOREADO22
1UNDSe ALLOWABLE VALUES ARE 1 THROUGH 400, ) READO23 .

CALL EXIT READO24

5 IF (DEGeNEeQe) WINW)=W(NW)*RAD READO25

IF (KMoNESO) WINW)=W(NW)/EARTHR READO26

IF (NMeNEO) WINW)zW(NW)*],852 ‘ READO27

IF (FEEToNE«O) W(NW)=W(NW)*#3,048006096E~4 READ028

GO TO 4 READO29

10 RETURN o READO30
END READO31~-

bl

SUBROUTINE TRACE TRACO01

c CALCULATZIS THE RAY PATH TRACO002
OIMENSION ROLD(28),0R0LI(20) TRACO003
COMMON /RK/ NySTEP MODE,ELMAXyELMIN,E2MAX yE2MIN,FACT,RSTART TRACOO04
COMMON /FLG/ NTYP yNEWNWR,NEWNWP,PENET,LINES,IHOP,HPUNCH TRACOOS
COMMON /TRAS/ GROUND,PERIGE, THERE.) MINDIS, NEWRAY,SMT TRACOO06
CIMMON /RIN/ MOORIN(3) 4COLL,FIELDySPACEIN2,PNP (10) 4 POLAR, LPOLAR TRACOO7?
COMMON /XX/ MODX(2) 4XoPXPRyPXPTH,PXPPH PXPT ,HMAX TRACO0S
COMMON R(20) ¢ToSTP,ORDT(20) /WW/ ID(10),W0 W (400) TRAC009
LOGICAL SPACE,HOME,WASNT, UNDRGD ,GROQUNDPERIGE, THERE4MINOIS,NEWNR, TRACO10

1 NEWHP o PENET ,NEWRAY s WAS , TRACO11
REAL MAXSTP v TRACO012
COMPLEX N2,PNP,POLAR,LPOLAR TRACQ13
EQUIVALENCE (EARTHR W(2)) 4 (RCVRHyN(20) )4 (HOP, N (22)) 4 (MAXSTP,W(23))TRACOL 4

Ly (SKIPyW(71)) (RAYSET,W(72)),(PLT,4W(81)) TRACO01S
N4OP=HOP TRACO16
MAX=MAXST? TRACO017
NSKIP=SKIP TRACO018
RSTART=1, , TRACO019

CALL HAMLTN N TRACO020
HOME=0RDT (1) *(R(1) ~EART4I-RCVRH) +GE. O, TRACO024
Ceessevsss THOP=0 TELLS PRINTR TO PRINT HEADING AND PUNCH A TRANSMITTER TRACQ22
Coersssers RAYSET AND TELLS RAYPLT TO START A NEW RAY TRACO23
IHOP=Q . TRACO024

CALL PRINTR (BHXMTR 10.) ’ TRACO2S

IF (PLTJNE.0s) CALL RAYPLT TRAC026
HTMAX=0., TRACO27
NEWRAY=,TRUE, TRACO28
THERE=R (1) -EARTHR .EQ.RCVR+ ‘ TRACO029
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Ceersvssrs LQOP ON NUMBER OF HOPS L TRACO30

10 IHOP=IHOP+1 TRACO031
IF (IHOP.GT.NHOP) RETURN TRAC032
PENET=.FALSE. TRACO033
APHT=RCVRH TRACO34

Cetvessuss L OOP ON MAXIMUM NUMBER OF STEPS PER HOP TRACO35
30 79 J=1,MAX TRAC036
H=R (1) ~EARTHR TRACO37
IF (ABS(H=RCVRH) .GT.ABS(APHT=RCVRH)) -APHT=H TRACO038
HTMAX=AMAKXL(Hy HTMAX) TRAC039
IF (JNOT.SPACE) GO TO 12 TRACO040
CALL REACH : TRACO41
RSTART=1., \ TRACO42
H2R (1) =EARTHR TRACO&3
IF (ABS (H-RCVRH) .GT.ABS(APHT=RCVRH)) APHTzH TRACOL
HTMAX=AMAXL({Hs HTMAX) . TRACO4S
IF (.NOT.SPACE) GO TO 12 TRACQ4®
IF (PERIGE) CALL PRINTR (BHPERIGEE 404) TRACOGL?
IF (THERE) 30 TO S1 TRACO4S
IF (MINDIS) G0 TO 40 TRACO49
IF (GROUND) 50 TO 60 TRACOS0
IF (PLT.NE.J+) CALL RAYPLY : TRACOS1
IF (PERIGE) G0 TO 79 . TRACOS2

12 20 13 L=1,N TRACOS3
0LD(L) *R(L) TRACOSh

13 DROLO(L)=DROT(L) TRACOSS
TOLO=T ‘ TRACO56
HAS=ZTHERE TRAGOS?
CALL RKAM TRACO5S
H=R (1) =EARTHR : TRACOS9
THERE=.FALSE. TRACO060
AASNT=,NOT JHOME ) TRACO61
HOME=ZDROT (1) * (H=RCVRH) .GE 0, , TRAC062
TMP=2(DRDT(1) =DRQ.D(1))*(T=TOLD) . TRAC063
SMT=0, ‘ " TRACO64
IF (TMP.NE.0+) SMT=0.5*(R(1)-ROLO(1)¢0.5%THP)**2/ABS(TMP) TRACO6S
IF (({(4-R3VIH4) *(ROLD(1) ~EARTHR=RCVRH) o LT« 0+ AND+ «NOT . WAS) 4 OR. TRAC066

1 (WAS.AND.ORDT (1) *OROLD(1) LT+ 0..ANDLHOME)) GO TO 50 TRAC067
IF (HOME.AND.AASNT) GO TO 30 TRAC068
IF (HelTe0oeORORDT(1) 45T 00sANDeDROLD(L) LT o0+sANDSSMTGT H) TRAC069

1 60 TO 20 TRACO70

IF (DROLO(1) «LT<04¢+ANDODT(1).6To0s) CALL PRINTR(SHPERIGEE ,0.) TRACO7%
IF (DROLD(1)«3T7.0..ANDJDRIT(1).LT.0s) CALL PRINTR(BHAPOGEE +0.) TRACO72

IF (DROLO(2)*IRDOT(2)LTe0e) CALL PRINTR(SHMAX LAT ,0.) TRACO73

IF (DROLD(3) *OROT(3)elTels) CALL PRINTR(SHMAX LONG,0.) TRACO74

J0 14 I=24y6 TRACO75

IF (ROLDCI)®*RC(I) 4LT,0s) CALL PRINTR(BHWAVE REV.O.) TRACO76

1t CONTINUE TRACO77

50 Y0 75 TRACO7S
Cresrevvssr RAY WENT UNDERGROUN) TRACO79
20 CALL BACK UP(0.) : .TRACO080

G0 T0O 60 TRACO81
Cerrasasss RAY MAY 4AVE MADE A CLOSEST APPROACH . ) "TRACOQ82
30 CALL GRAZE (RCVRH) : "TRACO83

IF (THERE) GO TO S1 i TRACO8Y

40 ORDT(1)=0. TRACO08S
HPUNCHa2R(1)-EARTHR TRACQ86

CALL PRINTR(SHMIN DIST,RAYSET) : . TRACO8?

IF (PLT.NE.O.) CALL RAYPLT R : TRACO8S

IF (IHO2.3E.N40P) RETURN TRACO89
IHOP=IHOP+1 TRACO90

CALL PRINTR (SHNIN DIST,RAYSET) TRACO91

60 T0 a9 TRACO092
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Cesesvvvrs RAY CROSSED RECEIVER HEIGHT TRACO093

" 50 CALL BACK UP(RCVRH) TRACO94
THERE=. TRUE, ) ~TRACQ9S

51 R(1)=EARTHR+RCVRH TRACO96
HTMAX=AMAX1(RCVRH,HTMAX) TRACO097
HPUNCH= APHT TRAC(G98
SALL PRINTR(S4RCVR +RAYSET) TRAC(099

IF (PLTNE.D.) CALL RAYPLT TRAC100

IF (RCVRH.NE.0.) GC TO 89 TRAC101

IF (IHOP.GE.NHOP) RETURN ‘ TRAC102
IHOP=IHOP ¢ ' TRAC103
APHTZRCVRH TRAC104
Cesvsvssss GROUND REFLECT ' TRAC105
60 R{1)=EARTHR : TRAC106
IF (ABS(RCVRH) +GT,ABS(APHT=RCVRH)) APMT=D, TRAC107
R(4)=zABS (R(%)) TRAC108
OROT(1)=A3S (DRDOT(1)) ' TRAC109
RSTART=4, . TRAC110
HPUNCH= HTMAX TRAC111
CALL PRINTR(BHGRND REF,RAYSET) _ TRAC112
HYMAX=0, TRAC113

IF (RCVRHeNE«O.)}) GO TO 65 ’ TRAC114L
THERE=, TRUE, TRAC11S
HPUNCH= APHT TRAC116
CALL PRINTR (8HRCVR sRAYSET) TRAC117

GO 7O 89 TRAC118

55 H=z0, TRAC119
THERE=o. FALSE. TRAC120
Crevssvers TRAClZl
75 IF (PLT.NE.0.) CALL RAYPLT TRAC1L22
IF (HeGT HMAXoANDH.GT .RCVRH AND.ORDT (1) .6To0.) GO TO 90 TRAC123

IF (MOD(JyNSKIP).EQ.0) CALL PRINTR(8H v0e) TRAC124

79 SONTINUE TRAC125
Cevsssvavs EXCEEDED MAXIMUM NUQEER OF STEPS TRAC126
HPUNCH=H TRAC127
CALL PRINTR(BHSTEP MAX,RAYSET) TRAC128
RETURN TRAC129
c‘.‘....l‘ . TR‘c13n
83 HOME=,TRUE. TRAC131
G0 T0 10 TRAC132
Crersssess RQAY PENETRATED TRAC133
90 PENET=,TRUE, TRAC134
HPUNCH=H TRAC135

CALL PRINTR(B4PENETRAT,RAYSET) TRAC136
RETURN TRAC137

END , B , TRAC138
SUBROUTINE BACK UP{HS) , \ ' BACK001
COMMON /RK/ N’STEP’MODEvEIMAX'EIMINvEZMAX’EZMINvFACT9RSTART BACK002
COMMON /TRAC/ GROUND sPERIGE » THERE sMINDISsNEWRAY s SMT BACK003
COMMON R(20)sTsSTPypRDT(20) /WW/ TID(10)sWOsW(400) ’ BACKOO4
EQUIVALENCE (EARTHR,W(Z))o(INTYP'w(Al))v(STEPlow(AA)) BACKQOS

REAL INTYP BACK0O6
LOGICAL GROUNDoPERIGEoTHEREvMINDISoNEWRAYoHOME BACKOO7
Cerninnnnsr DIAGNOSTIC PRINTOUT BACKOOs8
C CALL PRINTR (8HBACK UP0Os0,) : BACK0O9
Ceentunas® GOING AWAY FROM THE MEIGHT HS BACKO10
HOME=DRDT(1}#{R(1)~-EARTHR=HS) eGE«Qs BACKO11

IF (HSOGTOOO.AND..NOT.HOME.OROHSOEQOOOQAND.DRDT(1).GT.O.) GO TO 30BACKO12

¢
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s

Crrnnunns® FIND NEAREST INTERSECTION OF RAY WITH THE HMEIGHT HS BACKO13

NO 10 I=1,10 BACKO14
STEPa~(R(1)~EARTHR=-HS)}/DRDT (1) BACKO1S
STEP=SIGN(AMIN1(ABS(STP)»ABS(STEP) ) 4STEP) BACKO16

IF (ABSIR(1)~EARTHR=HS) eLTee5E~44sANDoABSISTEP) oL Tole) GO TO 60 BACKO17
Cruunnnns® DIAGNOSTIC PRINTOUT BACKO18
C CALL PRINTR{BHBACK UP1s04) , BACKO19
MODE=1 } : BACKO020
RSTART=1, BACKO21

CALL RKAM : BACKO22

10 RSTART=1, BACKO23

. BACKO24

cueanunin® FIND NEAREST CLOSEST APPROACH OF RAY TO THE HEIGHT HS BACKO025
ENTRY GRAZE ' BACKO026
THERE=«FALSE . , BACKO27
Caranntnss DIAGNOSTIC PRINTOUT v BACKO28
C CALL PRINTR (BHGRAZE O s0a) BACK029
IF (SMTeGTeABS(R{1)~-EARTHR=HS)) GO TO 30 BACK030

DO 20 I=1,10 BACKO031
STEP=~R(4)/DRDT(4) BACKO32
STEP=SIGN(AMIN1(ABS(STP) sABS(STEP) ) ,STEP) BACK033

IF (ABS(R(4))eLEs1sE=6+ANDABS(STEP) «LTels! GO TO 60 BACKO34
Crrunuanns® DIAGNOSTIC PRINTOUT BACKO35
¢ CALL PRINTR (BHGRAZE 1 +0,) BACKO36
MODE=1 - BACKO037
RSTART=1, BACK038

CALL RKAM BACK039
RSTART=1, BACK040

IF (DROT(4)#(R(1)=EARTHR-HS)«LT+0s) GO TO 30 BACKO41
IF(R(5)4EQe0esANDR(6)4EQs0e) GO TO 60 BACKO042

* 20 CONTINUE BACKO43
Cuuuknnuns IF A CLOSEST APPROACH COULD NOT BE FOUND IN 10 STEPSs IT BACKO44
CHRaaaeus® PROBABLY MEANS THAT THE RAY INTERSECTS THE HEIGHT HS BACKO4S
30 CONTINUE BACK046
Carnunnuns NTAGNOSTIC PRINTOUT BACKO47
C CALL PRINTR (BHBACK UP2+0+) . BACKO48
MODE=1 BACKO49
Canunsnuns £STIMATE DISTANCE TO NEAREST INTERSECTION OF xAY WITH HEIGHT BACK0S0
Chuaunns® HS BEHIND THE PRESENT RAY POINT BACKOS51
STEP=(-R{4)-SQRT(R(4)#%2- 24#(R(1)-EARTHR=HS) *DRDT(4) 1) /DRDT (4) BACKO052
RSTART=1, BACKO53

CALL RKAM BACKOS4
RSTART=1, BACKO55
Cruntatnn® FIND NEAREST INTERSECTION OF RAY WITH HEIGHT HS BACKO56
DO .40 121,10 BACKOS57
STEP=~(R{1)~EARTHR=-HS) /DRDT(1)" BACKOS8
STEP=SIGN(AMINY (ABS(STP) +sABS(STEP) ) 4STEP) BACKO59

IF (ABS(R{1)~EARTHR=HS) oLTee5E~4 ¢ ANDABSISTEP) oL Tele) GO TO 60 BACKO060.
Crunensnns DIAGNOSTIC PRINTOUT , BACKO61
d CALL PRINTR (8HBACK UP3s0e) BACKO062
MODE=1 BACK063
RSTART=1, BACKO64

CALL RKAM . BACKO085

40 RSTART=l, BACK066

50 THERE=«TRUEs BACKO67
C#wwnnusns RESET STANDARD MODE AND INTEGRATION TYPE BACKO068
60 MODE=INTYP BACK069
STEP=STEP! BACKO70
RETURN BACKOT1
END BACKOT72~
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SUBROUTINE REACH REACO 31

Cevvesssss FREE SPACE ) REAC

76

c CALCULATES THE STRAIGHT LINE RAY PATH BETWEEN THE EARTH REACGO2
c AND THE IONOSPHERE OR BETWEEN IONOSPHERIC LAYERS, REACO03
5 COMMON /RK/ NySTEP,MODE ¢ELMAX 4EIMINJE2MAX E2MINSFACT,RSTART REACO O«
COMMON /TRAC/ GROUND,PERIGE,THERE yMINDIS, NEWRAY ,SMT REACL 35
COMMON /C0O3R0/ § REACQQS
COMMON /RIN/ MODRIN(3),COLL,FIELOsSPACEN24N2I4PNP(10),PILAK, 97A0d07

1 LPOLAR REACLLY
COMMON /ZXX/ MODX(2) 4X sPXPR, PXPT HyPXPPH¢PXPT JHMAX RZACLZ9
COMMON P(223),ToSTP,OROT(20) /WW/ IDC10),WO,W(L3D) RZACH LD
FQUIVALENCE (EARTHRW(2)) , (XMTRHyW(3) ) (RCVRH,W(20)) FEACOLL
LOGICAL CPOSSoCROSSGvCROSSRcSPACE,GROUND.P‘PIGE THEREJMINDGIS, REACT12

1 NEWRAY,RSPACE REACC13
REAL N2 4N2I : ’ REAC 1«
COMPLEX PNP,POLAR,LPOLAR REAC 15

ODATA (NSTFP=500) REAC 15

CALL HAMLTN REAC 17

H=R (1) =t ARTHR REAC 13

IF (4NCTJNEWRAY(AND.oeNOTL.RSPACE) CALL PRINTRUSHEXIT IONsO.) REAC 193
NEWRAY=.FALSE, REZAC 21

, V= SQRT(R(A)"2+R(S)"Z+Q(6)"2) REAC 214
Cesvrenves NORMALIZE THZ WAVE NORMAL OIRECTION TO ONE REAC 22
REL)I=(L)/V REAC 23
RISY=R(S)/V REAC 29
R{g)=R({E)/V REAC 23
Cesexwresy NEGATIVE OF DISTANCZ ALONG RAY TO CLOSEST APPROACH TO CENTER REAC 26
Ces¥rrvvss OF EARTH REAC 27
UP=R (1) *R (W) REAC 23
RADG=EARTHR®#2«R( 1) *#2% ((S)**2+R(6)*%2) : RZAC 273
DISTG=SQRT (AMAX1(0.,RADG)) REAC 33
resyssnss DISTANCE ALONG RAY TO FIRST INTERSECTION WITH OR CLOS’ST REAC 31
Cresswress APPROACH TO THE EARTH REAC 32
S6==UP=-DISTG REAC 33
Ceersssese CROSSG IS TRUE IF THE RAY WILL INTERSECT OR TOUCH THE :ARTH REAC 3«
CROSSG=UP.LTe0¢+sANDJRADGGE D REAC 35

RADR= (EARTHRERCYRH) #¥2-R (1) #42% (RI5)**2+R (6)*%2) REAC 36
DISTR=SQRT (AMAXL (0.,RADR)) REAC 37
Cesssssves HISTANCE ALONG RAY TO THE FIRST INTERSECTION WITH OR CLOSESTY RZAC 38
Cevvrrnrss APPROACH TO THE RECEIVER HEIGHT REAC 39
SR=DISTR=-UP REAC 43

IF (UPuLT.0¢oAND.OISTRoLT+=UPLAND.R(1)4NE.EARTHR#RCVRH) SR==DISTR REAC &1

1 ~UP REAGC 62
Cersvxvass CROSSR IS TRUE IF THE RAY WILL INTERSECT WITH OR MAKE A REAC 43
Cessnssans CLOSEST APPROACH TO THE RECEIVER HEIGHT REAC 4k
CROSSR=R{G) 4LTe 00+ ORR(1) LTy (EARTHR+RCVRH)} REAC uS
CROSS=CROSSGeORCROSSR REAC 46
Ceeressxss MAXIMUM DISTANCE IN RNICH TO LOOK FOR THE IONOSPHERE REAC u7
S1=AMIN1(SR,SG) REAC 48
IF{+NOT,CROSSG) Si=SR REAC 49

IF (UP.GE.0.) 6O TO 15 . REAC 50
CROSS=.TRUE . REAC 51
Crexsxsvss IF RAY IS GOING DOWN, Si IS AT MOST THE OISTANCE TO A PERIGEEREAC 52
S1=AMINL1{S1,~UP) REAC 53
Cevsssxses CONVERT THE POSITION ANO OIRECTION OF THE RAY TO CARTESIAN REAC S&
Cesersvss s COORDINATES REAC 55
15 CALL POL CAR . . REAC 56
SSTEP=1100. . . REAC 57
S=SSTEP . REAC 58

00 20 I=L,NSTEP , REAC %9

IF (({S~SSTEP).GT+S1.AND.CROSS) GO TO 25 REAC 60
Cessvvnvss CONVERT POSITION AND DIRECTION TO SPHERICAL POLAR COORDINATESREAC 61
Cossvsnens AT A DISTANCE S ALONG THE RAY REAC 62
CALL CAR POL REAC 63

CALL ELECTX REAC 64

65



IF (X.EQ.0s) GO TO 20 REAC 66

CALL RINDEX REAC &7
,Cessssssss SFFECTIVELY FREE SPACE REAC 68
IF (SPACE) GO TO 20 , REAC 69
IF (SSTEP.LT.0.5E~&) GO TO 25 REAC 70
Cesssuvvnse DAY IN THE IONOSPHERE, STEP BACK OUT REAC 71
S=S~SSTEP ) REAC 72
Crssssexrx OECREASE STEP SIZE REAC 73
SSTEP=SSTcP/10, : REAC "o
20 S=S+SSTEP REAC 75
PRINT 2009, NSTEP REAC 75
2000 FORMAT (9H EXCEEDED.I5,26H STEPS IN SUBROUTINE REACH) RZAC 77
CALL EXIT REAC 79
25 IF(CROSS) S=AMINL(S,S1) RFAC 79
Crevsrssss CONVERT POSITION AND DIRECTION TO SPHERICAL POLAR COGROINATESREAC 8)
Cevsursess AT A DISTANCE S ALONG THE RAY REAC 81
CALL CAF POL REAC 82
Cessssevss AVOID THE RAY BEING SLIGHTLY UNOERGROUND REAC 83
1)z AMAX1(R(1) 4E ARTHR) REAC B84
Crevsrsssn ONE STEP INTEGRATION REAC 85
IF (NJLT.7) GO TO 3% RTAC 86
00 30 NN=7,N RFAC 87
30 RUNN)=R (NN)+S*DROT(NN) REAC 8%
31 T=T+S REAC 89
CALL RINDEX REAC 90
Cresssveny AT A PERIGEE REAC 91
PEPIGE=SeEQe (~UP) REAC 22
Cessvvsssns CORRECT MINOR ERRORS REAC 93
IF (PERIGE) R(4)=0, : REAC, 9%
Cesssrsses KEEP CONSISTENCY AFTER CORRECTING MINOR ERRORS REAC 95
NROT(1)=R (L) REAC 95
Cesvxssvss ON THE GROUND : REAC 97
GROUND=S, £EQ+S6G+AND.CROSSG REAC 9%
Cresxswsss AT THE RECEIVER HEIGHT ' ‘REAC 99
THERE=S +EQe SR AND+CROSSR, AND4+ NOT .PERIGE REAC10Q
Ceesvesrss AT A CLOSEST APPROACH TO THE RECEIVER MEIGHT ‘REAC101
MINDIS=PERIGE AND¢S.EQs SR.AND.CROSSR REAC1G2
RSPACE=SPACE « REAC103
V=SARTIN2/(RIL)®S2+R(5) ¥ 24R(6) *%2)) REAC104
Cesvsnssss RENORMALIZE THE WAVE NORMAL DIRECTION TO = SQRT(REAL (N**2)) REAC105
RL)=R(4) *y -REACL06
R(5)=R(5) sy REAC107
R(6)XR(6) *V REAC108
RSTART=1. REAC109
IF (.NOT.SPACE) CALL PRINTR (SHENTR ION»s0Q.) REAC110
RETURN REAC111
ENO REAC112-
SUBROUTINE POL CAR . : ; POLCOO1L
DIMENSION X0(6)9X(6)sRO(G) POLC002
COMMON R(6) /COORD/ S POLCOO3
COMMON /CONST/ P1sPIT2+PID2sDUMI(S) POLC004
c ; POLCOOS
C CONVERTS SPHERICAL COORDINATES TO CARTESIAN _ POLCO06
IF (R{5%)eEQe0eeANDeR{6)+EQeOe) GO TO 1 POLCOO7
VERT=0, / . POLCOOS8
SINA=SIN(R(2)) POLCOO09
COSA=SIN(PID2-R(2)) POLCO10
SINP=SIN(R(3)) POLCO11
COSP=SIN(PID2~R(3)) POLCO12
X0{1)aR(1)#SINARCOSP POLCO13
X0(2)=R(1)%SINA®SINP © POLCO14
X0(3)=R(1)*#COSA POLCO15
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[aXaXal

X{4)=2R{4)*SINAXCOSP+R(8 )} *COSA*COSP-R(6)}*#SINP POLCO16

X{5)=R{4)*SINA*SINP+R(5) *COSA*SINP+R (6} %*COSP POLCO17
X{6)=zR(4)#COSA-R(5)*SINA POLCO18
RETURN ’ POLCO19
VERTICAL INCIDENCE POLCO20

1 VERT=1. POLCO21
RO(1}=R(1) POLCO22
RO(2)=R(2) POLCO23
RO(3)=R(3) POLCO24
RO(4)=SIGN (1esR(4)) POLCO25
RETURN ' POLCO26
POLCO27

STEPS THE RAY A DISTANCE Ss AND THEN POLCO28
CONVERTS CARTESIAN COORDINATES TO SPHERICAL COORDINATES POLCO29

ENTRY CAR POL , POLCO30
IF (VERToNE«Os) GO TO 2 POLCO31
X(11=X0(1)+S%#X(4) POLCO32
X(2)=X0(2)+5#X(5) POLCO33
X{3)=X0(3)+5%X(6) _ POLCO34
TEMP=SQRT (X (1) ##24X{2)#%2) POLCO3S
RO1)=SQRT(X{ 1)} ##24X(2) ##24X(3)%%2) © POLCO36
R(2)=ATAN2(TEMPsX(31) ) POLCO3T
R{3)=ATAN2(X(219X(1)) POLCQ38
RUAI2(XL1)IX(4)+X{2)¥X(5)+X(3)%X(6))/R(]) POLCO39
RISI=(X(3)IR(X{TIRX(4)4X{2)%X(5))=(X(1)%%24X(2)%%2)%X(6))/ POLCO040
1 (R(1)#TEMP) POLCO41
RIG)=(X(])RX{S)=X(2)%#X({4))/TEMP POLCO42
RETURN POLCO43
VERTICAL INCIDENCE POLCOG4

2 R(1)=RO{1)I+RO(4)*S POLCO4S5
R(2)=R0O(2) POLCO46
R(3)=RO(3) POLCO47
R{4)=RO(4) ‘ POLCO48
R(5)=0, POLCO49
R(6)=0, ‘ - POLCO50
RETURN , POLCOS1
END POLC 52~
SUBROUTINE PRINTR(NWHY,CARD) ) PRINDO1
PRINTS OUTPUT AND PUNCHES RAYSETS WHEN REQUESTED PRINOO2
ODIMENSION G(393)961(343),TYPE(I),HEADRL(20),HEADR2(20),UNITS(20), PRINOO3
1 HEAD1(20) ,HEAD2(20) 3 UNIT(20) 4RPRINT (20) ¢NPR(20) PRINOOG
COMMON /CONST/ PILPIT2,PID2+,0EGS,RAD,OUM(3) PRINOOS
SOMMON /FLG/ NTYP,yNEWWRyNEWHP, PENET, LINES s IHOP , HPUNCH PRINQOS
COMMON /RIN/ MOORIN(3) sCOLL,FIELDy SPACEsN2yN2I,PNP(10),POLAR(2), PRINOQ?
1 LPOLAR(2) ~ PRINOOS
COMMON R{(20) T /WN/ ID(10) 4WO,W(L0D) PRINOOY
EAUIVALENCE (THETAWR(2)), (PHIHR(I)) PRINO10
EQUIVALENCE (EARTHR,N(2)) ¢ (XMTRHyW(3)) o (TLAT, W (4)),(TLON,N(S)),  PRINOit
L o (FeW(B)) s (AZL oW (10D )9 (BETAWW(LL)) 4 (RCYRMyN(20) )y (HOP,W(22)), PRINO12
2 (PLAT,W(24))y (PLONsW(25)) 4 (RAYSET,H(72)) PRINO13
LOGICAL SPACE,NEWWR,NEWWP,PENET PRINOLG
REAL N2,N2I,LPOLAR i - PRINOLS
COMPLEX PNP PRINOL6
OATA (TYPE=1HX y1HN,1HO) PRINOL7

2y (HEADRL(7)=54 PHAS), (HZADR2(7)=6HE PATH), (UNITS(7)=6H KM ), PRINO1S
3 (HEADR1(8)=5H ABSO),(HEADR2(8)=6HRPTION), (UNITS(8)=6H 08 )y PRINQ19
% (HEAOR1(3)=6H 00P) 4 (HEADR2(9)=6HPLER )4 (UNITS(9)=6H C/S ), PRING20C
5 (HEADR1(10)=5H PATH ), (HEADR2(10) =6HLENGTH) 4 (UNITS(10)=26H KM ) PRINOZ23
CALL RINDEX PRINO2&
IF (.NOT.NEWW?) GO TO 10 PRINQ2S
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Ceovsvresss NEW W ARRAY -- REINITIALIZE
NEWWP=z,FALSE,

SPL=SIN (PLON-TLON)
CPL=SIN (PID2-(F.ON-TLON))
SP=SIN (PLAT)

SP=SIN (PIO2=2LAT)

SL=SIN (TLAT)

CL=SIN (PID2-TLAT)

Ceevrvrssss MATRIX T) ROTATE COJRDINATES
5(141)2CPL*SP*CL~-CP*SL
G(1,2)=SPL*SP
G(1,3)3=SL¥SP*CH ~CL*CP
G(241)=~SPL*CL
G(2,2)=2CPL
G(2,3)sSL*SPL
G(3+1)=CL*CP*CPL+SP*SL
G(3,2)sCP*SPL
6G(3,3)3=SL*CPPCFL+SP*CL

PRINQO26
PRINQ27
PRINQ28
PRINO29
PRINQO30G
PRINO3Y
PRINO32
PRINO33
PRINO3GL
PRINOQ3S
PRINO36
PRINO37
PRINO3S
PRINO39
PRINOLO
PRINOGLL
PRINO&2Z
PRINDG3

DENM=G(1,1)%6(2,2)%G(3+3)¢G(1,2)%G(341)%6(293)+6(2,41)%G(342)*G(1,3PRINGGG

1)26(2+2)%6(3+41)%6(1+3)=6(1+42)%6(2:1)%G(343)-G(1,1)%G(3,2)%G(2,])
Ceeerrenssr THE MATRIX G2 IS THE INVERSE OF THE MATRIX 6
GL{1y1)=2(5(242)%G(393)=6(3,2)*G(2,3))/70DENM
G1(142)=2(6(3,2)*6(1,3)~6(1,2)%G(3,3))/7DENNM
GL(1+3)=(G(142)%G(2,3)=6(2,2)%G(1,3))/DENM
01 (201)2(5(3+2)%6(293)=6(2+1)*G(343))/DENN
61(2,2)=2(6(194)%6(3,3)=6(3,1)%G(1,3))/0ENM
GL(243)2(6(2+1)%G(1,3)-6(1,1)%G(2,3))/DENM
GL(341)3(6(241)%G(3,2)~6(3+41)%G(2,42))/0ENM
61(3,2)2(G(341)%*G(1,2)-6(1+1)*G(3,2))/DENM
GL(3,3)3(6(1+1)%6(2,2)-6€¢2+14)*G(1,2))/7DENN
RO=EARTHR#XMTRH.
Crevesssss CARTESIAN COORDINATES OF TRANSMITTER
XR=R0*G(1,1)
YR=R0*G(2,1)
IR=RO*G (3, 1)
CTHR=2G(3,1)
STHR=SIN (ACOS (CTHR))
PHIR=ATAN2 (YR, XR)
ALPH=ATAN2(G(3,2)+6(3,3))
c..!!".!‘
NR=6
NP=0
DO 7 NN=7,20
IF (W(NM+50) EQ.0.) GO TO 7
Cesvrrssess DEPENDENT VARIABLE NUMBER NN IS BEING INTEGRATED
Ceessesv3® NR IS THE NUMBER OF DEPENDENT VARIABLES BEING INVEGRATED
NR=NR+L
IF (W(NN®50) o.NE.2.) GO TO 7

PRINO4LS
PRINO4G
PRINOL7?
PRINOGLS
PRINGGY
PRINOSO
PRINOS1
PRINOS2
PRINGS3
PRINOSG
PRINOSS
PRINDS6
PRINOS7
PRINOSS
PRINOSY -
PRINOGO
PRINOG6L
PRINO62
PRINOG63
PRINOG4
PRINOGS
PRING6S
PRINOG7
PRINO6S
PRINOG69
PRINO70
PRINO7Z
PRINO72
PRINO73

Ceveevsess DEPENDENT VARIABLE NJMBER NN IS BEING INTEGRATED ANO PRINTED.PRINO7G
Cesrvrreees NP IS THE NUMBER OF DEPENDENT VARIABLES BEING INTEGRATED ANO PRINO7S

Cesssvesss PRINTE)
NP=NP#1
Ce¥vssvsss SAVE THE INDEX OF THE OEPENDENT VARIABLE TO PRINT

NPR (NP) =NR
4EADL (NP} =HEADRL (NN)
HEAD2 (NP) =HEADR 2(NN)
UNIT(NP)=UNITS (NN)

7 GONTINUE
NP1=MINO (NP, 3) .
PDEV=ABSORB=DOPP=0.
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PRINO77
PRING78
PRINO79
PRINOSO
PRINOS1
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Ceeanassu® PRINT COLUMN HEADINGS AT THE BEGINNING OF EACH RAY
10 IF (IFOP.NE.0) GO TO 12
PRINT 1100, (HEAD1(NN),HEAD2(N¥),NNz1,NP1)
1100 FORMAT (44X,7HAZIMUTH/U42X,9HDEVIATION,8X,9HELEVATIONA

PRINO86
PRINOST
PRINOSS
PRINO89

1 10X, 16HHEIGHT RANGE, 1X,2(5X, 12PXMTR  LOCAL),5X,26HPOLARIZATIPRINO9O

20N GROUP PATH,5A6,4A5)
PRINT 1180, (UNIT(NN),NN=1,NP1)

PRINO91
PRINO92

1150 FORMAT (13X,2(8X,2HKM),2X,2(6X,HDEG,5X, IHDEG) ,6X, 12HREAL IMAG,PRINO9Y3

1 7X,2HKM, UX,2(Ux,46,2X))

JF (RAYSET.EQ.0.) GO TO 12
Ch#ensnsss pUNCH A TRANSMITTER RAYSET
TLOND=TLON®DEGS
IF (TLOND.LT.0.) TLOND=TLOND+360,
TLATD=TLAT*DEGS
IF (TLATD.LT.0.) TLATD=TLATD+360.
AZ=AZ1%DEGS
EL=BETA%DEGS
NHOP=HOP

[

PRINOGA
PRINOGS
PRINO96
PRIN0O7
PRIN09S
PRINO99
PRIN100
PRIN101
PRIN102
PRIN103

PUNCH 1200, ID(1),TYPE(NTYP),XMTRH,TLATD,TLOND,RCVRH,F,AZ,EL,POLARPRIN1O4

1,NHOP, 1HT
1200 FORMAT (A3,A1,4PF9.0,3P2F6.0,4P2F9.0,5P2F10.0,5X,2P2F5.0,11,41)
Ci!il!..&i
12 V=0.
IF (N2.NE.O.) V=(R(U)®R2LR(R)WB2LR(6)##2)/N2-1,
H=R{1)-EARTHR
STH=SIN (THETA)
CTH=STIN (PID2-THETA)
CHanannan® CARTESIAN COORDINATES OF RAY POINT, ORIGIN AT TRANSMITTER
XP=R(1)#STH#SIN (PID2-PHI)-XR
YP=R(1)#STH#*SIN (PHI)-YR
ZP=R(1)*CTH-ZR

PRIN105
PRIN106
PRIN107
PRIN108
PRIN109
PRIN110
PRIN111
PRIN112
PRIN113
PRIN114
PRIN115
PRIN116

CHassnaass CARTESTAN COORDINATES OF RAY POINT, ORIGIN AT TRANSMITTER ANDPRIN117

CIQQ&O!.QQ ROTATED
EPS=XP*G1(1,1)+YP*G1(1,2)+ZP*C1(1,?)
ETA=XP#G1(2,1)+YP*G1(2,2)+ZP*G1(2,R)
ZETA=XP®*G1(2,1)+YP*G1(3,2)+ZP*G1(2,3)
RCE2zETA%#2,ZETAR#2
RCE=SQRT (RCE2)
CHaERRARR® GROUND RANGE
RANGE=EARTHR*ATAN2(RCE,EARTHR+EPS+XMTRH)
CHussunune ANGLE OF WAVE NORMAL WITH LOCAL HORIZONTAL
ELL=ATAN2(R(4),SORT (R(5)%#2+R(6)%#2))#DEGS
Chansnunns STRATGHT LINE DISTANCE FROM TRANSMITTER TO RAY POINT
SR=SQRT (RCE2+EPS##2) , '
IF (NP.LT.1) GO TO 16
DO 15 I=1,NP
NN=NPR(I)
15 RPRINT(I)=R(NN)
16 IF (SR.GE.1.E-6) GO TO 20
Chansunans TOO CLOSE TO TRANSMITTER TO CALCULATE DIRECTION FROM
CHansnnsa® TRANSMITTER )
~ PRINT 1500, V,NWHY,H,RANGE,ELL,POLAR,T,(RPRINT(NN),NN=1,NP1)
1500 FORMAT (1X,E6.0,1X,A8,F10.4,F11.4,26X,F8.3,F9.3,F8.3,4F12.4)
GO TO U0
ChERRRNNNS® FILEVATION ANGLE OF RAY POINT FROM TRANSMITTER
20 EL=ATAN2(EPS,RCE)*DEGS
IF (RCE.GE.1.E=6) GO TO 20

~

PRIN118
PRIN119
PRIN120
PRIN121
PRIN122
PRIN123
PRIN12Y4
PRIN125
PRIN126
PRIN127
PRIN128
PRIN129
PRIN130
PRIN131
PRIN132
PRIN133
PRIN134
PRIN135
PRIN136
PRIN137
PRIN138
PRIN139
PRIN140
PRIN1U41
PRIN142

Cessuansss NEARLY DIRECTLY ABOVE OR BELOW TRANSMITTER. CAN NOT CALCULATEPRIN143

Cuassaaass A7TMUTH DIRECTION FROM TRANSMITTER ACCURATELY
PRINT 2500, V,NWHY,H,RANGE,EL,ELL,POLAR,T,(RPRINT(NN),NN=1,NP1)
2500 FPORMAT (1X,E6.0,1X,A8,F10.4,F11.4,17X,F9.3,F8.3,F9.3,F8.3,
1 4F12.4) '
GO TO 40
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PRIN145
PRIN146
PRIN14T
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Ceevsvsvns AZIMUTH ANGLE OF RAY POINT FROM TRANSMITTER
30 ANGA=ATANZ (ZTA,ZETA)
AZDEV=180.~AMOD(540.=(A21-ANGA) *DEGS,360.)
IF (R(5) .NE.Qe cOR'R(B) «NE+Os) GO TO 36
Cessssvuss WAVE NORMAL IS VERTICAL, SO AZIMUTH OIRECTION CANNOT BE
Cevvesssss CALCULATED
PRINT 3000, VoNWHY ,HsRANSZ,AZOEVsELELL,POLAR, Ty (RPRINT(NN) 4 NN=1,
Lt NP1)
3000 FORMAT (1X,E5¢041X9AB,F10eloFlletryFIa348XFO¢3,F8.3,F9.3,F8.3,
1 4F12.4)
GO TO &0
34 ANAZANGA=ALPH
SANA=SIN (ANA)
SPHI=SANA®STHR/STH
CPHI==SIN (PID2-ANA)*SIN (PID2~ - (PHI=-PHIR) ) +SANA®SIN (PHI-PHIR)
1 *CTHR

PRIN149
PRIN1S0
PRIN154
PRIN152
PRINS3
PRIN1SG
PRIN1SS
PRIN156
PRIN157
PRINLSS
PRIN159
PRIN160
PRIN161
PRINi62
PRIN163
PRINiG4

AZA=180,-AMOD (S40..=(ATAN2(SPHI,CPHI)<~ATAN2(R(6),R(5)))*0EGS+360.)PRIN16S
PRINT 3500, VoNWHY sHyRANSE,AZDEVLAZAyELIELLyPOLAR,T 4 (RPRINT(NN)+» NNPRIN166

1 =1,NP1)
3500 FORMAT (1K,E64011X,A81F10440F11.402(F.3,F8.3),F9.3,F8.3,
1 4F12.4)
C“O“‘.‘.
40 LINES=LINES+%
IF (NPJ.LE.3) GO TO 45
Covsvevrens ADOITIONAL LINE TO PRINT REMAINING DEPENDENT INTEGRATION
Cesrsvsvas VARIABLES
PRINT 45000, (RPRINT(NN),NN24,NP)
4000 FORMAT (99X,3F12,4)
LINES=LINES+1
45 IF (CARD.EQ.0.) RETURN
c )
Cevevsrvees PUNCH A RAYSET
IF (AZDEV.LT.=90.,) AZOEVSAZDEV+360.
IF (AZAJLT.-30.) AZA=AZA+360.
TDEV=T-SR
NR=6
IF (N(57).EQe0) GO TO 47
Cessessers PYASE PATH
NR=NR+1
PDEVER(NR) =S
47 IF (W(58).EQeD.) GO TO 48
Cossvssnvs AQGSORPTION
NR=NR+1
ABSORB=R(NR)
Cessssesrs DOPPLER SHIFT
%8 IF (W(S59) NE.D+s) DOPP=R(NR¢1)
PUNCH 4500, HPUNCH,RANGE,AZDEV,AZALELL SRy TDEV+POEV,ABSORB4+O0PP,
1 POLARy IHOP, NWHY
4500 FORMAT (kPZF900'3P3F60093PFO 093PUF6,0,2P2F5.04I1,AL)
RETURN
ENO
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PRIN167
PRIN168
PRIN169
PRINL70
PRIN17¢
PRIN172
PRINL73
PRIN174
PRIN17S
PRIN176
PRIN177
PRIN178
PRIN179
PRIN180O
PRIN181
PRIN182
PRIN183
PRIN184
PRIN18S
PRIN186
PRIN187
PRIN188S
PRIN189
PRIN190
PRIN194
PRIN192
PRIN193
PRIN194
PRIN19S
PRIN196
PRIN197
PRIN198
PRIN199~



INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
OF THE RAY PATH ON A VERTICAL PLANE

Coordinates of the left edge of the graph:
rad

deg north (W83)
km

lL.atitude

rad
deg east (W84)
km

Longitude

Coordinates of the right edge of the graph:

rad
deg north (W85)
km '

Laatitude

rad
deg east (W86)
km

il

Longitude

Height above the ground of the bottom of the graph = km (W88)

rad

Distance between tic marks = deg (W87)
' km

(W8l = 1.)
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INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
) OF THE RAY PATH ON THE GROUND

Coordinates of the left edge of the graph:
rad

Latitude ‘deg north (W83)
§ km

rad
deg -east (W84)
km

Liongitude

Coordinates of the right edge of the graph:

rad
Latitude = deg north (W85)
km
rad -
Longitude = deg east (W86)
km
Factor to expand lateral deviation scale by = (W82)
rad
Distance between tic marks on range scale = deg (W87)
km

(W81 = 2.)
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SUBROUTINF RAYPLT YPLTOO1

c REPLACES SUBROUTINES RAYPLTsPLOTs AND LABPLT [F PLOTS ARE YPLTO002
¢ NOT WANTED OR IF A PLOTTER 1S NOT AVAILABLE YPLTOO03
COMMON /WW/ ID(10)sWOsW(400) YPLTOO4
EQUIVALENCE (PLT»W(81)) ‘ _YPLTOOS

¢ ‘PLTag0, YPLTO0O06
ENTRY ENDPLT YPLTOO7?
RETURN s , YPLTOOS
END YeLT 9-

D
L

SUBROUTINE RAYPLT ; RAYPOO1

C W(81)=1., PLOTS PROJECTION OF RAYPATH ON VERTICAL PLANE RAYPOO2
c 22, PLOTS PROJECTION OF RAYPATH ON GROUND . RAYP0O3
COMMON /PLT/ XL +XRsYBsYTSsRESET RAYPOO4
COMMON /CONST/ P1,PIT25PID2+DUMI(S) RAYPQOS
COMMON /FLG/ NTYP,NEWWR yNEWWP s PENET L INES s IHOP yHPUNCH RAYPOOG
COMMON R(&) /WW/ ID(10),W0sW(400! . RAYPOO7
EQUIVALENCE (THsR({2))s(PHsR(2)) RAYPOOS

EQUIVALENCE (EARTHRIW(2)) 9 (PLATsW(24))9(PLONsW(25))+(PLTsW(81))s RAYPOO9
1 (FACTRoW(82)) 9 (LLATIW(B3))» (LLONsW(B4)) s {RLATsW(85)) s (RLON,W(B86))RAYPO10

2+(TICHW(BT))s(HBIWI(BE)) RAYPO11
REAL LLATHLLONSLTIC RAYPO12
LOGICAL NEWWRsNEWWPIPENET RAYPQ13
IF (oNOT.NEWWR) GO TO 5 RAYPO14 -
C . bl ‘ RAYPO1%
C NEW W ARRAY ==~ REINITIALIZE RAYPO16
NEWWR= ¢ FALSE RAYPO17
RESET=z1,. ) RAYPO18
CONVERT COORDINATES OF VERTICAL PLANE FROM GEOGRAPHIC TO GEOMAGNETIC RAYPO19
SW=SIN (PLAT) RAYP0O20
CW=SIN (PID2-PLAT) RAYPO21
SLM=SIN (LLAT) RAYPO 22
CLMsSIN (PID2-LLAT) RAYPO23
SRM=SIN (RLAT) RAYPO24
CRM=SIN (PID2-RLAT) : RAYPO25
COPHI=SIN (PID2~{LLON-PLON}) RAYPOZ6
PHL=ATAN2 (SIN (LLON=PLON)}*CLMsCDPHI*SW*CLM=CW*SLM) RAYPO27
CTHL=CDPHI*CW®CLM+SW*SLM RAYPO28
STHL=SIN (ACOS (CTHL)) : RAYPO29
COPHI=SIN (PID2-(RLON-PLON)) RAYPO30
PHR=ATAN2(SIN (RLON=PLON)*CRMyCDPHI*SW*CRM~CW*SRM) ) RAYPO31
CTHR=aCDPHI#CWHCRM+SWHSRM ’ RAYPO32
STHR=SIN (ACOS (CTHR)) RAYPO33
CLReCTHL*CTHR+STHLESTHR#SIN (PID2~(PHL~ PHR” RAYPO 34
SLR=SQRT (1e~-CLR*%2) . RAYPO3S
IF (PLTeEQe2s) GO TO 3 RAYPO36
FACTR=1, RAYPO37
RO=EARTHR+HB . RAYPO 38
ALPHA= +5%AC0S (CLR) RAYP0O39
XReRO#SIN (ALPMHA) RAYPO4O
XL==XR RAYPO41
YB=RO#SIN (PID2-ALPHA) : RAYP0O 42
YT=YB4+2+#XR N RAYPO43
GO TO 5 - RAYPO &AL
3 IF (FACTReEQeOe?!} FACTR=1l. RAYPO&4Y
ALPH1=ATAN2(STHR#*SIN (PHR=PHL) » (CTHR~CTHL*CLR)/STHL) RAYPO46
XL=0, RAYPO&7
XR=EARTHR#ACOS (CLR) "RAYPOA4S
YT=045#XR/FACTR RAYPO49
YBe=YT RAYPOS0
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5

10

STH=SIN (TH!)

CTHaSIN (PI1D2~TH)
CRICTHR'CTH*STHR'STH*SIN (P1D2={(PHR=PH))
CL2CTHL®*CTH+STHL*STH#SIN (PID2=(PHL=-PH))
CEA=ATAN2 (CR=CL*CLRCL*SLR)

NEW=1 ) .

IF (IHOP«NE«O) NEW=0

IF (PLTWEQe2s) GO TO 10

CALL PLOT {RUL)#SIN{CEA~ALPHA) sR(1)*SIN(PID2~(CEA-ALPHA) ) »NEW)

RETURN

SL=SQRT (1e=CL#%2)

TMP1=STHASIN (PH-PML !}

TMP2= { CTH-CTHL#CL) /STHL

ALPH2=20. ’

IF (TMP1oNEeOesORGTMP2 NEoOe) ALPH22ATAN2 (TMP1,TMP2)
CALL PLOT (EARTHR¥CEASEARTHR*ASIN{(SL*SIN (ALPH1~ALPH2) ) +NEW)

RETURN

DRAW AXES AND CALL FOR LABELING AND TERMINATION OF THIS PLOT

ENTRY ENDPLT

TICKX=20,01#(YT=-YB)

IF (PLT«EQe2¢) GO TO 25
R1=EARTHR=TICKX

X=XL

Y=YB

CALL PLOT (XsYel)

NTIC=2

IF (TICeNEeOe) NTICENTIC+2+*%ALPHA/TIC
NLINE=MAXO (19100/NTIC)

- DO 20 I=1sNTIC

20

25

30

40
50

ANG=—-ALPHA+( I=1)#TIC
CALL PLOT (R1*SIN (ANG)sR1*SIN (PID2-ANG)+0)
CALL PLOT (XsYs0) 4
DO 20 J=1sNLINE ‘ !
ANG=ANG+TIC/NLINE
X=EARTHR*SIN (ANG)
Y=EARTHR*SIN (PID2-ANG)
CALL PLOT (XsYs0)
CALL PLOT (XRsYBsO) -
Go TO 50
DTICaT IC*EARTHR
LTICaOTIC/FACTR
TICY=XL+0¢01%(XR=XL)
NTICsYT/LTIC
TICL==LTIC#NTIC
CALL PLOT (XLsYBs1)
NTIC=2#NTIC+1
DO 30 I=1sNTIC
YaTIC1+(1-1)#LTIC
CALL PLOT (XL3Y+0),
CALL PLOT (TICY»Y,0)
CALL PLOT (XLsYs0)
CALL PLOT (XLsYT»0)
CALL PLOT (XLsOesl)
NTIC=(XR=XL)/DTIC
DO 40 I=]sNTIC
X=1#pTIC
CALL PLOT (X3040)
CALL PLOT (X»TICKX»0)
CALL PLOT (Xs04+0)
CALL PLOT (XR»0es0)
CALL LABPLT
CALL PLTEND
RETURN

END
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10

11

12

13

14

16

20
21

22

26

20

SUBROUTINE PLOT (XsYsNEW)

COMMON /PLT/ XMINO»XMAXOsYMINO s YMAXOsRESET

COMMON /DD/ INToIORsITsISsICSICCoIXslY

DATA (INITAL=1)9s(MINX=0) s (MINY=0)ys (MAXX=1023)s(MAXY=1023)
1 (MINXO=23)s{MINYO=23)9(MAXX0=1023),(MAXY0=1023)

INITIALIZE LIBRARY PLOTTING ROUTINES
IF (INITALEQeO) GO TO 1
INITAL=0
CALL DDINIT (191H )

COMPUTE SCALE FACTORS
IF (RESET.EQe0s) GO TO 5
RESET=0,
XSCALE=(MAXXO=MINXO)/ (XMAXO=XMINO)
YSCALE={(MAXYQ=-MINYO )/ (YMAXO-YMINO!
XMIN=XMINO-{(MINXO=-MINX}/XSCALE
YMIN=YMINO~(MINYO=MINY)/YSCALF
XMAX=XMAXO+{MAXX=-MAXX0) /XSCALE
YMAX=YMAXO+(MAXY=-MAXYO) /YSCALE

START A NEW LINE
IF (NEW.EQsO) GO TO 10
IXaMINXO+( X~XMINO) *XSCALE
IY=MINYO+(Y=YMINO) #YSCALE
IF (IXeGEeMINXeAND e IXoLEeMAXXeANDeIYoGEeMINY sANDeIYeLEMAXY)
1 CALL DDBRP
GO TO 50

HORIZONTAL DISPLACEMENT
XS=X-XOLD
YS=Y-YOLD
IF (XS) 1112516
NEGATIVE
X1=XMAX
X2=XMIN
GO TO 20
2ERO
IF (YS) 13450914
Sla (YMAX=-YOLD)/YS
S2= (YMIN=-YOLD!/YS -
GO TO 40 -
S1=2(YMIN=-YOLD)/YS ¢
S2={YMAX=-YOLD)/YS
GO TO 4n ‘
POSITIVE
X1=XMIN
X2aXMAX

VERTICAL DISPLACEMENT
IF (YS) 21422426
NEGATIVE
Y1=YMAX
Y2=YMIN
GO TO 30
ZERO
S1=(X1-XOLD) /XS
§22(X2-xX0LD) /XS
GO TO 40
POSITIVE
Y1=YMIN
Y2=YMAX

S1=AMAX1({X1-XOLD}/XSs(Y1-YOLD)/YS)
S2=AMIN1((X2~XOLD) /XSs{Y2-YOLD)/YS)
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40

42

44

50

PLOT LINE -- CHECKING FOR BORDER CROSSINGS
S=SQRT (XS##2+YS##2)
IF (SZOLTQOOOOR.S’SI‘SQGT.OQ) GO TO 50
IF (SlelLTe0e) GO TN 42

PREVIOUS POINT OFF GRAPH
IXSMINXO+{XOLD+XS*#S1-XMINO) #XSCALE+N.5
[Y=MINYQO+ ( YOLD+YS*S1-YMINQO) *YSCALE+N.5
CALL DDBP
IF (5%#52~S5.GTe0e) GO TO 44

CURRENT POINT NFF GRAPH :
IXsMINXO+( XOLD+XS#S2-XMINO) #XSCALE+0 5
1YZMINYO+{ YOLD+YS*S2=YMINOI *YSCALE+Ne5
CALL DDVC '
GO To so

CURRENT POINT ON GRAPH
IX=MINXO+( X-XMINO)%#XSCALE+0«5
IYSMINYO+(Y-YMINO) #YSCALE+045
CALL DDVC

EXIT ROUTINE
XOLD=X
YOLD=Y
RETURN

TERMINATE THE CURRENT PLOT
ENTRY PLTEND
CALL DDFR
RETURN
END

SUSROUTINE LA3PLT
LABEL THE CURRENT PLOT
JIMENSION LABEL{(9),TYPE(3)
COMMON 700/ INT IORWITsISyICsICCoIXsIY
COMMON /CONST/ PI4PIT2,PID2yDEGS,0UM(L)
COMMON /FLG/ NTYP,NEHHR,NEHHP.PENET,LINES.IHOPsHPUNCﬂ
COMMON /wWn/ TO(10) 4WO4W(L0D) . )
EQUIVALENCE (EARTHRIW(2)) o (FyW(6)) s (AZL14W(10)) 4(PLT,W(8L1)),

1 (FACTRyW(B82))+(TIC,W(87))

LIGICAL NEWWR.NEWWP,PENET

REAL LTIC

JATA (TYPE=8HIXTRAORO,8HNO FIELOy8HORDINARY)

IOR=IT=0

Is=2

IX=0 $ 1Iv=1023 $ CALL ODTAB § CALL DOTEXT (7,I0)
_ NDATE=IQATE(D) '

CALL .DOTEXT (1,NDATE)

AZAsAZL*DEGS

DTIC=TIC*EARTHR

1000

2039

ENCODE (724+10004LABEL) FLAZA,TYPE(NTYP),0TIC

FORMAT (3HF =yF7.396Hy AZ 34F74292Hy 9AB92Hy »F7.2,24H KM BETWEEN
1TICK MARKS#,)

IX=9 $§ Iv=991 § CALL ODTAB & CALL DOTEXT .(9,LABEL)

IF (PLT.EQ.1.) RETURN :

LTIC=0TIC/FACTR /

ENCOOE (32,2000,LABEL) LTIC
FORMAT (F7.,2424H4 KM BETHEEN TICK MARKS%,)

I0R=1
Ix=0 - $ 1Iv=0 $ CALL ODTAB $ CALL DOTEXT (44LABEL)
I0R=0
RETURN
END >
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aOo

320

10349

1631

1350

1034

1039

16090

159

2000

2048

2051

SUBROUT INE RKAM
NUMERICAL INTEGRATION OF DIFFERENTIAL EQUATIONS
CIMMON /RK/ NNySPACE,MODE,ELMAX,ELMIN, E2MAX,E2MIN,FACT,RSTART
COMMON Y (20) 4T,STEP,OYDT(20)
JIMENSION OELY (4y20)4BET(%) 4 XV(5) 4FV(4,20),YU(5,20)
TYPE DOJBLE YU
IF (RSTART.ZQ.0.) GO TO 1200
LL=MM=1
IF (MOOE.EQsl) MM=4
ALPHA=T
ZPM=0,0
3ET(1)=BET(2)=0.5
BET(3)=1.]
BET(4)=0.0
STEP=SPACE
R319.072706.0
XVIMM)=T
IF (EAMINJLE.Q.) ELMIN= ElHAXISSo
IF (FACT.LE.D.) FACT=0,5
CALL HAMLTN
D3 320 I=1,NN
FV(MMyI)20YDT(])
YU(MM,T) =Y (D)
RSTART=0.
50 To t00¢
IF (MODE.NE.1) GO TO 2000

RUNGE-KUTTA
00 1034 Ksisb
00 1350 I=z14NN
DELY(K,I)=STEP*FV (MM, I)
Z=YU(MM,I)
Y(I)=2Z+BET(K)*OELY(K,I)
T2BET(K)*STEP+XV(MM)
CALL HAMLTN
DO 1034 I=1,NN
FV(MM, L) =0YDT(D)
00 1039 I=1,4NN
DEL=(DELY (LoD ¢2.0%DELY(2,I)+2.0%0ELY (3, I)+0ELY G41)) /6.0
YU(MM+1,1) =YU(MM, 1) ¢+DEL
MMzMM+1
XV(MM)=2XV(MM=1) +STEP
DO 1400 I=1,NN
YCI)=YU(MM,I)
TaxXV(MM)
CALL HAMLTN
IF (MODE.EQ.1) GO TO 42
30 150 I=g,NN
FV (MM, I)=DYOT(D)
IF (MMJLEL3) 350 TO 100t

ADAMS-MOULTON
90 2048 I=14NN
DEL=STEP® (S5 .%FV(UyI) =59, *FV(3,I)¢37.%FV(2,1)=9.*FV(1,1)) /24,
Y(I)=YU {4y D) ¢DEL
OELY(19I)=Y(I)
T2XV(4) +STEP
CALL HAMLTN
XV (5)=71
20 2051 I=1,NN
DEL=STEP‘(9.‘DYDT(I)019.'FV(401)'5.'FV(3.I)*FV(Z.I))/Z“.
YU(S,I)aYU(4,1)+DEL :
Y{I)=YU (5, 1) .
CALL HAMLTN
IF (MODE.LE.2) GO TO 42
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3033

3035

5363

(X4

12

ERROR ANALYSIS
SSE=0.0
D0 3033 I=14NN
EPSIL=R®*ABS(YI(I)-DELY(1,I))
IF (MODEJEQe3+AND WY (I) NE+sDOos) EPSIL=EPSIL/ABS(Y(I))
IF (SSE.LTEPSIL) SSE=EPSIL
CONTINUE . '
IF (E1MAX.GV.SSE) GO TO 3035
IF (ABS(STEP).LEL.EZ2MIN) 50 TO &2
LL=MM=1 B
STEP=STEP®FACT
50 TO 1001
IF (LLoLEeLleORsSSEGEELMINJORJEZMAX L LELABS(STEP)) G2 TO &2
LL=2
M=3
XV(2)=2XV(3)
XV(3)=XV(5)
20 5363 I=1,NN
FY(24y1)2FV¥(3,1)
FVv{(3,I)=0Y0T(I)
YU(2+1I)22YJ(3,1)
YU(3,I)=YU(5,1)
STEP=2.0*3TEP
GO TO {004

EXIT ROUTINE

LL=2
MM=4
J0 12 K=1,3
XV(K)=XVIK#L)
DO 12 I=1,NN
FV(KeI)aFVI(K+L,1)
YU(Kys I) 3YU (K41, 1)
XV (4)=XV(3)
00 52 I=1,NN
FVY Ly I)=DYDT(I)
YUCLyI)2YU(5,1)
IF (MODE.LE.2) RETURN
E=ABS(XV (L) -ALPHA)
IF (E.LE.EPM) GO TO 2000 -
EPM=E
RETURN

END
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SUBROUTINE HANLTN ' HAMLOD1

Creevssvey CALCULATES HAMILTONS EQUATIONS FOR RAY TRACING HAMLOO02
COMMON /CONST/ PI,PIT2,PID2,DEGS+RAD+K,CyLOGTEN HAMLOO3
COMMON /RIN/ MODRIN(3) 4COLL,FIELD, SPACE,KAY2,KAY2I, HAMLOO4
1 HoHIyPHPTPHPTIyPHPR ,PHPRI ,PHPTH,PHPTHI yPHPPH, PHPP?HIHAML00S
2y PHPOMy PHPOMI y PHPKRy PHPSRI » PHPKTHyPHPKTI, PHPKPH,PHPKPI HAML 006
3 +KPHPKsKPHPKIPOLARyPOLARIyLPOLAR,LPOLRI HAMLOO7
COMMON R(20)4T,STP,DRDT(20) /WW/ ID(10),W0,W(L00) HAMLOOS

EQUIVALENCE (THyR(2))y (PHyR(3)) 9 (KRyR(4)) ¢y (KTHyR(5)), (KPH,R(6)), HAMLOOO
1 (OTHOT,OROT(2)), (DPHDT4OROT (3) )y (DKRDTyORDT (4)) 4 (OKTHOT, DROT(S) ) ,HAML 010

2 (DKPHOT,ORDT(6)) 4 (FoW(B)) ) HAMLO14
REAL KRyKTHyKPHyKPHPRKyKP4PKI LPOLARyLPOLRIZLOGTEN)KoKAY2,KAY2T MAMLO12
OMzPIT2%1,.E64F HAML 013
STH=SIN(TH) HAMLO14
CTH=SIN(PID2=TH) ) HAML01S
RSTH=R(1)*STH } HAMLO16
RCTH=R(1) *CTH HAMLOL?7
CALL RINDEX . ' HAMLO18
ORDT=~PHPKR/ (PHPOM*(C) - HAMLO19
DTHOT==PHKTH/ (PHPOM*R (1) *C) HAMLO020
DPHOT==PHPKPH/ (PH POM*RSTH®*C) ' ) HAML 021
OKROT=PHPR/{PHPOM*C) +KTH* DTHOT ¢KPH*STH*DPHODT ! WAML 022
DKTHDTS(PHPTH/(PHPOM‘C)-KTH'DRDTOKPH'RQTH‘DPHDT)IR(i) HAML 023
DKPHOT2 (PHPPH/ (PHPOM®C) =KPH®*STH#DROT-KPH*RCTH*OTHDT) /RSTH HANML 024
NR=6 HAML 025
Creessv33% PHASE PATH HAML 026
IF (W(57).EQe04) GO TO 10 B HAML 027
NR=NR+1 HAML 028
DROT(NR) =~ KPHPK/PHPIM/OM . HAML 029
Cresssssvs ABSORPTION : HAMLO30
10 IF (W(58).EQ.0.) GO TO 135 . ‘ HAML 031
NR=NR+L HAML 032
IRDTUINR) = 10./7LOGTEN*KPHPX*KAY21I/ (KR*KReKTH*KTH+KPH®*KPH) /PHPON/C HAMLO33
Crevssssss DOPPLER SHIFT ' R HAMLO34
15 IF (W(53).,EQ.0.) GO TO 20 HAML Q35
NR=NR+1 HAMLO36
IROTINR) ==PHPT/PHPOM/C/PIT2 HAMLQ37
Crevrsevvs GEOMETJICAL PATH LENSTH HAML 038
20 IF (W(BJ).EQelDs) GO TO 25 HAML 039
NR=NR+4 : HAML 040
) DROT(NR) ==SQRT (PHPKR**2+PHPKTH**2 + PHPKPH* #2) /PHPOM /C HAMLOGLL
Crrvvvravs OTHER CALCULATIONS HAML 042
25 CONTINUE HAML 043
RETURN , HAML Q4G
END HAML 045~
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APPENDIX 2. VERSIONS OF THE REFRACTIVE INDEX
SUBROUTINE (RINDEX)

This ray tracing program gains versatility without sacrificing speed
by having several versions of some of the subroutines. For example,
the 8 versions of the refractive index subroutine allow the user to decide
for each ray path calculation whether to include or ignore various aspects
of the propagation medium such as the earth's magnetié field or collisions
between electrons and neutral air molecules.

If collisions are included, the user has the option of using the Apple-
ton-Hartree formula (which assumes a constant collision frequency) or the
Sen-Wyller formula (which assumes a Maxwell distribution of electron
energies and a collision frequency proportional to energy). The Sen-
Wyller formula is generally assumed to be more accurate, especially
in the lower ionosphere, but the Appleton-Hartree formula can often be
used with an effective collision frequency profile to save computer time.

When the effect of the earth's magnetic field is included and ray
paths are calculated near vertical incidence, a spitze (Davies, 1965, p.
202) often occurs in the ray path. (At a spitze, the usual .formulas for
refractive index become indeterminate because the wave normal is paral-
lel with the earth's magnetic field and the wave frequency equals the
local plasma frequency.) Two versions of the refractive index subrou-
tine have been developed to calculate ray paths through a spitze. These
two versions will also work in the absence of a spitze, but the standard
versions are much faster.

The input to the refractive index subroutines is through blank com-
mon and /common blocks /XX/, /YY/, and /ZZ/. Output is through com-
mon block /RIN/. The refractive index subroutine is called through the
entry RINDEX. The subroutine names are used only for user identifica-

tion. The following 8 versions of the refractive index subroutine are
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listed in this appendix:

a.

Subroutine AHWFWC (Appleton-Hartree formula
with field, with collisions)

Subroutine AHWFNC (Appleton-Hartree formula
with field, no collisions)

Subroutine AHNFWC (Appleton-Hartree formula
no field, with collisions)

Subroutine AHNFNC (Appleton-bHartree formula
no field, no collisions)

Subroutine BQWFWC (Booker Quartic with field,
with collisions)

Subroutine BQWFNC (Booker Quartic with field,
no collisions)

Subroutine SWWF (Sea-Wyller formula with field)

Subroutine SWNF (Sean-Wyller no field)
Subroutine FGSW

Subroutine FSW

Fresnel integral function C

Fresnel integral function S
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b

1

SJBROUTINE A4AFNWC

CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE
APPLETON=-HARTREE FIRMULA WITH FIELD, WITH COLLISIONS

COMMON /CONST/ PI PIT24PID2,0EGSsRADIANGK+CoLOGTEN

COMMON /RIN/ MOORIN(3) 4CO.LoFIELDySPACEJKAY2yHPHPT 4PHPR, PHP TH,
PHPPH yPHPOMy PHPKR y PHPKTH  PHPKPH y KPHPK s POL ARy LPOLAR

COMMON 7XX/ MIDX(2) 49X 4PXPRyPXPTH,PXPPH,PXPT,HMAX

WFWC001
WFRWC002
WFWCO003
WFHCO0L
WFWCO05
WFWC006
WFWC007

SOMMON 7YY/ MODY,Y ,PYPRyPYPTH,PYPPH,YR,PYRPR,PYRPT,PYRPP,YTH,PYTPRWFHCB08

sPYTPT ,PYTPP, YPH,PYPPR,PYPPT, PYPPP
COMMON /Z2/ MODZ,Z4PZPRyPZPTH,PZPPH
COMMON RyTHy PAsKRyKTHyKPH  /HN/ TD(10) WO, W (400)

COMMON /RK/ NySTEP,MODEsZ1MAX,ELMIN,E2MAX JE2MINyFACT,RSTART

EQUIVALENCE (RAY,W(1))+(F,WN(6))
LOGICAL SPACE

" REAL KRy4KTHyKPHyK2
COMPLEX N2,PNPR)PNPTH,PNPPHyPNPVRy PNPVTH, PNPVPH NNP,PNPT,

[ZYRAV N o

NOYU 4 W

POLARyLPOLARsIsUyRADDyPNPPS,PNPX,PNPY 4PNPZ,UX,UX2,02,
KAY2 343 PHPToyPHPRy PHPTHy PHPPH 4 PHPOMyPHP KRy PHPKTHy PHPKPH,y
KPHPK

JATA (MODRIN=BHAPPLETONy8H~HARTREE 8H FORMULA) , (COLL=%.),
(FIELD=1.),
(X20e)y (PXPR=0.)y (PXPTH=04)y (PXPPH20,), (PXPT204),
(V=0e)y (PYPR=04) 9 (PYDPTH=Z04) o (PYPPHZ0.) 4y (YR20.)y (PYRPR=0,),

(PYRPT=04)y (PYRPP=04) 4 (YTHZ0.)y (PYTPR=0,.) 4 (PYTPT=0.),
(PYTPP=204)y (YPH20.)y (PYPPR=20.) 4 (PYPPT=0,), (PYPPP=(,)

2(220e)y (PZPR=D4) 9y (PZPTH=04) s (PZPPH=0,.)
(I2(Desle))y (ABSLIM=L.E=~5)

ENTRY RINDEX

OM=PIT2%1,EB%F

C2=C*C

K2=KR*KR+KTH*KTH+KPH*KPH

OM2=0M*0OM

VR =C/0M*KR

VIH=C/70M*KTH

VPH=C/0M*KPA

CALL ELECTX

CALL MAGY

V2=VR* S 24+ ¢ TH®¥24+VYPH**2

VOOTYZYR*YReVIHOYTH+VPHPYPH

YLVvaVDOTY/ V2

YL2=vDOTY®*32/y2

YT2=Y%%2-yL2

YTezYT2%YT2

CALL COLFRZ

UCMPLX (14 y=2)

JX=2y~-X

UX2=UX*UX N

RADzRAY*CSQRT(YTL+4,*YL2%UX2)

D=2.,%U%UX=YT2¢RAD

02=0%*D

N2=1.-2.*X*UX/D

PNPPS=2,#X*UK* (=1, +(YT2-2.%UX2)/RAD)/D2

PPSPR =YL2/Y*PYPR =~ (VR*PYRPR+VTH¥PYTPR¢VPH*PYPPR)*YLV

PPSPTH=YL2/Y*PYPTH=(VR*PYRPT¢«VTH*PYTPT +VPH*PYPPT) *YLV

PPSPPHzYL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPH*PYPPP) #YLV

PNPXz= (2, UtUX2=YT2% (U=2.¥X) +(YTWL® (U=2.,%X)+b,*YL2%UX*UX2) 7/RAD) /02

PNPYZ2, $X*UX® (=YT24+ (YT4#2,#YL2¥UX2)/RAD) /7 (D2*Y)
PNPZ=I*X* (=2,*UX2=YT2+YT4/RAD) 702

PNPR =PNPX*PXPR +PNPY#PYPR +PNPZ*PZPR +PNPPS*PPSPR
PNPTH=PNPX*P X2 THePNPY#RYPTH+PNPZ*P ZPTH+PNPPS*PPSPTH
PNPPH=PNPX*PXPPH+PNPY*PY>PH¢PNPZ*P ZPPH +PNPPS*PPSPPH
PNPVR =PNPPS# (VR *YL2/V2-YLV*YR )

PNPVTH=PNPPS* (VTH¥YL2/V2=YLV*YTH)

PNPVPHZ PNPPS® (VPH* YLZ/V2=YLV*YPH)

NNPEN2= (2 . *X*PNPX +Y¥PNPY+Z*PNPZ)
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1

PNPT= PNPX'PXPT

SPACE=REAL (N2) +EQ+1+..AND. ABS(AIMAG(N2) )&l T, ABSLIM
POLAR==I*SQRT(V2)* (=YT2+A0) /(2.*V0OTY*UX)
5AM=(-YT2¢RAD) 7 (2.%UX)
LPOLAR=T*X*SQRT(YT2)/ (UX® (UsGANM))
KAY2=0M2/C2%N2

IF(RSTART.EQ.0.) GO TO &

SCALE=SART (REAL(KAY2) 7K2)

KR =SCALE*KR

KTH=SCALE®KTH

KPH=SCALE*KPH

SONTINUE

Crerreevss CALCULATES A HAMILTONIAN H

Hz 5% (C2%<2/0M42-N2)

Ceevrsvseer AND ITS PARTIAL DERIVATIVES WITH RESPECT TO
Crevesssss TIME, Ry THETA, PHIy» OMEGA, KRy KTHETA, AND KPHI.

1
2
3

1

@ NU Y E W

PHPT ==PNPT
PHPR ==PNPR
PHPTH==PNP TH
PHPPH==PNPPY
PHPOM==NNP/ON
PHPKR =[C2/70M2*KR =-C/OM*PNPVR
PHPKTH=C2/0M2* K TH=C/OM*PNPVTH
PHPKPH=C2/0M2% KPH~C/OM* PNPVPH
KPHPK=N2
RETURN
END

SUBROUTINE AHWFNC
CALCULATES THE REFRACTIVE INDEX ANDO ITS GRADIENT USING THE
APPLETON-HARTREE FORMULA WITH FIELD, NO COLLISIONS

COMMON /CONST/ PIJPIT2,PI024DEGSyRADIANIKCyLOGTEN

SOMMON /RIN/ MODRIN(3) +COLL,FIELD,SPACE,KAY2,KAY2I,

WFWC066
WFHCO067
WFWCO068
WFWC069
WFHCO70
WFHCO71
WFNCO072
WFWC073
WFHCO74
WFHCO7S
WFHCO76
WFWCO077
WFWCO78
WFWCQ79
WFWC080
WFWCO081
WFHC082
WFRCO083
WFWC084L
WFWC08S

- WFWCO86

WFWCO87
WFHC088
WFWCO089
WFWC090
WFHCO091
WFHC092

WFNCO01
WFNCOD02
WFNC003
WFNCOO&
WFNC00S

HoeHI s PHPT 4 PHPTI4PHPRyPHPRI+PHPTH yPHP THI 4PHPPHy PHPPHIWFNC006
s PHPOMy PHPOMI ¢ PHPKR yPHPKRI yPHPKTH s PHPKTI y PHPKPHy PHPKPIWFNC0OO7

s KPHPK 9 KPHPK] + POLARyPOLARI+LPOLAR, LPOLRI,SGN
COMMON /XX/ MOOX(2) ¢XsPXPRyPXPTHy)PXPPH PXPTyHMAX

WFNCO008
WFNCO009

COMMON 7YY/ MODY Y PYPRyPYPTHyPYPPHyYRyPYRPRyPYRPTPYRPP, YTH,PYTPRWFNC010

+PYTPTPYTPP,YPH, PYPPR, PYPPT,PYPPP

CIMMON 722/ MODZ,Z (k)

COMMON /RK/ Ny STEP,MODE,EL1MAX,ELMIN, E2MAX ,E2MIN,FACT,RSTART

SOMMON RyTHyPHoKRoKTHoKPH  /HW/ 10(10)4N0,H(400)

EQUIVALENCE (RAY, W (1)) ,(FoW(6))

LOGICAL SPACE

REAL KRyKTHy KPH K2, KPHPKy KPHPKI yKAY2KAY2I4N2, NNPyLPOLAR, LPOLRI

DATA (MODRIN=BHAPFLETON,BH-HARTREE,8H FORMULA) 4 (COLLZ0.),
(FIELD=14) 4 (KAY2I=Z04) o (HIZ04) 4 (PHPTI=0.) » (PHPRIZ0.),
(PHPTHI=Z04)y (PHPPHIZ04) o (PHPOMIZ0.) o (PHPKRIZ0,), (PHPKTIZ04) o
(PHPKPI=204) o (KPHPKIZ0 ) o (POLARZ04), (LPOLARZ0,),
(X20e)y (PXPRE04) o (PXPTHZ04) y (PXPPHZ0.) o (PXPT=04)
(Y20.)y (PYPRZ0.) s (PYPTH204) o (PYPPH20.),y (YR204), (PYRPR=04)
(PYRPT=0.) o (PYRPP=04)y (YTHZ0.) o (PYTPR=04) 4 (PYTPT=0,) ,
(PYTPP=04) s (YPHZ0.) 4 (PYPPR=04) (PYPPT=0.)  (PYPPP=0,) ,
(MODZ=1H ), (U=1,)

ENTRY RINJEX

OM=PIT2%1,E5%7

c2=C*C

K2=KR*KR+KTH*K TH+K PH*KPH

IM230M* OM

VR =C/OM*<R

VIH=C/OM*KTH

VPH=C/ON* <P
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CALL ELECTX . WFNC035

SALL MAGY WFNC036
V22 VR* 2+ ¢ TH®* 24yPHE2 WFNCO037
VOOTYZVR*YREVIHYYTHVPHYYPH WFNCO038
YLV=vDOTY/sv2 , WFNC039
YL2=vDOTY**2/vy2 WFNCO4O
YT2=Y*P2-¥L2 - HWFNCO61
YTe=YT2%YT2 . WFNC 042
UX=zy=X WFNCOL3
ux2=ux*ux ) WENCO4LUL
RAD=RAYPSIRT (Y TH+ b 2YL2%UX2) WFNCO4S
Dx2.*UX=YT2¢RAD . WFNCO4L6
02=0*0 WENCO4L7
N2z1.=2.*X*UX/70 - WFNCO4LS
PNPPS=2,*X*UX®* (-1, +(YT2-2,%UX2) /RAD) /702 WFNCOL9
PPSPR= YL2/Y*DPYPR ~(VR*PYRPR+VTH®*PYTPR+VPH*PYPPR) *YLV WFNCO0S50
PPSPTHaYL2/Y*PYPTH=-(VR*PYRPT+VTH*PYTPT+VPH*PYPPT)#VYLV WFNCO051
PPSPPH=YL2/Y*PYPPH«=(VR*PYRPP+VTH*PYTPP+VPH¥PYPPP) * VLV WFNC052
PNPX==(24%UK2=YT2¥ (U=2.%X) ¢ (YTL*(U=2.%X) ¢4, *YL2*UX*UX2)/RAD) /02 WFNC053
PNPY=2, #XPUX® («YT24(YTL42,%YL2%UX2)/RAD)I/ (D2%Y) WFNCOSL
NNPzZN2= (2. *X*3INPX+Y*PNPY) HFNC055
PNPR =PNPX*PXPR +PNPY*PYPR ¢+PNPPS*PPSPR WFNC056
PNPTH=PNPX*PXPTH+PNPY*PY>TH+PNPPS*PPSPTH » : WFNC057
PNPPH=PNPX*PXPPH+PNPY*PYPPH+PNPPS* PPSPPH WFNCO0S58
PNPVR =PNPPS*(VR *YL2~VDOTY*YR )/v2 WFNCQ59
PNPVTHEPNPPS® (VTH®YL2=-VDOTY®*YTH)/V2 WFNC060
PNPVPHZPNPPS* (VPH* YL2=-VDOTY*YPH)/V2 WFNCO061
PNPT=PNPX*PXPT WFNCO62
SPACE=N2.EQ.1L. WFNC063
POLARI=SQRY(V2)*(YT2-RAD) /7 (2.*VDOTY*UX) WFNCO64
SAM=(=-YT2+RAD) /7 (2.%UX) WFNC065
LPOLRISX®*SQRT(YT2) /7 (UX®*(U+GAM)) WENCO066
KAY2=0M2/7C2¥N2 WFNCO067
IF (RSTART.EQ.0.) GO TO 1 . WFNC0638
SCALE=SQRT (KAY2/K2) WFNC069
KR =SCALE*KR ) WFNCO70
KTH=SCALE®*KTH WFNCO71
KPH=SCALE®*K?H . WFNCO72
1 CONTINUE WFNCO73
Ceesvvssrs CALCULATES A HAMILTONIAN H WFNCO74
C M. SR (C2%K2/0M2-N2) WFNCO75
Ceesvsessr AND ITS PARTIAL DERIVATIVES WITH RESPECT TO WFNCO076
Cesssvreses TIME, Ry THETA, PHI, OMEGA, KR, KTHETA, AND KPHI, WFNCO?77
PHPT ==PNPT WFNCO78
PHPR =-~PNPR WFNCO079
PHPTH==PNPTH WFNCO080
PHPPH=~PNPPH WFNCO81
PHPOM=«NNP/OM WFNCO082
PHPKR 202/70M2%KR ~C/OM*PNPVR WFNCO83
PHPKTH3C2/0M2*KTH-C/OM*PNPVTH WFNCO8L
PHPKPH=(C2/0M2* KPH=C/OM*PNPVPH WFNCO085
KPHPK=N2 WFNCO086
RETURN WFNCO87
END ' WFNC088~

.
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SUBROUTINE A4NFWC
C CALCULATEZS THE REFRACTIVE INDEX AND ITS GRADIENT USING THE
c APPLETON-HARTREE FOIMULA <« NO FIELD, WITH COLLISIONS

SIMMON
SOMMON

AV ol

COMMON
GOMMON
COMMON
SOMMON
COMMON

/CONST/ PL4PIT24,PIJ2yDEGSsRADIAN,KsCyLOGTEN

/RIN/ MODRIN(3) sCOLLFIELDySPACE,KAY24HyPHPT,PHPR, PHPTH,
PHPPH 4 PHPOMy 2HPKR ¢ PHPKTH  PHPKPH , KPHPK, POLAR, LPOLAR,
SGN

/XX/ MOOX(2)+4XysPXPRyPXPTHyPXPPH PXPTyHMAX

7YY/ MODY,Y (16)

7277 MO00Z4Z4PZIPRyPIPTH,PZPPH

/RS/ Ny STEP,MODE.ELMAXELMIN, E2MAX,E2MIN,FACT,RSTART

ReTHy Py KRy KTHyKPH /WW/ TDC10)4WOB,W(LO0)

EQUIVALENCE (RAY,W (1)), (FyH(B))

LOGICAL SPACE .

REAL KR¢KTHyKPH,K2

COMPLEX KAY2yHyPHPT yPHPRyPHPTH yPHPPH PHPOM,PHPKRyPHPKTHyPHPKPH,

1
2

KPHPKy P OLARyLPOLAR U1 ,PNPX,PNP2,
N?.PNPRaPNPTH'PNPPHoPNPVR.PNPVTHoPNPVPH NNPy PNPT

DATA (MOORIN=B8HAPPLETON,8H-HARTREE y8H FORMULA) s (COLL=1.),

[STRE S R L o

(FIELD=04)y (POLAR=(04914)) s (LPOLARZ(04904)),
(X204) s (PXPR204)y (PXPTH=04)y (PXPPHZ04) 4 (PXPT=0,),
(MJDY=1H ),

(220419 (PZPRE0,)y (PZPTH=04) ) (PZPPH304)
(I2(0e910))y (ABSLIM2L,E=5) ¢ (PNPVR=0,4) 4 (PNPVTH= 0. ) » (PNPYPH=0,)NFWCO033

ENTRY RINDEX
OM=PIT2%1,.E6*F-

C2=C*C

K2=KR*KR+KTH*K TH+ KPH*KPH
OM2=0M*0OM
VR =C/0M*KR
VIH=C/0M*KTH
VPH=C/OM®*KPH
CALL ELECTX
CALL COLFRZ
Jzsl.=I*Z
N2zi.-X/7U
PNPX=z=14/(2,%V)
PNPZ==I*X/ (2.,%U%*2)
NNPZN2= (2. *X*PNPX +Z*PNPZ)
PNPR =PNPX*PXPR +PNPZ*PZ?R
PNPTH=zPNPX*PXPTH+PNPZ*PZ2>TH
PNPPH=PNPX*PXPPH¢PNPZ*PZPIH
PNPT=PNPX*PXPY
SPACE=REAL (N2) +EQ.1..AND. ABS(AIMAG(N2)).LT. ABSLIN
KAY230M2/7C2*N2
" IF(RSTARTLEQ.0+) GO TO 1
SCALE=SQRT (REAL (KAY2)/K2)
KR =SCALE"KR
KTH3SCALE*KTH
KPH=SCALE®*KPH
1 CONTINUE
Crovrevnss CALCULATES A HAMILTONIAN H
12.5%(C2%K2/042~N2)
Cevnvvasns AND ITS PARTIAL DERIVATIVES WITH RESPECT TO
C""""’ TIME, Ry THETA, PHI, OMEGA, KRy KTHETA, AND KPHI.
PHPT =«PNPT
P4PR ==PNPR ;
PHP TH==PNPTH .
PHPPH=~PNPPH
PHPOM==~NNP/OM

PHPKR =02/ 0M2°*KR

PHPKTH=C2/0M2*KTH
PHPKPH=(270M2*KPH
KPHPK=N2

RETURN
" END
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1

1
2
3

O' V& & W=

SJUBROUTINE AANFNC

CALCULATES THE REFRACTIVE INDEX AND ITS GRAOIENT USING THE

APPLETON-HARTREE FORIMULA ~- NO FIELD, NO COLLISIONS

COMMON /CONST/ PILPIT2,PID2,0EGSIRADIANyK+CoLOGTEN
SOMMON /RIN/ MODRIN(3) yCOLLFIELDy SPACE,KAY24KAY2I,

NFNCOO1
NFNCQ02
NFNCO003
NFNCOO0 &
NFNCO005

HoHI ¢ PHPT yPHPTI PHPRy PHPRIyPHPTHy PHPTHI 4 PHPPH ,PHPPH T NFNC306
PHPOM, PHPOMI s PHPKR yPHPKRI yPHPKTHy PHPKTI, PHPKPHy PHPKPINFNCOO7
s {PHPK,KPHPKI s POLARsPOLARILLPOLAR, LPOLRI,SGN

COMMON /7XX/ MODX(2) 4XsPXPRyPXPTH)PXPPHPXPTyHMAX
COMMON /YY/ MODY,Y(16) /ZZ/ MODZ,Z(4)

COMMON /RK/ NySTEP,MODE,Z1MAX)ELMIN)E2MAX E2MIN,FACT,RSTART

COMMON Ry THyPHy KRy KTHyKPH /WH/ TDC10) WG W (400
EQUIVALENCE (RAY W(1)),(FyH(6))
LOGICAL SPACE

REAL N2 yNNPyKRyKTH KPH K2 4 KPHPKyKPHPKI yKAY24KAY2I4LPOL AR, LPOLRI

DATA (MODRIN=8HAPPLETONy84-+HARTREE,8H FORMULA) 4 (COLL30.)
(FIELD=04) 9 (KAY2I=04) 9 (HIZ0,) o (PHPTI®0.) 4 (PHPRI=0.),

(PHPTHIZ0.) s (PHPPHIZ0.) o (PHPOMI=0.)y (PHPKRI=04),y (PHPKTI=0.)
(PHPKPI=0.) sy (KPHPKI®0.) s (POLAR=D0.) ¢y (POLARIZ14) ¢ (LPOLAR=0.),

(LPOLRI=L4)

(Xz04) 9y (PXPR=04) y (PXPTH=04)y (PXPPHZ0,) o (PXPT=204),

(MODY=1H )4 (MODZ=1H ),

(NNP31.) s (PNPXZ=0.5) s (PNPVR20.) » (PNPVTH=0.), (PN

ENTRY RINDEX
IM=PIT2*% 1. EBYF
ce=C*C
K2zKR*KR¢KTHOKTH+KPH*KPH
OM2=0M*0OM

VR =C/0M*(R
VIH=C/OM*KTH
VPH=C/OM*XPH

CALL ELECTX

PNPR" =PNPX*PXPR
PNPTH=PNPX*PXPTH
PNPPH=PNPX*PXPPH
PNPT=PNPX*PXPT
N2=1.~X
SPACE=N2.,EQels
KAY2=0M2/C2%N2
IF(RSTART.EQ.0.) GO TO 2
SCALE=SQRT (KAY2/K2)
KR =SCALE®*KR
KTH=SCALE*KTH
KPH=SCALE®*KPH
CONTINUE

Cressevnss CALCULATES A HAMILTONIAN H (

H=,5%(02%K2/02-N2)

Ceessssnss AND ITS PARTIAL DERIVATIVES WITH RESPECT 10
Ceservrssnss TIME, Ry THETA, PHI, OMEGA, KRy KTHETA, AND KPHI.

PHPT =<-PNPT
PHPR =<PNPR
PHPTH==PNPTH
PHPPAHz=PNPPH
PHPQOMz=NNP/0OM
24PKR =C2/0M2*KR
PHPKTH=C2/0M2*KTH
PHPKPH=(2/0M2* KPH
KPHPK=N2
RETURN

END
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NFNC026
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SUBROUTINE BQWFWC
Crresvvevs CALCULATES A HAMILTONIAN H .
Ceseesrssry (= BOOKER QJQUARTIC FOR VERTICAL INCIDENCE, S$20, C=1)
Cesesssnxs AND ITS PARTIAL DERIVATIVES WITH RESPECT TO
Ceesssress TIME, 3y THETA, PHI, OMEGA, KR, KTHETA, AND KPHI.
Cewexvere* WITH FIELOy WITH COLLISIONS
COMMON /CONST/ PI,PIT2,PID2,DEGS,RADIANGK,C,yLOGTEN
SOMMON /RIN/ MODRIN(3) yCOLLGFIELDySPACE.KAY2sH o PHPT,PHPR, PHPTH,
1 YHPPH s PHPOMy PHPKR y PHPKTH s PHPKPM 4 KPHPK 4 POL ARy LPOL AR,
2 SGN
CIMMON /7XX/ MODX(2) 4XysPXPRyPXPTH,PXPPH PXPT,HMAX

BQWC001
8QWC002
BQWC003
BAWCOOL
BQWC 005
BQWC006
BAWC007
BQWC008
BAWC009
BQWCO010
BQWCO11

SOMMON /YY/ MOOY s Y4 PYPRoPYPTHyPYPPH, YRyPYRPR,PYRPT ,PYRPP,YTH,PYTPRBIANCO12

1 sPYTPT ,PYTPP,YPH, PYPPR, PYPPT,PYPPP
COMMON /227 MJIDZ+Z+PZPRyPZPTH,P2PPH
COMMON Ry THy PHy KRy KTH,KPH /WR/ T0(10)4WO4W(GOO)
SOMMON /RK/ Ny STEP,MODE+ELMAX,ELMIN,E2MAX E2MIN,FACT,RSTART
SOMMON /7FLG/ NTYP NEWWRyNEWWP,PENET,LINES,IHOP, HPUNCH
EQUIVALENCE (RAY  W(1)) 9 (FyN(B))
LOGICAL SPACE .
REAL KRyKTHyKPHK24KDOTY (<l yKDOTY2
COMPLEX KAY2y 43 PHPT yPHPRy PHP TH  PHPPH y PHPOMy PHPKR y PHPKTH, PHPKPH,
POLARy LPOLARs I UyRAD Dy PNPPS,PNPX PNPY 4PNPZ,UX,UX2,02,
KPHPKy U2¢A +ByALPHA,BETA,GAMMA, PHP Xy PHPY2,PHPK2 yPHPU, PHPZ,
N2 sPNPRyPNPTHPNP2H, PNPVRy PNPVTH, PNPVPH,NNP,PNPT
DATA (MODRIN=8HBOOKER Qy8HUARTIC, ,8HS=0, C=z1),(COLL=1,),
(FIELD=1.),
(X=20e)y (PXPR=04) s (PXPTH=Z04)y (PXPPH=0,), (PXPT=0,),
(Y=04)y (PYPR=04)y (PYPTHZED &)y (PYPPH=0.)y (YR=04)y (PYRPR=0,),
(PYRPT=,) s (PYRPP=],) s (YTH=0,.) Wy (PYTPR=0,) 'Y (PYTPT=0.) ')
(PYTPP=04) 4 (YPH=04)y (PYPPR=0.), (PYPPT=0,) 4 (PYPPP=0,)
20(220e) 9 (PZPR=04)  (PZPTH=204.) 4 (PZPPHZ0 ),
(I=(0evled)y (ABSLIM=1,E=5) 4 (SGN=1,)
ENTRY RINDEX
IN=PIT2%1,E6*F
g2=C*C
K22KR*KR+KTH*K TH+K PH*KPH
OM2=0M*OM
CALL ELECTX
IF(XelTeel) 6D TO 2
Kh=K2%K2
OML=0M2%0M2
Cu=C2*C2
CALL MAGY
Y2zvey - .
KOOTYzZKR*YR+KTH*Y TH+KPH?Y PH
<00TY2=KDOTY *KDOTY
CALL COLFRZ
UsCMPLX (14 4=2)
Jes=uruy
Ux=U=X
uxa2=sux*uyx
AsUX*U2-U*Y?2
32=2,%U%UX24Y2% (2 .%U=X) )
ALPHAZA®CH*KL+ X *KDOTY2¥CL*K2
JETA=B¥ 2% 0MN2%K2-X*KDOTY2*C2%0M2
GAMMA=(UX2=Y2) BUX*0OMé
H=ALPHA+BETA+3AMMA
PHPX=~U2*C4*Ki ¢+KDOTY2*Cu® K2+ (4, #USUX=Y2) *C2*OM2*K2-KDOTY2*(2%0M2 +
1 (=3.,%UX2¢Y2)*0OMb
PHPY2==UPCUP KU +(2,%U=X) ¥ 2% DM2*K2=-UX* OM4
PHPKY?2 TX*C2*(C2*K2~-0M2)
PHPUZ (2% UPUX#U2=Y2)*CUOKU+2,% (Y2=UX2=2,%UPUX) *C2%K2¥OM2 ¢ (3. *UX2
1 =Y2)*0ML
PHPZz=1*PHPU
PHPK2=2 . *A®C4* K2+ X*KDOTY2*C4 +B*C2*OM2
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BQWCO13
BAWCO14
BAWCO15
BQWC016
BaNCO017
BAWC018
BawC019
BAWC020
BAWCO21
BQWC022
BQWC023
BAWCO024
BAWC 025
BAWC026
8aWC027
BAWC028
BAWC029
BANC030
BAWCO31
BAWC032
BAWC033
BAWC 034
BAWC 035
BQWC036
BQWC037
BQWC(38
BQWC039
BQWC 040
BANCO4L1
BQWC 042
BQWCO43
BAWCOuL
BAWC 4S5
BQWCOL6
BANC 047
BAWCO48
BQWC 049
BANC0S0
BQWCOS1,
BANC052
8QNC053
BQWC 054
BAWCOSS
BAWC 056
BAWCOS?
BQWC0SS
8aWC059
BQWC060
BAWC061
BAWC062
BQWC063
BAWC 064
BAWC065



1

PHPTZPHPX*PXPT

PHPR =PHPX¥PXPR +PHPY2%2,%Y*PYPR ¢PHPKY2 *2,*KDOTY*
L (KR*PYRPR¢KTH*PYTPR+KPH*PYPPR) +PHPZ*PZPR
PHPTH=PHPX*PXPTHIPHPY2%2, *Y*PYPTH¢ PHPKY2 *2.%*K0DOTY#

1 (KR*PYRPT+CTH*PYTPT+KPH*PYPPT) +PHPZ*PZPTH
PHPPH=PHPX*PXPPH+PHPY2*2, *Y*PYPP4+PHPKY2 *2,*KDOTY*

1 (KR*PYRPP+KTH*PY TPP+KPH* PYPPP) +PHPZ*PZPPH
SHPOM=(2.*BETA +4 4 *GAMMA) /OM

1 =2.*PHPX*X/0M=2.*PHPY2#Y2/0M=-2,*PHPKY2 *KDOTY2/0M -PHPZ*Z/0M
PHPKR= 2.%*PHPK2®KR +2.,%KJOTY*PHPKY2 *YR

PHPKTH2 2, *PHPK2*KTH42 . *KOOTY*PHPKY2 *YTH

PHPKPH= 2, *PHPK2*KPH+2,*KIITY*PHPKY2 *YPH

CAY22K2% (~BETA+ SGN*RAY*CSQRT (IETA®*2~4 ,*ALPHA®GAMMA) ) / (2, * ALPHA)

IF(RSTART.EQD.) GO TO 2

SCALE=SQRT((-REAL (BETA)¢+33N*RAY*SQRT (REAL (BETA) **2
1 L *REAL(ALPHA)*REAL (GAMMA) ) )/ (2.*REAL(ALPHA)))
{R =SCALE*KR

KTHSCALE*KTH

KPH=SCALE®*KPH

SONTINJE

Ceerrevers THE FOLLOWING 3 CARDS USED FOR RAY TRAGING IN COMPLEX SPACE

c
c
c

"~

IF(CABS ((~BETA-SGN*RAY*CSQART (BETA®#2<4 ,#ALPHA®*GAMMA) ) Z/ALPHA=2,.) .
L1LT.CABS((-BETA+SGN*RAY*CSART(BETA**2=4 +ALPHA® GAMMA) ) F/ALPHA=2,)
2 +AND.RSTART.EQ.D.) SGN==SGN

KPHPK=4 . *AL?HA+2, *BETA

SPACE=CABS(C2*KAYZ/0M2-1,) ,LT,ABSLIN

POLAR =SQRT(K2)* (U+X*0OM2/ (C2*KAY2-0M2))/KDOTY* I

LPOLR = SQART(Y2 -KDOTY2/K2) 7UX* (1.-C2*KAY2/0M2)*]

RETURN ’

CALCULATES THE REFRACTIVE INDEX ANO ITS GRADIENT USING THE
APPLETON-HARTREE FORMULA WITH FIELDy, WITH COLLISIONS

SONTINUVE

VR =C/O0M*KR

VIH=C/0M*K TH

VPH=C/OM*KPH

SALL MAGY

V2=VR*$2+VTHY* 24V PHY#2

VDOTYSVR*YR+VIH*YTH+VPHY Y PH

YLV=VDOTY/ V2

YL22VDOTY®#2/V2 ¢

YT23Y%%2-YL2

YTLz=YT2%YT2

CALL COLFRZ

U=CMPLX (1o y~2)

UX=U=x

UX2=Ux*ux

RADZSGN*RAY*CSQRT (YTLebL ¥ YL22UX2)

D22 . *U*UX~-YT2+RAD

02=0%0

N2=1.=2.*X*UX/D

PNPPS=2,*X*UK® (=1, +(YT2=2.%UX2) /RAD) /D2

PPSPR= YL2/Y*PYPR =(VR*PYRPR4VTH*PYTPR+VPH*PYPPR)*YLV

PPSPTHZYL2/Y*PYPTH=(VR*PYRPT+VTH*PYTPT+VPH*PYPPT) *YLY

PPSPPHZYL2/Y*PYPPH=(VR*PYRPP+VTH*PYTPP+VPH*PYPPP) YLV

PNPXz=(2,%USUX2=YT2%(U=2:%X) +(YTL® (U2, 2X) +4,¥YL2%UX*UX2) /RAD) /02

PNPY=2, $X*UX® (=YT2+(YT4e2.*YL2*UX2) /RAD) / (D2°Y)
PNPZ=I®X*(=2,%UX2-YT2+YT4/RAD) 702

NNP=NZ= (2. *X$2NPX + YSPNPY+Z*PNPZ)

PNPR =PNPX*PXPR +PNPY$PYPR +PNPZ*PZPR +PNPPS*PPSPR
PNPTHZPNPX*PXP TH+ PNPY*PYPTH+PNPZ*PZP TH +PNPPS*PPSPTH
PNPPHEPNPX*PXPPH+ PNPY*PYPPH¢ PNPZ*PZPPH+PNPPS*PPSPPH
PNPVR =PNPPS* (VR *YL2<VDOTY*YR )/V2

PNPVTHz PNPPS® (VTH® YL2=-VDOTY*YTH) /¥ 2

PNPVPH2PNPPS® (VPH¥YL2=-VDOTY*YPH)/V2
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BAWC 066
BQWCO067
BQWCO068
8QWC069
BaWCa70
BAWCO71
BQWCQ72
BQWC073
BAQWCO74
BAWCO07S
BQWCO076
BQWCO077
BAWCO078
BAWCO79
BQWCo80
BQWCO081
BQWCO032
8QWCO083
BAWCOo8L
BAWC 085S
BaWC086
BQWC087
BQWC088
BAWC089
BAWC090
BQWC091
BaWC092
BQWC093
BQAWC 094
BAWC 095
BQWC096
BAWCO097
8QWC098
8QWC039
8QWC100
BAQWC101
BQWC102
BQWC103
BQWC1L04
BQWC165
BQWC106
BQWC107
BQWC108
8awc109
BQWC110
BaAWC111
BAQWC112
BAWC113
BAWC114
BAWC115
BAWC116
BQWC117
BQWCi18
BaAWC119
Bawc120
BAWC121
8QuC122
BQWC123
BAWC124
8QWC1i25
BAWC1i26
BaNC127
BaWC128
BQWC129
8QWC130



PNPT=PNPX*PXPT BQWC131
SPACE=REAL(N2).EQ.1..AND.ARS(AIMAG(N2)).LT.ABSLIM BQWC132
POLAR=-I*SQORT(V2)#(~YT2+RAD)/(2.%VDOTY*UX) BQWC133
GAM=(=-YT2+RAD)/(2.%UX) BQWC134
LPOLAR=I*X*SQRT(YT2)/(UX*(U+GAM)) BQWC135
KAY2=0M2/C2%#N2 BQWC136
IF(RSTART.E0.0.) GO TO 3 BQWC137
SCALE=SQRT(REAL(KAY2)/K2) BOWC138

KR =SCALE®KR BQWC139
KTH=SCALE*KTH BQWC140
KPH=SCALE*KPH BOWC141

2 CONTINUE BQWC142
H=.S5%(C2#K2/0M2-N2) BQWC143
PHPT =-PNPT : BOWC 144
PHPR z-PNPR BOWC145
PHPTH=-PNPTH BQWC146
PHPPH=-PNPPH BOWC147
PHPOM=~NNP/OM BOWC148
PHPKR =C2/0M2%KR -C/OM®PNPVR BQWC149
PHPKTH=C2/0M2%KTH-C/OM®PNPVTH BOWC150
PHPKPH=C2/0M2%KPH-C/OM*PNPVPH BQWC151
KPHPK=N2 BOWC152
RETURN BQWC152
END BQWC154
SUBROUTINE BOWFNC BONC001
CH#munua®s CALCULATES A HAMILTONIAN H BQNCO02
CHexxxuu®s (. BOOKER QUARTIC FOR VERTICAL INCIDENCE, S=0, C=1) BONC003
CREXNEENE® AND ITS PARTIAL DERIVATIVES WITH RESPECT TO BONCOOY
Ch#xsususws TIME, R, THETA, PHI, OMEGA, KR, KTHETA, AND KPHI. BQNC005
CHusnxunas WITH FIELD, NO COLLISIONS BONC006
COMMON /CONST/ PI,PIT2,PID2,DEGS,RADIAN,K,C,LOGTEN BQNC00O7
COMMON /RIN/ MODRIN(R),COLL,FIELD,SPACE,KAY2,KAY2T, BQNC008

1 H,HI,PHPT,PHPTI,PHPR,PHPRI,PHPTH, PHPTHI,PHPPH, PHPPHI,BQNC009

2 PHPOM, PHPOMI, PHPKR, PHPKRI, PHPKTH, PHPKTI, PEPKPH, PHPXPIBONCO10

3 ,KPHPK,KPHPKI,POLAR,POLARI,LPOLAR,LPOLRI, SGN BQNCO11
COMMON /XX/ MODX\Z) X, PXPR PXPTH,PXPPH,PXPT,HMAX BQNCO12
COMMON /YY/ MODY,Y,PYPR,PYPTH,PYPPH, YR, PYRPR PYRPT,PYRPP, YTH, PYTPRBQNCO1?

1 ,PYTPT, PYTPP YPH,PYPPR,PYPPT,PYPPP BQNCO1Y4
COMMON /7Z/ MODZ,Z{4) BQNCO15
COMMON /RK/ N,STEP,MODE,E1MAX,E1MIN,E2MAX,E2MIN,FACT,RSTART BQNC016
COMMON R,TH,PH,KR,KTH,KPH  /WW/ ID(10),WO0,W(400) BONCO17
EQUIVALENCE (RAY,W(1)),(F,W(6)) BQNC018
LOGICAL SPACE BQNC019
REAL N2,NNP,LPOLAR,LPOLRI,KR,KTH,KPH,K2,KDOTY,K4,KDOTY2, BQNC020

1 KPHPK,KPHPKI,KAY2, KAY2I BONCG21
DATA (MODRIN=RHROOKER Q,8HUARTIC, ,8HS=0, C=1),{COLL=0.), BONCO22

1 {FIELD=1.),(KAY2I=0.),(HI=0.),(PHPTI=0.),(PHPRI=0.), BQNCO023

2 (PHPTHI=0.),(PHPPHI=0.),(PHPOMI=0.),(PHPKRI=0.),(PHPKTI=0.), BQNCO24

2 {PHPKPI=0.),(KPHPKI=0.),{(POLAR=0.),(LPOLAR=0.), BQNCO25

it (X=0.),(PXPR=0.),(PXPTH=0.) ,(PXPPH=0.),(PXPT=0.), BONC026

5 {Y¥=0.),(PYPR=0.),(PYPTH=0.),(PYPPH=0.),(YR=0.),(PYRPR=0.),  BQNC027

6 {(PYRPT=0.),{PYRPP=0.),(YTH=0.),(PYTPR=0.),(PYTPT=0.), BQNC028

7 (PYTPP=0.),(YPH=0.),(PYPPR=0.),(PYPPT=0.),(PYPPP=0.), BQNC029

8 {MODZ=1H ),(U=1.),(U2=1.) ; BQNC030
ENTRY RINDEX BQNCO031
OM=PIT2#1,EG*F BONCO32
C2=C#*C BONC033
K2=KR*KR+KTH#KTH+KPH#*KPH BONCO3Y
OM2:0OM¥*0OM BQNCO035

100



CALL ELECTX )
IF(XeLTeol) GO TO 2

CzK2*K2

OM4=0M2%0ON2

Se=C2%C2

CALL MAGY

Y2=Y*y

KDOTY=KR®YR+KTH®Y THeKPH?YPH
KDOTY23KDOTY *KDOTY

UXsU=X

UX22UX* UX

AzUX*UZ=U*Y2

Bz=2.%U%UX2¢Y2* (2.%U=X)
ALPHAZA®C4*KU4+X*KDOTY2¥CL®K2
BETA=B*C2*0M2*K2-X*KDOTY2*C2*0M2
GAMMAZ (UX2=Y2) $UX*OMb
HEALPHA+BETA+GAMMA

PHPX==J2¢C4* (L +KDOTY2%CLP K2+ (4 *FULUX=Y2) #C2¥OM2*K2=KDOTY2*C2*0M2 +

1 (=3.%UK2+Y2)*OMy
PHPY22=UPCA* Kb+ (2, *U=X) ¥C2%OM2*K2-UX* OM

PHPKY2  =X*C2%(C2*K2-0M2)
PHPK222,*A®CL*K2+X*KDOTY2*C4 +84C2%0M2 -
PHPT=PHPX*PXPT

PHPR =PHPX*PXPR +PHPY2%2,*Y*PYPR +PHPKY2 *2,.*KDOTY*
1 (KR*PYRPR+KTH*PYTPR¢KPH*PYPPR)
PHPTH=PHPX*PXPTH+PHPY2%2, *Y*PYPTHePHPKY2 #2,%KDOTY*
1 (KR*PYRPT+KTH*PYTPT+KPH®PYPPT)
PHPPHEPHPX*PXPPH4PHPY2%2, * Y PYPPH+ PHPKY2 *2.%KDOTY*
1 (KR*PYRPP+KTH*PY T PP+KPH®PYPPP)

PHPOM= (2. *BETA+4 . *GAMMA) / OM

L ~2.*PHPX*X/0M=2,%PHPY2¥Y2/0M=2,#PHPKY2 *KDOTY2/0M
PHPKR= 2.%PHPK2*KR. +2.*KDOTY¥PHPKY2 *YR

PHPKTHZ 2, *PHPK2*KTH42.*KDOTY*PHPKY2 ~ *YTH
PHPKPH=2.*PHPK2 *KPH+2 . *KDOTY*PHPKY2 *YPH

KAY2Z = K2  *(=BETA+RAY®SQRT (BETA®*2-4 SALPHA® GAMMA) ) / (2. *ALPHA)
IF (RSTART.EQs0.) GO TO 1

SCALE=SQRT (KAY2/K2)

KR =SCALE®KR

KTH=SCALE*KTH

KPH=SCALE®*KPH

CONTINUE

KPHPK=t4o *ALPHA +2,* BETA

SPACE=KAY2.E2.0M2/C2
POLARI=SQRT(K2)* (U+X*OM2/ (C2*KAY2-0M2) ) /KDOTY
LPOLRI= SQRT(Y2-KDOTY2/K2) 7UX*(1.-C2*KAY2/0M2)
RETURN

CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE
APPLETON-HARTREE FORMULA WITH FIELO, NO SOLLISIONS

SINTINUE

VR =C/0M*KR

VTH=C/OM*KTH

VPHEC/OM*KPH

CALL MAGY

V2ZVR*S24VTHO# 2 +YPH##2

VDOTYZVR®YR+VTH*Y TH+VPH* Y PH

YLv=VvDOTY/ZV2

YL2=VDOTY®**2/V2

YT22Y*%2-vL2

YTu=YT29YT2

JX=U=X

UX22UX* UX

RAD=RAY#SART (¥ T4+ & *YL2¥UX2)

D22.%UX-YT2+RAD

0220%D

N221,=24%X*UX/0
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BANCO36
BANCO37
BANCO33
BANC039
BANCO4O
BANCOLL
BQNCO42
BANCO43
BANCO44
BANCOLS
BANCQu6
BANCOL?7
BANCOLS
BANC 049
BANCO050
BANCOS1
BQNCOS2
BQNCOS53
BANC OS54
BANC0S5S
BANCO56
BANCOS7
BANCOS8
BANCO0S9
BaANCO60
BANCO61
BANCO0®&2
BANCO063
BANCO64
BANCO065
BQANC066
BANCO67
BANCO068
BQANC069
BANCO70
BANCGCO71
BaNCO72
BANCO73
BANCO74
BQNCO75
BANCO076
BANCO77
BANCO78
BaNCO079
BANCO8O
BaNCos81
BANCOB2
BANCO83
BANCO0B84
BANCO8S
BANCO86
BQNCO87
BANCOSS
BANCO089
BANC 090
BANC091
BQANC092
BANCO093
BANCO94
BANCO95
BQANC096
BQANCO097
BQNC098
BQANC099
BANC100



OO0 .

1
2

1

VIE W

PNPPS=2 . #XSUX® (=1, +(YT2-2.%UX2) /RAD) /D2
PPSPR= YL2/Y*PYPR =~(VR*PYRPR+VTH*PYTPR+VPH*PYPPR) *YLV
PPSPTH2YL2/Y*PYPTH=(VR*PYRPT+VTH*PYTPT +VPH*PYPPT) #YLyY
PPSPPHZYL2/Y*PYPPH=(VR*PYRPP +VTH*PYTPP+VPH*PYPPP) SYLY
PNPX=z=(24PUX2=YT2% (U=2 . #X) $ (YTU4® (U=2.%X) +4.* YL 2%UXHUX2) /RAD) /D2
PNPYZ2, 8 X*UX® (=YT2+(YThe2.#YL2%UX2) /RAD) / (D2%Y) :
NNPZN2=-(2.*X*PNPX+Y*PNPY)
PNPR =PNPX*PX2R +PNPY*PYPR +PNPPS*PPSPR
PNPTH=PNPX*PXP TH+PNPY*PYPTH+PNPPS*PPSP TH
PNPPH=PNPX*PXPPH +P NPY*PYPPH+ PNPPS* PPSP PH
PNPVR =PNPPS*(VR *YL2=VDITY®YR )/v2
PNPVTH=PNPPS® (VTH*YL2=VDOTY*YTH) /v2
PNPVPH=PNPPS® (VPH*YL2-VDOTY®YPH) /V2
PNPT=PNPX*PXPT
SPACE=N2.EQ.1.
POLARI=SQRT(V2)*(YT2-RAD) /(2. *VDOTY* UX)
GAM= (~YT2+RAD) /(2 .#UX)
LPOLRIZX*SQRT(YT2)/ (UX* (J+GAM))
KAY2=0M2/C2*N2
IF (RSTART.EQ.0.) GO TO 3
SCALE=SQRT (KAY2/K 2)
KR =SCALE*KR
KTH=SCALE*KTH
KPH=SCALE*KPH
CONTINVE -
A2.5% (C2*K2/042-N2)
PHPT =-PNPT
PHPR ==PNPR
PHPTH==PNPTH
PHPPHz= = PNPPH
PHPOM==NNP/0Y
PHPKR =02/0M2*KR =C/OM*PNPYR
PHPKTH=C2/0M2* KTH-C/OM*PNPYTH
PHPKPH=L 2/ 0M2*KPH =C/OM* PNPVPH
KPHPK=N2
RETURN
END

SUBROUTINE SWWF
CALCULATES THE REFRACTIVE INDEX AND ITS GRADIENT USING THE
SEN=NYLLER FORMULA == WITH FIELD
NEEDS SUBROUTINE FSW AND FUNCTIONS C AND S.
COMMON /CONST/ PI,PIT2,PID2,0EGS,RADIAN,K ,SEA,LOGTEN
COMMON /RIN/ MODRIN(3)+COLLyFIELD,SPACE,KAY24HyPHPT ,PHPR, PHPTH,
PHPP Hy PHPOMy PHPKR » PHPK THy PHPKPH ¢ KPHPK y POLAR, LPOLAR,
SGN
COMMON /XX/ MODX(2) 3XyPXPRyPXPTH,PXPPH ,PXPT 4 HMAX

BANC101
BANC102
BANC103
BANC104
BANC105
BANC106
BQNC107
BQNC108
BQNC109
BANC110
B8aANC111
B@NC112
BANC113
BANCL14
BQNC115
BANC116
BANC117
BANC118
BQNC119
BANC120
BaNC121
BANC122
BANC123
BANC124
BQNC125
BANC126
BQANC127
8QNC128
BANC129
BANC130
BANC131
BANC132
BANC133
BANC134
BQNC135
BANC136
BANC137-

SWWFO0O01
SWNFO002
SWHFO03
SWWF 004
SWWHF 005
SHHF006
SHWHF 007
SHWFOO08
SWWFO009

COMMON 7YY/ NOOY, ¥ s PYPRyPYPTH,PYPPH, YR,PYRPRyPYRPT ,PYRPP,YTH,PYTPRSHNF 010

+»PYTPT ,PYTPP,YPH, PYPPR,PYPPT,P YPPP
COMMON /ZZ/ MODZ4+Z,PZPRyPZPTH,PZPPH ,
COMMON /RK/ Ny STEP,MODE4EL1MAX,ELMIN, E2MAX ,E2MIN,FACT,RSTART
COMMON Ry THyP4yKRyKTHyKPH  /WN/ I0(10) WO, H (400)
EQUIVALENCE (RAY,N (1)) ,(F,W(6))
LOGICAL SPAGE
REAL KRoKTHsKPH,K2
COMPLEX KAY24HyPHPT ,PHPRy PHPTH, PHPPH, PHPOM, PHPKR s PHPKTH, PHPKPH

KPHPK.POLAR.LPOLAR-IoU;RAD:D.PNPPS.PNPX,PNPY.PNPZpUX'UXZo

ALPHA,BETA,GAMMA, A 4B +C,) TEMPL, TENP2,TEMP3,ALPOAL, BEPOBE,

SWWFO011
SHWFO012
SWNF013
SHUNFO14
SWHF01S
SWHF 16
SWHF 017
SHWFG16
SHWF019
SWWFO020

GAPOGIsCBZ,NZHigJZ,DZGA'OAL.DBET.OGAN.OAOY.DAOZ,DBDV.DBDZ,SH“FOZi
0CGOY,0C0Z,0UDZ,0T10X,0T710Y,07102,0T10PS,0T20X,0T20Y,0T2D2Z,SWNF 022

0T20PS, DRADDX,ORADDY,ORADOZ, DRODPS,DDDX,000Y,0DDZ » D0OPX,

102
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NOVLE Ve

1

UPXy N2y PNPRyPNPT4y PNPPHyPNPYR, PNPVTH s PNPVPH o NNPy PNPT SHKHF 024

DATA (MOORIN=8H SEs84N=WYLLER,OH FORMULA) , (COLL=1.), SHHF 025
(FIELO=14)y (LPOLAR=(04404)), SHHF026
(X204)y (PXPRZ0 o)y (PXPTHR0 o) o (PXPPHZ0,) 4 (PXPT20,), SWNF 027
(Y20e)y (PYPR=04) 4 (PYPTH=0.)y (PYPPHS0.) 4 (YR=04) ¢ (PYRPR20,), SHNF 028
(PYRPT=04) s (PYRPP204) 4 (YTH=04) 4 (PYTPR=0,) 4 (PYTPT=0,), SWHF {029
(PYTPP204) s (YPHZ0.)y (PYPPR=0.), (PYPPT20,) 4 (PYPPP=0,), SWHF030
(Z20)0(PZPR=04)y (PZPTH=0,) 4 (PZPPH=0,), SHNFO34
(I2(0e9le))y (ABSLINZL . E~5) SWNF032
ENTRY RINDEX SHWF033
OM=PIT2%1,E6°%F SHHF O34
C2=SEA*SEA SHNFO3S
K2=KR*KR+KTH®K TH¢ KPH*KPH SWHFO036
IM2=0M* OM SHWNF037
VR =SEA/OM*KR ) SWWF 038
VTH=SEA/OM*XTH SWWF 039
VPH=SEA/OM*KPH4 SWWNFQLO
CALL ELECTX SWWFOu41
CALL MAGY SHWF 042
OPY=1,¢¥ SWWF 043
OMY=1,~-Y SHWF 044
CALL COLFRZ i SHWF QLS
22=2%2 SHWFO46
CALL FSHW(1./7ZyALPHA,DAL) : . SNWFOL7
ALPOAL=DAL/ALPHA SWWFOuLS
. CALL FSW(OMY/Z,BETA,DBET) SWWF Q49
BEPOBE=DBET/BETA - SHWF0S0
CALL FSH(OPY/Z,GAMMA,DGAY) ’ SWHF051
GAPOGASIGAM/ GAMMA SWWF 052
UsZ/ALPHA ‘ SWWF(0S3
DUDZ=(1.+ALPJAL /Z)/ALPHA SWHF OS54
uz2=u*y SWHF 055
Uxsu=-x . SHWF(356
UPX=UeX SWWFO57
B=ALPHA/BETA ' SHWFO058
D3DY=B*BEPQO3E/Z . SWWF059
pBDZ=-8% (ALPOAL~-OMY*BEPOBE) /722 < SWWF060
C=ALPHA/GAMMA SWHFO061
0COY=-C*GAPOGA/2Z SHKF062
DC0Z=-C* (ALPOAL-OPY*GAPDSA) /22 SWWF063
Az .5% (B+C) -1, SHWFQ64
DADY=,5%(DBDY+0COY) / SWHF065
DADZ=,5%(DBDZ+0DCD2) . SWWF 066
TEMP3=(1.~B*C) U2+ A*U*UPX SHWHF067
V2= VR¥F 24+ VTH® ¥ 24+VPH*#2 . SWWFQ68
VOOTYZVR*YRIVTIH*YTH¢VPH*YPH SHWF 069
YL2=V0OTY®*2/v2 SHWFO70
YT2=Y%s2-v¥L2 ' SHNFO71
Y2=Y*y ° SWHWF072
S2PSI=YT2/Y2 . SWNFO073
C2PSI=yL2/Y2 SHHFO74
Ux2=ux*ux SWHFO075
C82=(C-B8)**2 SHHFOT6
TEMP1=TEMP3*S2PSI ' SHWFO77
O0T10X=s A*U®*S2PSI SWHFOT78
ODTL10Y=(U*UPX*DADY=~U2* (B*DCOY+C*0BOY)) *S2PSI SHWF 079
DT10Z=(2.,%U*DUDZ* (1 .-B*C+A) +AX*DUDZ~ UZ‘(B‘DGDZ+C‘DBDZ)0U‘UPX‘0ADISHNF000
yesepst SHWF 081
(1/YLYT) D/DPSILTEMPL) ' SHWFOD82
ITADPS=z2,*TENPL/YT2 SWHF083
TEMP2=U2*CB2*JX 2*C2PSI SHNFO84
0T20X==2,%UX*y2*CB2*C2PSI SHWF 085
OT20Y=2.%U2%UK2*C2PSI* (C-8) *(DCOY-DBOY) SHHF (86
DT2DZ=2.%U2*UX2%C2ZPSI® (C-8) % (DCDZ-DBOZ) +2 4 *TEMP2* (1./Ut14/UX) *DUDZSHHF 87
(1/YLYT) D/DPSI(TEMP2) SHWF 088
0T20PS=~2,*TENMP2/YL2 SWHF 089
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RAD=RAY*CSQRT(TEMP1**2+TENP2)
ORADDX=(TEMPL*DTLIDX +.5 *0720X ) 7/RAD
ORADOY= (TEMPL*DTL0Y + +5%DT20Y )Y/RAD
JRADDZ=(TEMPL*0TLD2Z + «5%0T20Z )/RAD

(L/7YLYT) O/DPSI(RAD)
DROOPS=(TEMPL*OTLOPS+ +«3*DT20PS) /RAD
0=2.%URUX* (1.+A) ~TEMPL+RAD+2 ,*A%U* X*S2PSI
00DX2=2.*U~DTL0 X+DRADOX¢2 ., *A*U*S2PS]
000Y= 2.%U*UX*DADY-DTLDY+DRADDY+2.*U*S2PSI*DADY

DOD0Z=24*(1.+A)*DUDZ* (U+UX) +2 ., ¥U*UX*DADZ-DT1DZ+DRADDZ+2.,*X*S2PSI*
1 (A®QUDZ+J*IADZ)

(L/7YLYT) D/OPSI(D)
DODPS=~-0T1DPS+DRODPS+2.%A%U*X/Y2
N2M1==2 ., *X*(UX+UPA*S2PS]) /D
N2=1.¢N2ML

N D/7DX{(N)
PNPXz=(JX+UPA®*S2PSI)* (1.-X*DODX/0) /D +X/0

N BZOY(N)
PNPY=2=X®U*S2PSI/0*0ADY~,.5*N2ML/D*DDOY

N D/7DZ(N)
PNPZ=<X®(1.,+A*S2PSI)/D*DUDZ~-X*U*S2PSI/D*DADZ~,5*N2M1/D*DDD2Z

(N/YLYT) D/0PSI(N)
PNPPS==X*U*A/ (D*Y2) =+5*N2M1/7D*DODPS
YLV=VDOTY/ V2
(YLYT) 0/DR(PSI)

- PPsPR=YL2/Y¢PYPR- ~TVR*PYRPR+VTH PYTPR¢ VOH® PYPPR) *YLV

CYLYT) I/70THETA(PST) }

PPSPTHZYL2/Y*PYPTH= (VR*PYRPT+VTH*PYTPT+VPH*PYPPT) #YLY
(YLYT) D/OPHI(PSI)

SPSPPH=YL2/Y*PYPPH=(VREPYRPP ¢ VTH*PYTPP +VPH* PYPPP) YLV

PNPR=PNPX* PXPR+PNPY*PYPR+PNPZ* PZPR+PNPPS* PPSPR

PNPTH=PNPX*PXP TH+PNPY*PYPTH¢PNPZ*PZPTH+PNPPS*PPSPTH

PNPPH=P NPX*PXPPH+ PNPY*PYPIH +PNP Z#P ZPPH +PNPPS*PPSPPH

PNPVR=PNPPS*® (VR*YL2/V2-YLV*YR)

PNPVTHZPNPPS® (V TH* YL2/V2-YLV#YTH)

PNPVPH=PNPPS® (VPH*YL2/V2-YLV*YPH) .

NNP=ZN2= (2, *X*PNPX +Y*PNPY+Z*PNPZ)

PNPT=PNPX*PXPT

POLAR=I* (TEMPL=RAD) *Y*SQRT (V2) 7 (U*UX* (C=B) *VDOTY)

COSPSI=VDOTY/(Y*SQRT(V2)) .

LPOLAR= (,5*I* (C-B8) *POLAR+A*COSPSI) *SQRT(S2PST) /

1 (POLAR'(JX‘(1‘i.5'1'(C*B)'COSPSI'POLAR)OA'(U-X‘CZPSI)))

SPACESREAL (N2) +EQe144.AND.ABS(AIMAG(N2))oLT.ABSLIN
KAY2=0M2/32¥N2

IF(RSTART.EQ.0.) GO TO 1
SCALE=SQRT(REAL(KAY2)/K2)

KR =SCALE®*KR

KYH=SCALE®*KTH

{PH=SCALE®*KPH

CONTINUE

Cevrvvosrs CALCULATES A HAMILTONIAN H

Hz,5% (C2%K2/0M2-N2)

Cevesevsess AND ITS PARTIAL DERIVATIVES WITH RESPECT TO
Crevevvres TIME, Ry THETA, PHI, OMEGA, KRy KTHETA, AND KPHI.

PHPT =<«PNPT
PHPR ==PNPR
PHPTH==PNP TH
PHPPHz«PNPPH
PHPOM==NNP /0N
PHPKR =C2/0M2*KR =-SEA/OM*PNPVR
PHPKTH=C2/0M2*KTH=SEA/OM*PNPVTH
P4PKPH2C27 OM2* KPH~-SEA/OM* PNPVPH
KPHPK=N2
RETURN
END -
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SUBROUTINE SHNF .
CALCULATES THE REFRAGTIVE INDEX AND ITS GRADIENT USING THE
SEN~-WYLLER FORMULA -« NO FIELD
NEEDS SUBROUTINES FGSW AND FSW AND FUNCTIONS C AND S.
COMMON /CONST/ PI4PIT2,P1)2+DEGSyRADIANSK+CyLOGTEN
COMMON /RIN/ MODRIN(3) yCOLLyFIELDy SPACE)KAY29H)PHPT,PHPRyPHPTH,
PHPPH s PHPOMy PHPKR s PHPKTH ¢ PHPKPH s KPHPK » POL AR, LPOLAR,
‘ SGN :
COMMON /XX/ MODX(2) +X9sPXPRyPXPTHyPXPPH PXPT,HMAX
COMMON 7YY/ MODY,Y (16)
COMMON /227 MO0ZyZ+PIPRyPZPTH,PZPPH
COMMON /RK/ NySTEPMODE+ELMAXyELMIN, E2MAX,E2ZMIN,FACT,RSTART
COMMON R, THy PHy KRy KTHy KPH /WNZ TO(10) W0 W (40D)
EQUIVALENCE (RAY K (1)), (FyH(B))
"LOGICAL SPACE
REAL KRyKTHy KPHyK2
CIMPLEX KAY2949PHPT PHPRy PHPTH, PHPPH, PHPOMy PHPKR ¢y PHPKTHs PHPKPH,
. KPHP Sy POLARYLPOLARyPNPX yPNPZ,F1yDF,6140G1, -
N2 sPNPRoPNPTH ) PNPPHy PNPVR s PNPVTH) PNPVPH y NNP o PNPT
DATA (MOORIN=8H SE+sOUN-WYLLER,8H FORMULA), (COLL=1.),
(FIELO=04) » (POLAR=(04a924)) ¢ (LPOLAR(04404))
(X200 o) (PXPRZ0 )y (PXPTHZ04)y (PXPPHR0.) » (PXPT=04)
(MOOY=1H ),
(220409 (PZPR=0.) s (PZPTH30.) 9 (PZPPH20.),
(ABSLIM=L ,E~5) s (PNPVR=0.) s (PNPVIH=0,) 4 (PNPVPH20,.)
ENTRY RINJEX
OM=PIT2*1.E6°F
c2zC*C
K2xKR¥KR+KTH*KTH+KPH*KPH
OM2=0M* OM
VR =C/0M*KR
VTH=C/0M*KTH
VPH=C/OM*KPH
CALL ELECTX
CALL COLFRZ
CALL FGSW(1./7,F140F1,6G1,4261)
N2=21.-X*G1Y
PNPXz-,5%G1
PNPZ=.,5%X*DG1/72Z%*2
PNPR=PNPX*PXPR+PNPZ*PZPR
PNPTH=PNPX*PXPTH+PNPZ*PZPTH
PNPPH=PNPX*PXPPH+PNPZ*PZPPH
NNP=N2= (2. *X*PNPX + Z*PNPZ)
PNPT=PNPX*PXPT
SPACE=REAL (N2) ¢EQ.1..AND.ABSC(AIMAG (N2) ) LT.ABSLIM
KAY220M2/C2¥N2
IF(RSTART.E2.34) GO TO 1
SCALE=SQRT (REAL(KAY2) /K2)
KR =SCALE®KR
KTH=SCALE®KT+
KPH=SCALE*KPH
CONTINUE

2

~N -

VIE N

Cevessvrrs CALCULATES A HAMILTONIAN H

Hz,5%(32%K2/0M2-N2)

Cevvrvnsss AND ITS PARTIAL DERIVATIVES WITH RESPECT T0O
Ceevssvssrs TIME, Ry THETA, PHI, OMEGA, KRy KTHETA, AND KPHI,

PHPT ==PNPT
PHPR ==PNPR
PHPTH==PNPTH
PHPPH==PNPPH
PHPOM==NNP/JY
PHPKR =02/ 0M2*KR
PHPKTH=C2/0M2*KTH
PHPKPH=C2/0M2% KPH
KPHPK=N2
RETURN

END
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SUBROUTINE FGSW (X»FsDF+GsDG) FGSW0O01

COMPLEX F4DFsG+DG FGSW00?2

CALL FSW (XsFsDF) FGSW003
IF(ABS(X)eGTe50e) GO TO 1 . FGSW0O04

G=X*F FGSW0O05

DG=F +X*DF FGSWOO0g

RETURN FGSW007

1 X2=X#X FGSW008
X3=X2%X . FGSW0O09
T2=2,%X? : FGSW010
T3=3,%X2 FGSWO11

Ta=4 %X FG5W012
T8=8,%X2 FGSWO013
T12=12.#X2 FGSW01l4
T16=%16¢%X2 FGSWO01%
G=CMPLX(1e~35e/T4%(10=99¢/T4®(14=195,/T4*(14=3234/T4)))/Tls FGSWO016
12e5%(10-634/Th#(14=183,/Tu%(]14=2554/T4#(14~399./T4)}))/X) FGSWO017

DG o S¥CMPLX{35,%(1,-99,/T2%(1,=585,/T8%#(1,-323,/T3%#(1,-2415,/T16))FGSW018

1 1)/X3 FGSWO19
2-5e%(14=189e/T4%#(14=715e/T12%(1,=3657,/T4*(1,-513,/T4))}))/X2) FGSW020
RETURN FGSW021
END FGSW 22~
SUBROUTINE FSH (Z,F,0F) FSW 001

C F(Z) = Z*C372(2) + 2.5%I%C5/2(Z) AND DF(Z) = OF/02 FSW 002
c WHERE THE INPUT Z IS REAL AND THE OUTPUT F AND OF ARE COMPLEX. FSW 003
c NEEDS THE SUBPROGRAMS FOR THE FRESNEL INTEGRAL FUNCTIONS S AND CFSW 004
DIMENSTION A(10) ,8(10),0(10) FSW 005
COMPLEX FyDF 901 £2+C3,C8yW,TEMP,I FSW 006

DATA (Iz(0evle))y (PI=3.1415926536) 4 (A3=1,333333333) FSW 007

DATA (C22(1a9le)) s (C33(1ays=14))(Cl=,T79788456 ),(C631.333333333) FSW 008

C CL=SQRT(2./7P]) . FSW 009
JATA(A= . 36230845E-02,429579186E+00,.23193588E401,.91355870E+01, FSW 010
1,25056287TE+02+.60488560E+4029.12562218€E403,.24214980E+03, FSW 011
2Zo44918L06E+0348L24LUTTUESDD), FSW 012
3(B=416747479E-02,484796280E-01+.25285001E+00,.22665857€+00, FSW 013
4e83871933E-0194.13811875E=014498017417E~03,+426299148E=004, FSW 014
5619761006E-0644187814L76E-09), FSW 015
5(0=¢100805653E-03y¢46117941E~-014.38507643E+00,.68507885E+00,. FSW 016
7426481 05E+00y «10742102E+00,.10985920E-01,.40924533E-03, FSW 017
Bes41881263E~05+54513142E=08) 4(6=1.5045055) FSW -018
C1z22.73.%1 FSW 019
S8zC2*%A3*SART(PI/2.) FSW 020

X=zZ FSKH 021
X2=X*X FSH 022
X3=x2%X ' FSHW 023
IF(ABS(X).G6T,50.) GO YO 500 FSH 024
IF(ABS(X)4G6Tebo) GO TO 1 FSN 025
IF(ABS(X} LT.405)GO TO 230 . FSW 026

c FRESNEL FSW 027
IF(X.6T404) GO TO 300 FSW 028

100 Y=C4*SART (=-X) FSHW 029
X2=X*X ‘ FSW 030

W= (COS(X) +I*SIN(X) )*(1,«C3*(CY)+I*S(Y))) FSW 031

F sCLi4CB% (X4ZI*X*X/Y*NW) FSW 032
DFsAZ*CMPLX(1s9X) +CMPLX(1 54 X)*AT*CI*X/Y* N FSW 033
RETURN FSW 034

300 Y2CW*SQART (X) i FSH. 035
X2=xX*X FSW 0836

W2 (COS(X) +I*SIN(X))I* (1,522 (C(Y)=I%*5(Y))) FSHW 037

F o 2CLeCH* (X=C2%X*X/Y*W) : FSW 038
DF=A3*CMPLX(Le ¢ X)~CMPLX{L1454X) *AZ*C2¥X/Y*H ' FSW 039
RETURN , FSW 040
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200

500

POWER SERIES

X=ABS(Z)

X2zX*X

XI=X2*X

Xt=X*X3

XS=X*X4

TEMP=-C8% SQRT (X) *CEXP(I*X)

FECMPLX (4e/3¢*X=164/9¢%*X3+6U0/315e%X59207/3:484/34%X2=32,/705,%K4})
1 +TEMP* X

OFSCMPLX (%7 30=160/3e*X2¢6Ue/03e%Xby16./3.%X=128.745,%X3
1 +256./945,%X5)
2 ¢TEMPPCMPLX (L1454 X)

IF(2.6E«0+) RETURN

F=CONJG(F)

JF=CONJG(DF)

RETURN

. HERMITE

XQ = X*82

X2=XQ

FR = Q.

FI = 0.

OFR = 0.

OFI = 0. Y

Do J = 1,10

SS A(J) ¢ XQ

1) B(J)/SS .
SO 0CI/SS : : ,
FR FR + S8

FI F1 ¢+ SD

OFR = OFR + S$S3/SS

OF1 = OFI + SD/SS

F = CMPLX(X*FR,FI)*G

DF = G*(FR = 2.%X* CMPLX(X*DFR,DFI))

RETURN

HHHNEN

ASYMPTOTIC

X2=xX*X

X3=xX2*X

Xu=X3*X

X53Xb*X

T2=2.*X2

T3=3,.%X2

Ths4b.%X2

T8=8.%X2

T16316.*X2

T28=228.%X2
FZOMPLXC(14-354/TU% (14-99o/T4® (16195, /T4*(1.-323.,/TW)I)NI/X
£950%(10=630/T0%(1,=143,/T4%(14255./T6%(1,-399./7T4))))/T2)

FSH
FSHW
FSH
FSW
FSHW
FSH
FSHW

FSHW.

FSHW
FSH
FSHW
FSW
FSH
FSH
FSH
FSHW
FSHW
FSHW
FSHW
FSW
FSH
FSHW
FSHW
FSH
FSH
FSH
FSH
FSW
FSH
FSHW
FSHW
FSH
FSW
FSH
FSH
FSH
FSH
FSW
FSW
FSHW
FSHW
FSHW
FSH
FSHW
FSW
FSHW

FSH

OF==CMPLX( (L o=2054/T4® (L0+165./Tt* (14=273./Th* (1.,-2907.,/728))))/X2FSHW

195¢%(10o63./T2%(1.=429.7T8%(1,-255,/T3%(1.,-1895./T16))))/X3)
RETURN )
END
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20

FUNCTION C(X) '
DOUBLEPRECISION PIHs XDs Ys Vo Ay QZs QNs Qs 2

DATA (A1=043183099)5(A220410132)9(R1=040968)+(B2=0+154)
PIH = 14570796326794897

XA = ABS(X)

IF (XAeGTebo! GOTO 20

X
Y = PIH®XD*XD
V = Y¥Y
A = 1.D0
Z = A
M= 15,%(XA + 1o}
DO 10 I =1y M
KZ=2%(1-1)
KVe4#(1-1) ,
Q2 = KV + 1}
OGN = (KZ + 1)%(KZ + 2)%(KV + 5)
Q = QZ/QN

W o= PIHEX®X
XVEXA#®L
C20e5+(A1-BL/XVI*SIN(W) /XA=(A2-B2/XVI*COS(W) /XA¥¥3
IF (XelTeOu) € = =C . ‘
RETURN

END

FUNCTION S{X)

DOUBLEPRFCISION PIHs XDs Ys Vs Ay QZs QN» Qs 2

DATA (Al1=0e¢3183099)9(A220610132)5({B120s0968)+{(B2=04154)
PIH = 148570796326794897 ¢

XA = ABS(iX)

"IF (XA eGTebe) GOTO 20

10

20

Z
Z
. §
R

D = X

PIHEXD*XD
Y#Y

Y/3.00

A

15e%(XA + 14!}
DO 10 ] = 1o M
KZ=2%(1-1)
KV=4#(1-1)
Q2 = KV + 3
QN = (KZ + 2)%(KZ + 3)%(KV + 7)
Q = QZ/QN

A = _ARQRV
+ A

XD

NP> X

= 7
= I»
= 2
ETURN
W = PIMeXeX

XVzXA#%4
S2045-(A1=-B1/XVI*#COS(W)/XA=-(A2-B2/XVI#SIN(W) /XA%%3
IF (X.LT.O.) S = =S

RETURN

END
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APPENDIX 3. ELECTRON DENSITY SUBROUTINES WITH
INPUT PARAMETER FORMS
The followiag electron density models are available. The input
parameter forms, which describe the model, and the subroutine listings

are given on the pages shown.

a.  Tabular profiles (TABLEX) 111

Subroutine GAUSEL 113
c. Chapman layer with tilts, ripples, and

gradients (CHAPX) 115
d. Chapman layer with variable scale height

(VCHAPX) 117
e. Double, tilted a-Chapman layer (DCHAPT) 118
f. Linear Layer (LINEAR) 120
g. Plain or quasi-parabolic layer (QPARAB) 121
h. Analytic equatorial model (BULGE) 122
i. Exponential profile (EXPX) 124

A further source of versatility in this ray tracing program is the
ease with which spe;ific ionospheric models, suited to the users needs,
may be introduced. To add electron density models not included in the
program, \the user must write a subroutine that calculates the normal-
ized electron density (X) and its gradient (§X/6 r, 3X/30, 3X/3y) as a
function of position in sphericé.l coordinates (r, 8, ®). (X = 80.5x10"°N/f?,
3

where N is the electron density in cm™

MHz,)

and f is the wave frequency in

Both X and its gradient must be continuous functions of position.

The formulas for 3X/dr, 3X/38, and 3X/dp must be consistent with the -
variation of X with r, 6, and ¢. Otherwise, the program will run
slowly and give incorrect results,

The coordinates r, 8, ® refer to the computational coordinate sys-
tem, which may not be the same as geographic coordinates, In particular,
they are geomagnetic coordinates when the earth-centered dipole model
of the earth's magnetic field is used.

The input to the subroutine (r, 8, ¢) is through blank common. (See
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Table 3. ) The output is through common block /XX/. (See Table 8.) It
"is useful if the name of the subroutine suggests the model to which it cor-
7 responds. ' The subroutine should have an entry point ELECTX so that
other subroutines in the program can call it. Any parameters needed by
~ the subroutine should be input into W 101 through W 149 of the W array.
(See Table 2,) If the model needs massive amounts of data, these should
be read in by the subroutine following the example of TABLEX. As in
the already existing electfon density subroutines, provision should be
made for perturbations to the electron density model (irregukarities) by
having the statement

IF(PERT.NE.O. ) CALL ELECT1
before the RETURN statement at the end of the subroutine.
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INPUT PARAMETER FORM FOR SUBROUTINE TABLEX

IONOSPHERIC ELECTRON DENSITY PROFILE

First card tells how many profile points in I4 format. The cards following the first
card give the height and electron density of the profile points one point per card in F8. 2,
E12. 4 format. The heights must be in increasing order. Set W100 = 1.0 to read in' a new
profile. After the cards are read, TABLEX will reset W100 = 0. 0. This subroutine
makes an exponential extrapolation down using the bottom 2 points in the profile.
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SUBROUTINE TABLEX

CALCULATES ELECTRON DENSITY AND GRADIENT FROM PROFILES HAVING
THE SAME FORM AS THOSE USED BY CROFTS RAY TRACING PROGRAM
MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

NEEDS SUBROUTINE GAUSEL

DIMENSION HPC(250),FN2C(250),ALPHA(250),BETA(250),GAMMA(250),

1 DELTA(250),SLOPE(250),MAT(4,5)

COMMON /CONST/ PI,PIT2,PID2,DEGS,RAD,K,DUM(2)
COMMON /XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT, HMAX

COMMON R(6) /WW/ ID(10),W0,W(400)

EQUIVALENCE (EARTHR,W(2)),(F,W(6)),(READFN,W(100)),(PERT,W(150))

REAL MAT,K

DATA (MODX(1)=6HTARLEX)
ENTRY ELECTX

IF (READFN.EQ.0.) GO TO 10
READFN=0.

READ 1000, NOC,(HPC(I),FN2C(I),I=1,NOC)

FORMAT (I4/(F8.2,E12.4))
PRINT 1200, (HPC(I),FN2C(I),I=1,NOC)

TABX001
TABXO002
TABX003
TABXOO4
TABX00S
TABX006
TABX007
TABX008
TABX009
TABX010
TABXO11
TABX012
TABX013
TABXO14
TABX015
TABX016
TABX017
TABX018
TABX019

FORMAT(1H1,14X,6HHEIGHT, 4X, 16HELECTRON DENSITY/(1X,F20.10,E20.10))TABX020

A=0.

IF(FN2C(1).NE.0.) A=ALOG(FN2C(2)/FN2C(1))/(HPC(2)-HPC(1))

FN2C(1)=K#*FN2C(1)
FN2C(2)=K*FN2C(2)
SLOPE(1)=zA®FN2C(1)
SLOPE(NOC)=0.

NMAX=1

DO 6 I=2,NOC

IF (FN2C(I).GT.FN2C(NMAX)) NMAX=zI
IF (I.EQ.NOC) GO TO 4
FN2C(I+1)=K®FN2C(I+1)

DO 3 J=1,2

MzI+J=2

MAT(J,1)=1.
MAT(J,2)=HPC(M)
MAT(J,23)=HPC(M)**2
MAT(J,4)=FN2C(M) .
CALL GAUSEL (MAT,4,3,4,NRANK)
IF (NRANK.LT.2) GO TO 60
SLOPE(I)=MAT(2,4)+2.#MAT(3,4)*HPC(I)
DO 5 J=1,2

MzI+d-2

MAT(J,1)=1.
MAT(J,2)=HPC(M)
MAT(J,2)=HPC(M)®®2
MAT(J,4)=HPC(M)#83
MAT(J,5)=FN2C(M)

LzJd«+2

MAT(L,1)=0.

MAT(L,2)=1.
MAT(L,3)=2.%HPC(M)
MAT(L,U4)=2 , #HPC(M)®#2
MAT(L,5)=SLOPE(M)

CALL GAUSEL (MAT,u4,4,5,NRANK)
IF (NRANK.LT.U4) GO TO 60
ALPHA(I)=MAT(1,8)
BETA(I)=MAT(2,5)
GAMMA(I)=MAT(3,5)
DELTA(I)=MAT(b,5)
HMAX=HPC(NMAX)

NH=2

H=R(1)-EARTHR

F2=F*F
PXPR=PXPTH=PXPPH=0.

IF (H.GE.HPC(1)) GO TO 12
NH=?2

X=0.
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TABX021
TABX022
TABX023
TABX024
TABXN25
TABX026
TABX027
TABX028
TABX029
TABX030
TABX031
TABX032
TABX033
TABXOR4
TABX035
TABX036
TABX037
TABX038
TABX039
TABXOUO
TABXOU1
TABXOU42
TABXOU3
TABXOU4Y
TABXOUS
TABXOU6
TABXOU7
TABX048
TABXOLUY
TABXO050
TABX0S1
TABX052
TABX053
TABX0S4
TABX055
TABX056
TABXO0S57
TABX058
TABX059
TABX060
TABX061
TABX062
TABX063
TABXO6Y
TABX065
TABX066
TABX067



IF(FN>C(1)+EQe0e) GO TO 80 ' TABX068

X=FN2C({1 ) #EXP (A% (H=HPC (1)) ) /F) TABX069
PXPRzA#YX TABXO070

GO 10 sa TABX071

12 IF (HeGELHPCINNC)) GO TO 18 TABX072
NSTEP=1 TABX0O73

IF (HeLTeHPCINH=1)) NSTEP=~1} v TABXO074

15 IF (HPC(NH=1)eLEeHeANDeHesLT«HPCINH)) GO TO 16 TABX075
NH=NH+NSTEP TABX076

GO T0 15 ' TABX077

16 X=(ALPHA(NH)+H* (BETA (NH) +H* ( GAMMA (NH ) +H#DELTA(NH) ) } ) /F2 . TABX078
PXPR=(BETA(NH) +H% (2 o #*GAMMA (NH) +H#*3 #DELTA(NH) ) ) /F2 TABX079

GO TO S0 TABX080

18 X=FN2CINOC) /F2 TABX081
§0 IF (PERT.NE«Os! CALL ELECT1 TABX082
RETURN  ° TABX083

60 PRINT 6000s IsHPC(T) TABX084
6000 FORMAT (4H THE»14s55HTH POINT IN THE ELECTRON DENSITY PROFILE HAS TTABX085
1HE HEIGHTsFB842940H KM» WHICH IS THE SAME AS ANOTHER POINTs) TABX086
CALL EXIT TABX087

END TABX088
SUBROUTINE GAUSEL (CsNRDsNRRsNCCsNSF) GAUS001
Cr¥x¥xxxx* SAME AS SUBROUTINE GAUSSEL WRITTEN BY L, DAVID LEWIS #*#e#¥¥%GAUS002
DIMENSTON C(NRDsNCC)sL(128+2) GAUS003

< BITS = 24%%-18 GAUS004
DATA (BITS52348146972656E~6) GAUSO0s5
NR=NRR GAUS006
NC=NCC : GAUS007
IFINCoeLTeNReOReNReGTe128¢0ReNRaLESO) CALL EXIT GAUSOCS8

C GAUSQ09
c INITIALIZE. GAUSO010
NSF=0 GAUSO11
NRM=NR~-1 GAUSO12

NRP =NR+1 GAUSO013

D=1 GAUSO14

LSD=1 GAUSO15

PO 1 KR=1sNR GAUSO16
L{KR»1)=KR GAUS017

1 L{KRs2)=0 GAUSO18
IF(NR.EQe1) GO TO 42 GAUS019

C , GAUS020
e ELIMINATION PHASE. GAUS021
DO 41 KP=1sNRM GAUS022
KPP=KP+] GAUS023

PM=0, GAUS024

MPN=0 GAUS025

d GAUS026
C SEARCH COLUMN KP FROM DIAGONAL DOWN FOR MAX PIVOT, GAUS027
DO 2 KR=KPsNR GAUS028

LKR=L (KRs1) ‘ GAUS029
PT=ABS{C(LKRKP)) GAUS0130
IF(PTLLE.PM) GO TO 2 GAUS031

PM=zPT GAUS032
MPN=KR GAUS0133
LMP=LKR GAUSO34

2 CONT INUE , GAUSO035
' GAUS036
c ‘1F MAX PIVOT 1S ZERO» MATRIX IS SINGULAR. GAUS037
IF(MPN.EQe0O!) GO TO 9 GAUS038
NSF=NSF+1 GAUS039
IF(MPNJEQ.KP) GO TO 3 GAUSO040
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NEW ROW NUMBER KP HAS MAX PIVOT.
LSD=-1L5D

LIKPs2)=L (MPNy1)=L(KP,y1)

LIKPs1)=tMP

ROW OPERATIONS TO ZERO COLUMN KP BELOW DIAGONAL.
MKP=L (KPs1)
. PaC(MKP,KP)
D=D*pP
DO 41 KR=KPPNR
MKR=L(KRs1)
Q=C(MKRKP} /P
IF(QeEQeOe!) GO TO 41

SUBTRACT Q * PIVOT ROW FROM ROW KR,
DO 4 LC=KPPsNC
R=Q*C(MKP,LC)
C(MKRsLC)=CIMKRLC)=R
IF(ABS(CIMKRLC) ) eLT4ABS(RI*BITS) C(MKRsLCI=0,
CONTINUE

LOWER RIGHT HAND CORNER.
LNR=L (NRy1)
P=C (LNRyNR)
IFIP+EQeOs) GO TD 9
NSF=NSF+1
D=D*P*L_SN
IF(NR+EQeNC) GO TO 8

BACK SOLUTION PHASE.
DO 61 MC=NRPsNC
C(LNR#MC)I=C(LNRyMC}) /P
IF{NRsEQel) GO TO 61
DO &6 LL=1sNRM
KR=NR=~LL
MR=L (KRs1)
KRP=KR+1
DO 5-MS=KRPsNR
LMS=L(MS,1)
R=C (MR sMS ) #C (LMSeMC)
C{MRMC)=C{MRMC)~R .
IF(ABS(C(MRIMC) )}« LT,ABS(RI*BITS) C{(MRsMC)=0,
CI{MRsMC)=CIMRMC)/CIMRIKR)
CONT INUE

SHUFFLE SOLUTION ROWS BACK TO NATURAL ORDER.
DO 71 LL=1sNRM
KR=NR-LL
MKR=L (KRs2) .
IF(MKReEQe0) GO TO 71
MKP=L (KR 1)
DO 7 LC=NRPINC
Q=C(MKRsLC)
CIMKRsLC) =CIMKPsLC)
CIMKPsLC) =0
CONT INUE

NORMAL AND SINGULAR RETURNS. GOOD SOLUTION COULD HAVE D=0,
Clis1)=D
GO TO 91
Cl1s1)=0.
91 RETURN
END
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GAUSO055
GAUS056
GAUSO057
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GAUSO60
GAUSO61
GAUS062
GAUS063
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GAUS067
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GAUSOT1
GAUSO 72
GAUS073
GAUSO 74
GAUSO 75
GAUSO 76
GAUSOT7
GAUSO78
GAUSO79
GAUS080
GAUSO81
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GAUS088
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GAUS090
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GAUS094
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INPUT PARAMETER FORM FOR SUBROUTINE CHAPX

An ionospheric electron density model consisting of a Chapman layer with
tilts, ripples, and gradients

2 2 -2, ‘\\
fN = fcexp<cv(l-z-e ),//
h-h
2 - max
H -
2 R . 0 \+C(/9-1l \
£, =f (Jt+a sm\2ﬁ<9 2>/B) - 2)./
1'r
= + E - — R
hmax hma.xo <6 Z> °

fjyis the plasma frequency

h is the height above the ground
Rois the radius of the earth in itm

and B8 is the colatitude in radians.

Specify:
Critical frequency at the equator, fc = MHz (W101)
0
Height of the maximum electron density at the equator, hmax = km (W102)
P—
Scale height, H = km (W103)

o = (W104, 0.5 for an , Chapman layer, 1.0 for a
g Chapman layer)
Amplitude of periodic variation of fi with latitude, A = (W105)
R rad
Period of variation of fc with latitude, B = deg (W106)

km

Coefficient of linear variation of fi with latitude, C = rad ' (W107)

Tilt of the layer, E = rad (W108)
deg
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SUBRQUTINE CHAPX
CHAPMAN LAYER WITH TILTS, RTPPLES, AND GRADIENTS
W(104) = 0,8 FOR AN ALPHA-CHAPMAN LAYER
= 1.0 FOR A BETA~-CHAPMAN LAYER

COMMON /CONST/ PTY,PIT2,PID2,DUM(S)

COMMON /XX/ MODX(?),X,PXPR,PXPTH,PXPPH,PXPT,HMAX‘
COMMON R(A) /WW/ ID(10),W0,W(L0OD)

EQUIVALENCE (THETA,R(2))
EQUIVALENCE (EARTHR,W(2)),(
1 (SH,W(102)),(ALPHA,W(10L))
2 (E,W(108)),(PERT,W(180))
DATA (MODX(1)=6H CHAPYX)
ENTRY ELECTX
THETA2=TRETA-PID?2 :
HMAX=HM+EARTHR#*E#THETA2
H=R(1)-EARTHR

Zz(H-HMAX)/SH

D=0. )

IF (B.NE.O0.) D=PIT2/B
TEMP=1,+A#SIN(D®THETA2)+C*THETA?

EXZ=z1.~EXP(-2)

X=(FC/F)®%20TEMPHEXP(ALPHAR(FXZ-2))
PXPR=-ALPHAR®X®EXZ/SH .
PXPTH=X®#(D#A®SIN(PID2~-D¥*THETA2)+C)/TEMP-PXPR*EARTHR*E
PXPPH=0. :

IF (PERT.NE.O.) CALL ELECT?

RETURN

END

F,W(6)),(FC,W(101)),(HM,W(102)),
y(A,W(108)),(B,W(106)),(C,W(107)),
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CHAPCO3
CHAPOOU
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CHAPOOT
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INPUT PARAMETER FORM FOR SUBROUTINE VCHAPX

50

An ionospheric electron density model consisting of a Chapman layer
with variable scale height

_ ( hmax « X
“\n /
h is the heighi above the ground.
Specify:
critical frequency, fc = MHz (wW101)
height of maximum electron density, hmax = km (W102)
X = (W103)

SUBROUTINE VCHAPYX
CHAPMAN LAYER WITH VARTABLE SCALE HETGHT
COMMON /XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT, HMAX
COMMON R(6) /WW/ ID(10),W0,W(400)
EQUIVALENCE (EARTHR,W(2)),(F,W(6)),(FC,W(101)),(HM,W(102)),
T (CHI,W(103)),(PERT,W(150))
DATA (MODX(1)=ARHVCHAPX) ‘
ENTRY ELECTX
HMAY=HM
X=PXPR=PXPTH=PXPPH=0,
H=R(1)-EARTHR
IF (H.LE.0.) GO TO %0
TAUz(HM/K)®#CHT
X=(FC/F)##242QRT(TAU)*EXP(0.5%(1,.-TAU))
PXPPR=z  G#X®(TAU~1,.)®CHI/E
IF (PERT.NE.N.) CALL ELECTI
RETURN
END
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VCHAOQ01
VCHANO2
VCHAOO0R
VCHAOOM4
VCHAOOS
VCHAQ006
VCHAOOT7
VCHAOQOS
VCHAOO9
VCHAOQ1O
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VCHAO12
VCHAO1?
VCHAO1 Y
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INPUT PARAMETER FORM FOR SUBROUTINE DCHAPT

An ionospheric electron density model consisting of a double, tilted

a-Chapman layer

2 _ 2 “Z, 2 1 -
fN-fclexp (lz -e )+fc2exp2(lfz2-e
b-h 4 h-hmz
A - ; A -
1 H1 2 I-I2
2 2
ol = 0 C(0 -m/2)
2 2
£c2 = chO C(9-m/2)
h h +RE ( ) (6-2)
ml - “ml0 85 2
h =k  +RE (75=) (6-7)
m2 © 'm20 180 2
Specify
10 = MHz (fc1 at equator)
hmlO = . Km (hml at equator)
I--I1 o= A Km
chO = MHz (fcz at equator)
hmZO = Km (hmz at equator)
H2 = ’ Km
C = ra.d-1 (fractional change in fcl’ fe2v
position for increases southward)
E = deg (positive for upward tilt to the south)
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SUBROUTTINE DCHAPT
TWO CHAPMAN LAYERS WITH TILTS

COMMON /CONST/ PT,PIT2,PTID2,DUM(S)

COMMON /XX/ MODX(2),X,PXPR,PXPTH,PXPPR,PXPT,HMAX

COMMON R(6) /WW/ ID(10),W0,W(400)

EQUIVALENCE (EARTHR,W(2)),(F,W(6)),(FC1,W(101)),(HM1,W(102)),
1 (SH1,W(102)),(FC2,W(104)),(HM2,W(105)),(SH2,W(106)),(C,W(107)),
2 (E,W(108)),(PERT,W(150))

DATA (MODX(1)=6HDCHAPT)

ENTRY ELECTYX

EARTHE=EARTHRWE

THETA2=R(2)-PID2

HMAX=HM1+EARTHE®#THETS?

X=zPXPR=PXPTH=PXPPH=z0,

HzR(1)-EARTER

IF (H.LT.0.) GO TO =0

Z1=(H-HMAX)/SH1

EXPZ1=1,-EXP(=-21)

TEMP=1.4C®THETA2

X=(FC1/F)##28TEMPHEXP( .S (EXPZ1-21))

PXPR=«0.5#X#EXPZ1/SH1

PXPTH=X#C/TEMP-PXPR¥EARTHE

IF (FC2.EQ.0.) GO TO 50

22=(H-HM2-EARTHE®THETA2)/SH?2

EXPZ2z1.-EXP(-22) :

X2=(FC2/F)##28TEMPH#EXP( . R#(EXP22-22))

X=X+X2

PXPR2=-0.5%#X2#EXPZ2/SH2

PXPR=PXPR+PXPR2

PXPTH=PXPTH+X2*C/TEMP-PXPR2*EARTHE

IF (PERT.NE.0,) CALL ELECT1

RETURN

END
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DCHAOO?
DCHAQOUY
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INPUT PARAMETER FORM FOR SUBROUTINE LINEAR

An ionospheric electron density model consisting of a linear layer

N=0 for h<h ,
min

N=A(th-h ) forh>h_,
min ) min

The ray will penetrate if h > h .
. max

Specify:

A= electrons/cm®/ km (W101)
hoax™ e km (W102) :
ho o= km (W103)

min

SUBROUTINE LINEAR )

LINEAR ELECTRON DENSITY MODEL
COMMON /CONST/ PI,PIT2,PID2,DEGS,RAD,K,DUM(2)
COMMON 7XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT,HMAX
COMMON R(6) /WW/ ID(10),W0,W(400)

EQUIVALENCE (EARTHR,W(2)),(F,W(6)),(FACT,W(101)),(HM,W(102)),

1 (BMIN,W(102)),(PERT,W(150))
REAL K 3
DATA (MODX(1)=6HLINEAR)
ENTRY ELECTYX
H=R(1)~-EARTHR
HMAXzHM
X=PXPR=PXPTH=PXPPH=0.
IF (H.LE.HMIN) GO TO 50
PXPRzK®*FACT/F*#&2
X=PXPR*(H-HMIN)
IF (PERT.NE.0.) CALL ELECT1 e
RETURN :

END
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INPUT PARAMETER FORM FOR SUBROUTINE QPARAB

An ionospheric electron density model consisting of a parabolic or a

quasi-parabolic layer (concentric)

¢ £ 2 h-h 2 6. > 0
R § V—" <= S EE L (G
Y
m
- O otherwise.
C = 1. for a parabolic layer
Ro * hmax‘ ) Ym
C = . — for a quasi-parabolic layer

R +h
o

where Ro is the radius of the earth:

Specify:
Critical frequency, fC = Mc/s (W101)
Height of maximum electron density, hmax = km.‘ (W102)
Semi-thickness, Ym= km. {W103)
Type of profile:
Plain parabolic (W104 = 0.)
Quasi-parabolic (W104 = 1.)

SUBROUTINE OPARAR
PLAIN PARABOLIC OR QUASI-PARABOLIC PROFILE
W(104) = 0. FOR A PLAIN PARABOLIC PROFILE
2= 1. FOR A QUASI-PARABOLIC PROFILE
COMMON /XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT,HMAX
COMMON R(6) /WW/ ID{(10),W0,W(400)
EQUIVALENCE (EARTHR,W(2)),(F,W(6)),(FC,W(101)),(HM,W(102)),
1 (YM,W(103)),(0UAST,W(104)),(PERT,W(150))
DATA (MODX(1)=GHOPARAR)
ENTRY ELECTX
HMAX=HM
X=PXPR=PXPTH=PXPPH=n,
H=zR(1)-EARTHR
FCF2=(FC/F)##%2
CONST=1,
IF (QUASI.EQ.1.) CONST=z(EARTHR+HM-YM)/R(1)
Z=(H-HM)/YM®CONST
X=MAX1F(0.,FCF2%(1.-2%2))
IF (X.E0.0.) GO TO %0
IF (QUAST.EQ.1.) CONST=z(EARTHR+HM)*(EARTHR+HM-YM)/R(1)%#2
PXPRz-2.#2#FCF2/YM*CONST
S0 IF (PERT.NE.0.) CALL ELECTY
RETURN
END
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INPUT PARAMETER FORM FOR SUBROUTINE BULGE

An analytic ionospheric electron density model which represents the
general latitude variation of the equatorial ionosphere (afternoon,

equinox, sunspot maximum) - see the center panel of figure 3.18b,
page 133 of Davies (1965).

The model is'an alpha Chapman layer with parameters which vary
with geomagnetic latitude.
-z
f' =f2 e%(l"Z"e )
N c.
h-h

where z = max
H

fN is the plasma frequency
fc is the critical frequency |

hmax is the height of the maximum electron density
H is the scale height

h is height

,fC, hmax’ H vary with geomagnetic latitude in the following way:
if h<100 km, h =350 km, £ =15 Mec/s
max c

For h=z 100 km,
350 if A 2 24°
430 + 80 cos (= V) i h< 240
max : 24
A is the geomagnetic latitude in degrees

max |

£ =x/ 50(%)2 expCZ - l%l) + 40

In all cases H is determined by the constraint that

fN= 2 Mc/sat 100 km.,

122



e NeNeRs]

C

FORCING PLASMA FREQ AT 100 KM TO BE 2 MHZ IN ORDER TO CALCULATE SH

2

1

SUBROUTINE BULGE :
ANALYTICAL MODEL OF THE VARIATION OF THE EOQUATORIAL F2 LAYER
IN GEOMAGNETIC LATITUDE (EQUATORIAL BULGE AND ANOMALY)
SEE FIGURE 2.18B, PAGE 132 IN DAVIES (1965).
THIS MODEL HAS NO VARIATION IN GEOMAGNETIC LONGITUDE.
COMMON /CONST/ PI,PIT2,PID2,DUM(S)
COMMON, /XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT, HMAX
COMMON R(A) /WW/ ID(1n),Wo,W(ko0)
EOUTVALENCE (EARTHR,W(2)),(F,W(6)),(PERT,W(150))
DATA (MODX(1)=6H BULGE)
ENTRY ELECTX
H=R(1)-EARTHR
PHMPTH=PFC2PTH=0.
HMAX=38n, '
FC2=z225,
IF(H.LT.10n,) GO TO 2
EQUATORIAL BULGE
BULLAT=7.5%(PID2-R(2))
IF(ABS(BUL LAT).GE.PI) GO TO 1
FMAX=U20,4R0 ,%COS(BULLAT)
PHMPTH=600 . #STN(BUL LAT)
EQUATORIAL ANOMALY
ANMLAT=22.5%(PTD2-R(2))/PI
POW=2.-ABS(CANM LAT)
FC2=z50.%ANM LATH#®#24EXP( POW Yy « b0,
PFC2PTH=-1125./PI*POW* ANMLAT®*EXP(POW)

ALPHA=z2 .¥ALOG(FC2/4.)+1.
Z100=~ALOG(ALPHA)
DO 2 I=1,5
2100=-ALOG(ALPHA-2100)
SH=(100.-HMAX)/Z100
Z=(H-HMAX)/SH
EXZ=z1.-EXP(=2)
X=FCP*EXP(.5%(EXZ~Z))/F882
PXPR=-0.S#*X®EXZ/SH .
PXPTH=«PXPR®(1,-2/Z100)*PHMPTH+(1,-Z%EX2/(Z100%(1,.-EXP(~-2100))))
*X/FC2%PFC2PTH
PXPPH=0.
IF (PERT.NE.O.) CALL ELECTI
RETURN
END
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'INPUT PARAMETER FORM FOR SUBROUTINE, EXPX

An exponential electron density profile

N=N_ 2B
(o]

h is the height above the ground.

Specify:

the electron density at the height ho’ No =
the reference height, ho = km (W102)

the exponential increase of N with height, a =

SUBROUTINE EXPX .
- EXPONENTIAL ELECTRON DENSTTY MODEL

COMMON /CONST/ PI,PIT2,PID2,DEGS,RAD,K,DUM(2)
COMMON ~/XX/ MODX(2),X,PXPR,PXPTH,PXPPH,PXPT, HMAX
COMMON R(A) /WW/ ID(10),W0,W(400)
EQUIVALENCE (EARTHR,W(2)),(F,W(6)),
1 (NO,W(101)),(HO,W(102)),(A,W(102)),(PERT,W(150))
REAL N, NO ,K
DATA (MODX(1)z4HEXPX),(HMAX=250.)
ENTRY ELECTYX
H=R(1)-EARTHR
N =NO ® EXP(A®(H-HO))
YzK®N/Fo8D
PXPR=A%*X
PXPTH=PXPPH=0.
IF (PERT.NE.0.) CALL ELECT1
RETURN

END

124

3
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APPENDIX 4. PERTURBATIONS TO ELECTRON DENSITY
’ MODELS WITH INPUT PARAMETER FORMS
The. following perturbations to electron density models (irregulari-
ties) are available. The input parameter forms, which describe the

perturbation, and the subroutine listings are given on the pages shown.

a. ' Do-nothing perturbation (ELECT1) 126
b. East-west irregularity with an elliptical cross-

section above the equator (TORUS) 127
c. Two east-west irregularities with elliptical

cross-sections above the equator (DTORUS) 129
d. Increase in electron density at any latitude

(TROUGH) 131
e. Increase in electron density produced by a

shock wave (SHOCK) 132
f. "Gravity-wave'' irregularity (WAVE) 134

g. "Gravity-wave' irregularity (WAVE2) ‘ 136
h. Height profile of time derivative of electron
density for calculating Doppler shift (DOPPLER) 138

To add other perturbations to electron density models the user must
write a subroutine to modify the normalized electron density (X) and its
gradient (8X/dr, 3X/38, 3X/3¥) as a function of position in spherical
polar coordinates (r, 9, CQ.V .

The restrictions on electron density models also apply to perturba-
tions. Again, the coordinates r, 6, © refer to the computational coordi-
nate system, which may not be the same as geographic coordinates. In
particular, they are geomagnetic coordinates when the earth-centered
dipole model of the earth's magnetic field is used. |

The input to the subroutinel is through blank common (see Table 3)
for the position (r, 6, ¢ ) and through common block / XX/ (see Table8)
for the unperturbed electron density and its gradient. The output is
through common block /XX/. Itis useful if the name of the subroufine
suggests the perturbation model to which it corresponds. It should have
an entry point ELECT] so that it may be called by an electron density
subroutine. Any parameters needed by the subroutine should be input
into W151 through Wl9§ of the W array. (See Table 2.)
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If no perturbation is wanted, the following subroutine should be used.

SUBROUTINE ELECTI ELECO001

USE WHEN AN ELECTRON DENSITY PERTURBATION IS NOT WANTED ELEC002
COMMON /xX/ MODX(2)sX(6) ELEC003
COMMON /WW/ ID(10) sWOsW(400) ELECOO04
EQUIVALENCE (PERT4W(150)) : ELEC00OS
DATA- (MONX(2)=6H NONZ ). ELECO0s
PERT=0e ' ELECOO7
RETURN , ELECOO8

END . ELEC009~
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INPUT PARAMETER FORM FOR SUBROUTINE TORUS

A perturbation to an ionospheric electron density model consisting of
an East-West irregularity with an elliptical cross section above the
equator

Z
"

No (1 + 4)

A =Cy exp{-[(Ro +Ho)(9 - m/2) cAos 8+ (R - Ro - Ho) sin B :lﬂ

) [ (R - Rg - Hp) cos B - (Ro +Ho)(8-1/2) sin B ]3}
B

Ry is the radius of the earth,
R, 6, @ give the position in spherical polar coordinates.

No(R, 0, ¢) is any ionospheric electron density model.

Specify:

Co = . (W151)

Semi-major axis of ellipse, A = km (W152)
Semi-minor axis of ellipse, B = km (W153)
Tilt of ellipse, B = degrees (W154)

Height of torus from ground, Ho = ' km (W155)

(W150: = 1. to use perturbation, = 0. to ignore perturbation)
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SUBROUTINE TORUS

COMMON /CONST/ P1+°217T2+sP1D2sDUM(5)
COMMON /XX/ MODX(2)sX9sPXPRsPXPTHsPXPPHsPXPTHMAX
COMMON R(6) /WW/ ID(10)sWOsW(400)

EQUIVALENCE (EARTHR,N(Z)).(CO.N(ISI))v(AoN(lSZ))v(B’W(153))o

(BETAWW(154) ) s (HOWW(1551))
REAL LAMBDA
DATA (PDPP=z04) s (MODX(2)=6H TORUS!
ENTRY ELECT1

TOR
TOR
TOR
TOR
TOR
TOR
TOR
TOR
TOR

IF (XeEQeOesANDePXPReEQeO e e ANDePXPTHeEQeOe e ANDePXPPHeEQeOe) RETURNTOR

IF (C0«EQeOe) RETURN
RO=EAR THR+HO
Z=R(1)-RO
LAMBDA=RO*(R(2)~PID2)
SINBET=SIN(BETA)
COSBET=COS(BETA)
P=LAMBDA*COSBET+Z*#SINBET
Y=2#COSBET-LAMBDA*SINBET
DELTA=CO*EXP(=(P/A)#%2=(Y/B) #%2)
DEL1=DELTA+le
PDPR=~2.%#DELTA# (PXSINBET/AR%24+YHCOSBET/B*%*2)
POPT==2,%DELTA* (PR®RO®COSBET/A##2~Y*RO*SINBET/B##2)
PXPR=PXPR#DEL1+X*PDPR
PXPTH=PXPTH*DEL 1+X*PDPT
PXPPH=PXPPH*DEL 1+X*PDPP
X=X#DEL1l -
RETURN
END -
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INPUT PARAMETER FORM FOR SUBROUTINE DTORUS

A perturbation to an ionospheric electron density model consisting of
two east-west irregularities with elliptical cross sections above the
equator. Since the model is expressed in spherical coordinates and does
not depend on longitude, the perturbation is actually a torus circling

the earth above the equator.

N = N (1 + 8)

b= Clexp{-[m'l'Hl)(e -TT/Z)i>153+(r_rn_Hl) sins:r

_[ (r-ro ~Hy)cosB - (ro+ H;)(8 -1/ 2) sinB“a}
—%, |

1+ Gy exp{-l: _(_E_Q + Hz)(e -TT/Z+62:OS$ + (r‘-rg "Ha) sin 8 ]

[ (r-rp -H.)cosB -(ro + H,)(8 -T/2 + 86) sin B ]2}
- B,

N
88 = Northward angular displacement of the lower blob from
the upper one
= Hy - Hy
tanB (ro + Hp)

ré is the radius of the earth.
r, 8, © are spherical (earth-centered) polar coordinates. '

No(r, €, ©) is any electron density model.

Specify:

use perturbation (W150 = 1,)
ignore perturbation (W150= 0.)

Fractional perturbatibn electron density at the center of the upper
blob, C, = (W151). \

That of the lower blob, C, = (W156).

Height (above ground) of the center of the upper blob,
H, = km (W155).
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That of the lower blob, H, = km (W159).

Angle (with/\a horizontal southward vector) of the line joining the

blob centers, 3 = rad (yw1s4).
deg

Semi-axis of the upper blob, to the 1/e perturbation contour, in the
direction of the line joining the blobs, A, = km (W152).

That of the lower blob, A, = km (W157).

Semi-axis of the upper blob in the direction normal to the line joining
the blobs, B; = km (W153).

That of the lower blob, B, = . km (W158),

SUBROUTINE DTORUS

COMMON /CONST/ PIsPIT2+sPID2sDUMI(5)

COMMON /XX/ MODX(2) sXsPXPRsPXPTHsPXPPHIPXPT

COMMON R(6) /AW/ ID(10)sWOsW(400)

EQUIVALENCE (EARTHRoW(2))s{CLloW(151) )9 (AIsW(152))s(B1sW(153) ),
1 (BETASWIL54) ) s (HLoW(155) )9 (C2sW(156))s(A2sW(157))s(B2sW(1E8)),
2 (H2sW(1591)} '

REAL LAMBDA1sLAMBDA?Z

DATA (MODX(2)=6HDTORUS }+ (PDPP=0,}

ENTRY ELECT1 R »

IF (XeEQeOoseANDePXPREQeO ¢ s ANDePXPTHoEGeO e s ANDePXPPH,EQeOe) RETURN

IF (C1¢EQeQDe) RETURN

R1=EARTHR+H1

R2=EARTHR+H2

Z1=R(1)~-R1
Z2=R(1}-R2
LAMBDA1=R1#(R(2)-PID2)

LAMBDA2=R2%(R(2)=PID2+(H1-H2)/R2/TANF(BETA))

SINBET=SIN(BETA)

COSBET=COS(BETA)

P1=LAMBDA1%#COSBET+2Z1#SINBET

P2=_ AMBDA2*COSBET+22%SINBET

Y1=Z1#COSBET-LAMBDA1*SINBET

Y2=22#COSBET~LAMBDA2#SINBET

DELTA1=zCI*#EXP(=(P1/A1)#%2=(Y]1/B])%*%2)

DELTA2=C2#EXP(~(P2/A2)#%#2-(Y2/B2)%#%2)

DEL1=1e+DELTA1+DELTA2

PDPR1=2=2,%DELTAI*(P1*SINBET/A1#%24Y]*#COSBET/B1##2)

PDPR2=~2,*DELTA2* (P2*SINBET/A2##24Y2#COSBET/B2%#2)

PDPT1=-2,*DELTAI#(P1#R1*#COSBET/A1##2~Y1#R1#SINBET/B1%%2)

POPT2z-24 #DELTA2#(P2#R2#COSBET/A2#%#2-Y2#R2#SINBET/B2%#%2)

PXPR=PXPR*DEL 1+X* (PDPR1+PDPR2}

PXPTH=PXPTH*DEL 1+X*(PDPT1+PDPT2)

PXPPH=PXPPH*DEL 1 *PDPP

X=X*DEL]

RETURN

END
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INPUT PARAMETE&R FORM FOR SUBROUTINE TROUGH

A perturbation to an ionospheric electron density model consisting of an
increase in electron density near any latitude

m

N=(l+23)yNo (R, 9, ¥) W=B£org-e->\20
]2 -8 A BN m
= - = — - - <0

2= A exp( - J W =BxC for -8 -2
No (JR, 8, @) is any ionospheric electroﬁ density model,
R, 9, © give the position in spherical polar coordinates.
Specify:
Amplitude of the perturbation, A = (w1s1)
half width of the perturbation, B = degrees (W152)
latitude of the perturbation, A = degrees (W153)

width factor for South of trough, C = (W154)

(W150: = 1. to use perturbation, = 0. to ignore perturbation)

SUBROUTINE TROUGH TROUOO1
A PERTURBATION TO AN ELECTRON DENSITY MODEL TROU0O?2
COMMON /CONST/ PIsPIT2:PID25DUMIS) . TROU0O3
COMMON /XX/ MODX(2)sXsPXPRaPXPTH »PXPPHPXPT s HMAX TROU0O 4
COMMON R{6) /WW/ 1D(10)sWOsW(400!} TROUO0O0S5
EQUIVALENCE (AsW(151))s(EsW(152))s (ALATSW(153))s(FACTORIW(154)) TROUO0O06
DATA (MODX(2)=6HTROUGH) TROU007
ENTRY ELECT1 v TROUOOS
IF (XeEQeOeeANDePXPReEGeOesANDePXPTHeEQeUe s ANDePXPrHeEQeOe) RETURNTROUOOCS
IF (A+EQeOe) RETURN TROUO10
ANGLE=R(2)+ALAT=PID2 ' TROUO11
WIDTH=B TROUO12
IF (ANGLE«GT 404! WIDTH=FACTOR*B TROUO13
ANGLE=ANGLE/WIDTH TROUO14
DELTA=A*#EXP{~ANGLE*#2) TROUO1S
DEL1=DELTA+1. TROUO16
PXPR=PXPR*#DEL1 TROUO17
PXPTH=PXPTH®*DEL 1=2+ *X®ANGLE*DELTA/WIDTH TROUO18
PXPPH=PXPPH*DEL ] TROUO19
X=X#DEL1 TROU020
RETURN , ' TROU021
END TROU022-
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INPUT PARAMETER FORM FOR SUBROUTINE SHOCK

A perturbation to an ionospheric electron density model consisting of
an increase in electron density produced by a shock wave

N(R, 6, ®) = No(R, 8, ®)[1 + P exp(- 9(%‘—"—5) ]
pe = s(h - hg) - w
p=R|cos™*[cos(® - ®o) cos(r - Xo)] |
No (R, 8, ®) is the ambient electron density specified by any electron
density model.
R, 6, ¢ give the position in spherical polar coordinates,
h = R - a is the height above the surface of the earth.
a is the radius of the earth.
. . .
=3 - 8 is the latitude.
Specify:
Relative increase in electron density, P = (w1is1).

Width of the disturbance, w = km (W152).

Latitude of the center of the disturbance, Ao = radians or degrees
(W153).

Longitude of the center of the disturbance, Qg = radians or
degrees (W154).

Slope measured from vertical - rate of increase of p, with height,
s = (W155),

Height to the bottom of the disturbance, hy = km (W156).

(W150: = 1. to use perturbation, = 0. to ignore perturbation)
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A PERTURBATION TO AN ELECTRON DENSITY MODEL SIMULATING A SHOCK WAVE

1

N

SUBROUTINE SHOCK

COMMON /CONST/ Pl+PIT2sPID2sDUM(5)

COMMON /XX/ MODX{2}sXsPXPRsPXPTHsPXPPHsPXP T9HMAX

COMMON R(6) /WW/ ID(10)sWOsW(400)

EQUIVALENCE (EARTHRoW(2))s(PoW{151)) 9 (WWeW(152)) s (ALATIW(153)),

(ALONSW{154))s(SsW(155))s(HOsW(156))
REAL LAT»LON
DATA (MODX{2)=6H SHOCK)
ENTRY ELECT1

SHOC001
SHOCO002
SHOCO003
SHOCO004
SHOCO005
SHOCO006
SHOC007
SHOC008
SHOC009
SHOCO010

IF (XeEQeOesANDePXPReEQeOVe e ANDePXPTH4EQeOe e ANDePXPPHeEQeOe) RETURNSHOCOL11

IF (PeEQeDeeOReWWIEQeDo) RETURN
H=R(1)-EARTHR
RHOC =S * (H=HO ) =WW
LON=R(3)~ALON
LAT=PID2-R(2)-ALAT
COSLON=COS{LON)
COSLAT=2COS(LAT)
U=COSLON®COSLAT
RHO=R (1) #ACOS(U)
DIF=RHOC-RHO
CONZ=G o /WWHR2
CONS=PH*EXP (CON#DIF*%2)
CONST=1++CONS -
CON=2+#CONRCONS*DIF
PXPRaPXPR#CONST+X*CON#* ( S~-RHO/R (1))
CONS=R{1)#(14/SQRT(1,-Un*2})
PXPTH=zPXPTH*CONST+X*CON®CONS*COSLON®SINILAT)
PXPPH=PXPPH*CONST~X®CON*CONS*#COSLAT*#SIN(LON)
X=X®#CONST
RETURN

END
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE

A perturbation to an ionospheric electron density model consisting of
a "'gravity-wave'' irregularity traveling from north pole to south pole

N = Ng(l + 4)

A =8 exp{- [(R -Ro - zo)/H]z}.

cos{ZTr [t' + (/2 - 9)-1}%9- + (R - I}O)/ X,] }

E‘I—\I" = :—Z‘E Vx Noé exp -~ [(R —Ro - Zo)/H].a
3t h 4

sin 27 [t’ + (/2 - 8) -P-;-Q-+ (R - Ro)/xz]

Rg is the radius of the earth.

R, 8, ®are the spherical (earth-centered) polar coordinates
(4 is independent of ®).

No (R, 6, ©)is any electron density model.

Specify:

the height of rna.ximxa:m wave amplitude, zy = km (W151)
wave-amplitude '"'scale height,' H = km (W152)
wave perturbation amplitude, § = 0. to 1.] (W153)

horizontal trace velocity, V, = km/sec (W154)
(needed only if Doppler shift is calculated)

horizontal wavelength, A, = km (W155)
vertical wavelength, ), = km (W156)
time in wave periods, t‘ = L0. to 1.] (W157)

(W150: = 1. to use perturbation, = 0. to ignore perturbation)
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SUBROUTINE WAVE ' WAVEQO1

PERTURBATION TO AN ALPHA-CHAPMAN ELECTRON DENSITY MODEL WAVEQO0?2
COMMON /CONST/ PL+OIT2+PID2sDUM(S) WAVEOO3
COMMON /XX/ MODX(2) sXsPXPRsPXPTHsPXPPHPXPTyHMAX WAVEOO4
COMMON R(6) /WW/ ID(10) sWOsW(4D0) WAVEQOS5
EQUIVALENCE (EARTHRsW(2))s(ZOsW(151)) 9 (SHIW(152)) s (DELTASW(153))» WAVEOO

1 (VSUBXaW(154)) s (LAMBDAXsW{155)) s (LAMBDAZsW(156))s({TPsW(157)) WAVEOO 7
REAL LAMBDAX [ AMBDAZ WAVEQOS
DATA (MODX(2)=6H WAVE ) WAVEO0O9
ENTRY ELECT2 WAVEQ10
IF (XeEGeOesANDPXPRGEQ, 0..AND.PxPTH.Eo OsoeANDoPXPPH.EQeOs) RETURNWAVEO11
IF (DELTASEQeOeeOReSHeEQeDo) RETURN WAVEOD12
H=R{1)=EARTHR WAVEQ13
EXPQ=EXP(=((H~20)/SH) %#%2) WAVEO14
TMP=PI T2# (TP+(PI1D2~R(2))*EARTHR/LAMBDAX+H/LAMBDAZ) WAVEO1S
SINW=SIN(TMP) WAVEO16
COSW=SIN(PID2~TMP) WAVEO17
CONS=1+0+DELTA*EXPQ*COSW WAVEO18
IF (HeNEsOo) PXPRzPXPR*CONS~X*DELTA#EXPQ*(2,0/SH®#2%(H-20)*#COSW  WAVEO19

1 +PIT2/LAMBDAZ*SINW) WAVED020
PXPTH=PXPTH*CONS+X*DELTAPT2*EARTHR/LAMBDAX*S INWREXPQ WAVEOD21
PXPPH=PXPPH*CONS WAVEQ22
PXPT=z0. WAVE023
IF (VSUBXeNEesOos) PXPT==PIT2*VSUBX/LAMBDAX*X*DELTA%EXPQ*SINW WAVEQ 24
X=X*CONS WAVEOD25
RETURN WAVEO26

END WAVEQ27~
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE 2
PERTURBATION TO AN IONOSPHERIC ELECTRON DENSITY MODE L

A ''gravity-wave'' irregularity traveling from north pole to south pole ~-
same as WAVE 1, but with Gaussian amplitude variations in latitude and
longitude, and provision for a horizontal '"group velocity "

N =No (1 + AC)

: - - 2 - 2 2
A=29 exp -(.E———IIEIQ-—_EQ.) .+ exp _(_e_ @eg (t) ) * exp _(_%?_)
C = cos 2n[¢' + (1/2-8) B + (x - ro)/1, |
X

eo =9m+V8t/I‘°

ra is the radius of the earth,
T, 9, ® are spherical (earth-centered) polar coordinates.

No(r, 8, ®) is any electron density model.

Specify:

use perturbation (W150 = 1.)

ignore perturbation (W150 = 0.)

the height of maximum wave amplifude, Ze = | km (W151)
wave -amplitude "scale height," H = . km F(Wl 52)
wave perturbation amplitude, & = (0 to 1) (V\{153)
horizontal trace velocity, V, = - km/ sec. (W154)

(needed only if Doppler shift is calculated)
horizontal wavelength, A\, = km (W155) <
vertical waveiength, A, = km (W156)
time in wave periods, t' = (W157)
amplitude ""scale distance' in latitude, ® = degrees (W159)
d amplitude ""scale distance' in longitude, & = degrees (W160)
latitude of maximum amplitude at t = 0, 8w = degrees (W158)

southward group velocity, V, = ~_km/ sec (W161)
(needed even if Doppler shift is not calculated)
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SUBROUTINE WAVE?
PERTURBATION TO AN ANY ELECTRON DENSITY MODEL
COMMON /CONST/ Pl1+P1T29PID2sDUM(5}
COMMON /XX/ MODX{2) sXsPXPRsPXPTHyPXPPHIPXPT
COMMON R{6) 7AW/ ID(10)sWOsW(4D0}

EQUIVALENCE (EARTHRIW(2))9(Z0sW(151)) s (SHeW(152))s DELTASW(153))

1 (VSUBXsW(154)) s (LAMBDAXW(155) ) (LAMBDAZsW(156))s(TPsW{157)),
2 (THOOSW(16B) ) o (THCIWI159) ) s (PHICW(1601) s {VGXsWi161))

REAL LAMBDAXs_AMBDAZ

DATA (MODX(2)=6H WAVE2)

ENTRY ELECTI!

WAV2001
WAV2002
WAV2003
WAV2004
wav2005
WAV2006
WAV2007
WAV2008
WAV2009
WAV2010
WAV2011

IF (XeEQeOe s ANDePXPR4EQeCe s ANDePXPTHoEQsO 4o ANDoPXPPH,EQeOs) RETURNWAV2012

IF (DELTASEQe0eeOReSHeEQeDo! RETURN
H=R(1)-EARTHR
THO=THOO+LAMBDAX*TP#VGX/VSUBX/EARTHR
EXPR=EXP(=({(H=20)/SH}#%2)
EXPTH=EXP(=((R(2)=THO) /THC) #%#2)
EXPPHI=EXP(={(R(3)/PHIC)#%2)
WW=PIT2#(TP+(PID2-R{2) )} *EARTHR/LAMBDAX+H/LAMBDAZ}
SINW=SIN(WW)
COSW=COS(wW!
E=DELTA®EXPR®EXPTH*EXPPHI
CONS=1en+E*COSW
PXPR=P XPR¥CONS=XH*E*2 # (COSW* (H=20)/SH**2+P[/LAMBDAZ*SINW)
PXPTH=PXPTHXCONS+24 ¥E* ( X*P [ #EARTHR*SINW/LAMBDAX=(R(2)}=THO)/
1 THC*#2%COSW)
PXPPH=PXPPH*CONS—X#2 (#ERR(3) /PHICH%2#COSW
PXPT=-PT2%VSUBX*E/LAMBDAX*SINW+2 4 O#E*VGX/EARTHR*COSW* (R (2)=THO
1 =LAMBDAX*TP/EARTHR) /THC
X=X *CONS
RETURN

END
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WAV2013
WAV201a4
WAV2015
WAV2016
WAV2017
WAV2018
WAVZ2019
WAV2020 -
WAV2021
WAV2022
WAV2023
WAV2024
Wav2025
WAV2026
WAV2027
WAV2028
WAV2029
WAV2030
WAV2031
WAVZ2032~



INPUT PARAMETER FORM FOR SUBROUTINE DOPPLER
HEIGHT ~PROFILE OF aN/de

(A p'erturbation to an ionospheric electron density model which calculates the time
derivative of electron density for calculating Doppler shifts)

First card tells how many profile points in 14 format. The cards following the first
card give the height and dN/dt of the profile points oae point per card in F8.2, El2. 4
format. The heights must be in increasing order. Set W51 =1. 0 to read in a new
profile. After the cards are read, DOPPLER will reset W151=0. This subroutine °
makes an exponential extrapolation down using the bottom 2 points in the profile.

’ '
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: N .
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OOO

1Ja¢
1200

10

i1

SUBROUTINE DOPPLER
COMPUTES ON/DT

AS THOSE USED 3Y SUBROUTINE TABLE X
MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

NEEOS SUBROUTINE GAUSEL

JIMENSION HPJ(250) yFN2C(250) 4ALP4A(250),BETA(250) sGAMMA(250)
1 ODELTA(250) +SLOPE(250) 4MAT (4,y5)

SOMMON ZCONST/ PL.PIT2,PID240EGSyRAD+K,OUM(2)

COMMON /XX/ MODXC2) ¢ XDUM,PXPRyPXPTHy PXPPH, Xy HMAX

00PPOO1

FRIM PROFILES HAVING THE SAME FIIMDOPPO02

SOMMON R(6) /WW/ TO(10),W0,W(400)

EQUIVALENGCE (EARTHR yW(2)) g (Fyn(6)), (READFN,W(151))

REAL MAT,K

JATA (MODX(2)=7HOOPPLER)
ENTRY ELECT1

IF (READFN.EQ.G.} GO TO 10
READFN=Q,

READ 1000y NOC,(HPC(I) yFN2C(I) 4121,NOC)

FORMAT (I4/(FB.24E12.4))

PRINT 1200, (HPC(I) FN2C(I),I=1,NOC)
IN/DT

FORMAT (1HL1 414Xy 6HHEIGHT 64X 416+
Az0.

IF(FN2C (1) .NE.DW) A=AL6$(’NZC(2)/FM2C(1))/(HPC(Z)-H’C(i))

FN2C(1)=K*FN2C (1)
FN2C(2) sK*FN2C (2)
SLOPE (1) =A¥FN2C (1)
SLOPE(NOC)=0.
NMAX=1

DO & I=24NOC

IF (FN2C(I) «GT .FN2C (NMAX)) NMAX=]

IF (1.EQ.NOC) GO TO &
FN2C(I+1)=K*FN2C(I+1)

JO 3 J=1,3

Mzl¢g=2

MAT (Jy1) =1,

HAT (Jy2)=HPC (M)

MAT (Jo3)2HPC (M) **2
MAT(Jo4)SFN2CIM)

CALL GAUSEL (MATylL, 344 4NRANK)
IF (NRANK.LT.3) 60 TO 60

SLOPE(T) =MAT (2440 ¢2 4 *MAT (3,4) *HPC(])

DO 5 JUzi,2

L ES CNEY]

"AT(JQi)*lo

MAT (Jy2)2HPC (M)
MAT(Jy3)=HPC(N)**2

MAT (Jy4)=HPC (M) &3

MAT (J45)2FN2C(M)

LeJ+2

MAT(Ls1)=0.

MAT (L,2) 21,

MAT (L, 3)=2,*HPC(N)

MAT (L 4)S3.*HPC(N)**2
MAT(L+5)2SLOPE (M)

CALL GAUSEL (MATy 4, 4y5,NRANK)
IF (NRANK.LT.4) GO TO 60
ALPHA(I)=MAT (§,5)
BETA(I)aMAT(2,5)
GAMMA(I)=MAT(3,5)
DELTA(I)=MAT (4,5)
HMAXZAMAXL(HMAX o HPC (NMAX) )
NH=2

HER(1) «EARTHR

F2=F*F )

IF (H.GE.HPC(1)) GO TO 12
NH=z2
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poeePO03 -
DOPPOO &L
DOPPOOS
00PPO0B
0OPPOO7
poPPOQS
0oPPOOS
00PPO10
OOPPO1Y
00PPOL2
DOPPO1L3
00PPOLL
DOPPO1S
00PPO16
0oPPOL7
O0PPO18
DOPPO19

/(1Xs72)4104E20.1)))D0PPO20

00PPO21
0IPPO22
00PP023
00PPO24
00PPO25
DOPPO26
pOPPO27
POPPO28
00PP029
00PPB30
DOPPO31
00PP0O32
DOPPO33
00PPO34
00PPO3S
00PPO36
DOPPO37
DOPPO38
00PP0O39
DOPP OO
0OP PO
00PPOL2
DOPPOL3
00PPOL4
DOPPOLS
DOPPOLE
00PPO47
DOPPO4S
00PPO49
DOPPOSO
00PPOSY
00PP052
00PPO53
00PPOS4
0OPPOSS
DOPPOS6
DOPPOS7
00PPOSS
00PPO59
00PPO60
00PPO61
DOP P62
DOPPO63
00P P06
00PPO6S



12

15

16

18
50

6n
6000

DOPPO&6

IF(FN2C(1)«EQeDe) GO TO 50 DOPPO67
XeFN2C (1) *EXPLA% (H=HPC (1)) ) /F2 DOPPO6S
Go TO 50 DOPPO&9
IF (HeGEJHPCINOC)) GO TO 18 DOPPO70
NSTEP=1 ‘ DOPPO 7]
IF (HeLToHPCINH-1)) NSTEP=-1 DOPPO72
IF (HPC(NH=1)sLEeHs ANDoHsLT«HPCINHI) GO TO 16 DOPPO 73
NH=NH+NSTEP DOPPO 74
60 TO 15 DOPPO75
X= CALPHA(NH) +H® (BETA (NH ) +H¥% { GAMMA (NH) +H¥DELTA (NH) 1) ) /F2 DOPPO76
Go To 50 ' DOPPO 77
X=FN2C (NOC) /F2 DOPPO 78
CONTINUE DOPPO 79
RETURN DOPPO 8O
PRINT 60005 IsHPC(1) DOPPOS1
FORMAT (4H THEs14+55HTH POINT IN THE  DN/DT PROFILE HAS TDOPPOS2
1HE HEIGHT sF842540H KMs WHICH IS THE SAME AS ANOTHER POINTe) DOPPO83
CALL EXIT - DOPPOB4

END DOPPOBS
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APPENDIX 5. MODELS OF THE EARTH'S MAGNETIC FIELD
WITH INPUT PARAMETER FORMS

The following models of the earth's magnetic field are available.

The input parameter forms, which describe the model, and the sub-

routine listings are given on the pages shown.

a. Constant dip and gyrofrequency (CONSTY) 142
b. Earth-centered dipole (DIPOLY) ‘ 143
c. Constant dip. Gyrofrequency varies as the

inverse cube of the distance from the center

of the earth (CUBEY) 144
d. Spherical harmonic expansion (HARMONY) 145

To add other models of the earth's magnetic field the user must
write a subroutine that will calculate the normalized strength and direc-

tion of the earth's magnetic field (Y, Yr’ Y., YCO) and their gradients

(3Y/dr, 3Y/38, 3Y/3wp, 3Y /3%, 3Y /38, anr/aco, 8Y /3r, 3Y /28,
dY e/acp , ach/a r, BYCD/BS, BYCP/BCp) as a function of positio]n in spheri-
cal polar coordinates (r, 8, ®). (Y = fH/ f, where fH is the electron
gyrofrequency and f is the wave frequency.)

The restrictions on electron density models also apply to models of
the earth's magnetic field. The coordinates r , 8 , ©® refer to
thé computational coordinate éystem, ‘which is not neces sarily the same
as geographic coordinates. W24 and W25 give the geographic latitude
and longitude of the north pole of the computational coordinate system.

The input to the subroutine (r, 8, ¢) is through blank common. (See
Table 3,) The output is through common block /YY/. (See Table9.) It
is useful if the name of the subroutine suggests the model to which it cor-
responds. It should have an entry point MAGY so that other subroutines
in the program can call it. Any parameters needed by the subroutine
should be input into W201 through W249 of the W array. (See Table 2.)
If the subroutine needs massive amounts of data, these should be read in

by the subroutine following the example of subroutine HARMONY.
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INPUT PARAMETER FORM FOR SUBROUTINE CONSTY

An ionospheric model of the earth's magnetic field consisting of consta.nt
dip and gyrofrequency

Specify:
gyrofrequency, fH = MHz (W201)
dip, I = degrees (W202)

radians

The magnetic meridian is defined by the geographic coordinates

" of the north magnetic pole:

radians
latitude = degrees north (W24)
radians
longitude = degrees east (W25)
SUBROUTINE CONSTY CONYO0O01
CONSTANT DIP AND GYROFREQUENCY CONYO002
COMMON /YY/ MODYsYsPYPRWPYPTHsPYPPH»YRsPYRPRsPYRPTsPYRPPsYTH,PYTPRCONY003
19sPYTPT sPYTPPsYPHPYPPRSPYPPT »PYPPP CONYQO 4
COMMON /WW/ ID(10)sWOsW(400) CONYOQ05
EQUIVALENCE (FsW(6) ) o (FHIW(201))s(DIPsW(202)) . CONYO06
DATA (MODY=6HCONSTY) CONYOQO07
ENTRY MAGY CONYOO8
Y=FH/F CONYOO09
YR=Y*SIN(DIP) CONYO10
YTH=Y#COS(DIP) CONYO11
RETURN CONYO1l2
END CONYO1l3-
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INPUT PARAMETER FORM FOR SUBROUTINE DIPOLY

An ionospheric model of the earth' s magnetic field consisting of an earth

centered dipole
The gyrofrequency is given by:

Rg +h™ 3
f (__Q__ 1 + 3 cos X)

The magnetic dip angle, I, is given by

tan]l = 2 cot A

h is the height above the ground

Ry is the radius of the earth

X is the geomagnetic colatitude

Specify:

the gyrofrequency at the equator on the ground, fHo =
the geograph:Lc coordinates of the north magnetm pole

radians

latitude degrees north (W24)

radians
degrees east (W25

longitude

SUBROUTINE DIPOLY
COMMON /CONST/ PI+PIT2sPID2sDUM(5}

MHz (W201)

DIPO0O1
DIPQ002

COMMON 7YY/ MODY»sYsPYPRyPYPTHsPYPPH»YRsPYRPRsPYRPT s PYRPP *»YTHPYTPRDIPO0O3

1sPYTPTsPYTPPsYPHsPYPPRPYPPT sPYPPP
COMMON R(6) /WW/ IDI(10)sWOsW(40O)
EQUIVALENCE (EARTHRIW(2) 1o (FoW(6) ) o (FHIW(201))
DATA (MODY=6HDIPOLY)
ENTRY MAGY
SINTH=SIN(R(2))
CCSTH=SIN(PID2~ R(2))
TERM9=SQRT{ 14434 *#COSTH##2)
T1=FH* (EARTHR/R (1) ) %#3/F
Y=T1#TERMS
YRz 24%#T1#COSTH
YTH= T1%SINTH
PYRPR==3,#YR/R(]}
PYRPT==24#YTH
PYTPRz==3,#YTH/R(1)
pYTPT‘oS*YR 1]
PYPRz=34%Y/R(1)
PYPTHe=3 4 #YRSINTH*COSTH/ TERMO##2
RETURN

END
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D1PO004
DIPO0OS
DIPO006
DIP0007
DIPO0OS
DIPO009
DIPOO10
DIPOO11
DIPOO12
DIPOO13
DIPOO16&
DIPOO15
DIPOO16
DIPOO17
DIP0018
DIPOO19
DIP0020
DIP0021
DIP0022
DIP0023~



INPUT PARAMETER FORM FOR SUBROUTINE CUBEY

A model of the earth's magnetic field consisting of a constant dip and
a gyrofrequency which varies as the inverse cube of the distance from

the center of the earth

This model bas the same height variation as a dipole magnetic field.

The gyrofrequency is given by:

o fao( D)

a is the radius of the earth.

r is the distance from the center of the earth.

Specify:

gyrofrequency at the ground, £I-Io = MHz (W201)
. _ ‘ radians '

dip, I = degrees (W202)

The magnetic meridian is defined by the geographic coordinates of the

north magnetic pole:

radians ’
latitude = degrees north (W24)
km

radians
longitude = degrees east (W25)
km

SUBROUTINE CUBEY
CONSTANT DIP.

NN

THIS MODEL HAS SAME HEIGHT VARIATION AS A DIPOLE FIELDe

GYROFREQ DECREASES AS CUBE OF DISTANCE FROM CENER OF EARTHe

CUBEOO1
CUBEOQO2
CUBEOO3
CUBEQO4

COMMON 7YY/ MODYsYsPYPRPYPTHsPYPPHs YR9IPYRPRsPYRPT sPYRPP»YTH+PYTPRCUBEOOS

1sPYTPT +PYTPP s YPHsPYPPRIPYPPT »PYPPP
COMMON R /WW/ ID(10)sWOsW(400)
EQUIVALENCE (EARTHRaW(2)) s (FsW(E)) s (FHIWI(201) )2 (DIPsW(202))
DATA(MODY=5HCUBEY)
ENTRY MAGY
Y=z (EARTHR/R) ##3 %#FH/F
YR= Y®*SIN(DIP}
YTH= Y#COS(DIP)
PYPR=-3,%#Y/R
PYRPRz~-34#YR/R
PYTPR=-3,#YTH/R
RETURN
END
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CUBEQO6
CUBEOO7?
CUBEQOS
CUBEOO9
CUBEO10
CUBEO11
CUBEO12
CUBEO13
CUBEO14
CUBEO15
CUBEO16
cuse017
CUBEO18~



INPUT PARAMETER FORM FOR SUBROUTINE HARMONY

A model of the earth's magnetic field based on a spherical harmonic
expansion

The upward, southerly, and easterly components of the earth's magnetic
field are given by:

a nt+2 B,
H = - z (n+1)(-;) )
| il

J

m m m
Hn (9)(gn cosmco+hn s1nm§p)

o

iy

@

1]
m|
5 —
@
>0

fa m m m .
(r) z Gn (9)(gn cosmgp+hn s1nmcp)

6 n '
1 T /[a nt2 - m m m
Hcp = =3 Z_‘ (-;) L m Hn (9)(hn cosm¢ - g sinm®

n=o m=0
where
a is the radius of the earth.
r, 8, © are spherical (earth-centered) polar coordinates.
o
R e -
Ho ©) =1

H1°(e) = cos 8

Hll(e) = sin ©

: m,n, _ m

Hm+1 ®) = Hm (8) cos 6

m+l _ m ;
H ., ©)=H_ (8) sin 6

m _ m (ntm+1)(n-m+1) m
Hopp ) =H 17(8) cos® - o= GntT) Fin ©)
G_ () = - 5% H_"(0) sin®

do
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m m
Gm (0) = -mHm (6) cos®

(a+m+1) (n-m+l)
2n+l

G_,, (®) = -(a+1)H_  T(g)cose + H (o)

+

The recursion formulas for calculating H m(6) and G m(e) are from
n n
Eckhouse (1964).

This subroutine uses coefficients gnm and hnm for Gauss normalization.
Some coefficients are now being published for Schmidt normalization

(e. g. Cain and Sweeney, 1970). The factors Sp, m used for converting
the ""Schmidt normalized'" coefficients to the "Gauss normalized"
coefficients are as follows (Cain, et. al., 1968, Chapman and Bartels,

1940):
S = -1
0,0 )
s =5 [Zn-l]
n, o n-1,0 n .
2n
Sn, 1 Sn, o ¥ a+l
S =S {o-m+l) for m)1
n,m n, m~1 n+m-

By convention, the '"Gauss normalized'" coefficient glo is positive,
whereas the "Schmidt normalized" coefficient glo is negative. Coeffi-
cieants based on more recent data on the earth's magnetic field including
more satellite data are in the POGO 8/69 model.

Specify below the Gauss coefficients gnm and hnm in gauss.

'columns columns columns columns columns columns columns
2-10 1} » 20 21 = 30 31 = 40 41 = 50 51 - 60 61 - 70

1st card goo =
1

2nd card glo = g =
3rd card gzo = g;= g§=

o 1 2 3
4th card 24 = g.= g = g,%

3 3 3 3

o 1 2 3 4
5th card gy ° 84 84" 847 847

o _ 1_ 2_ 3_ 4_ 5_
bth card gy = 5™ g5= g5™ 85" g5®

o 1 2 3 4 5 6
7th card g6 = g6= g6= gé: gé: g6= g6=
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8th card ho =
‘ 1
9th card h1° = hy=
o 1_ 2_
10th card ]:L2 = h2- hz-
o _ 1_ 2_ 3.
1ith card h3 = h3- h3- h3
o _ 1_ 2_ 3_ 4_
12th card h4 = h4— h4- h4— h4
o _ 1_ 2_ 3_ 4_ 5_
13th card h5 = h5- hs— hs- h5- h5
o _ 1_ 2_ 3_ 4_ 5_ 6
14th card h6 = h6— h6- h6- hé— h6- h6
Set W200 = 1. to read in a set of coefficients.
This subroutine represents:
m
Hn (6) by H(m+1, n+l)
m
Gn (8) by G(m+1, n+l)
m
g, by GG(m+l, n+l)
m
hn‘ by HH(m+1, n+1)
SUBROUTINE HARMONY HARMOO 1
C MODEL OF THE EARTH S MAGNETIC FIELD BASED ON A HARMONIC ANALYSIS HARMOO?2
DIMENSION PHPTH(7+7) sPGPTHITs7) A2 (T+7)sB1(7+7) HARMOO3
DIMENSION H{T797)9G(Ts71+GGITsT) sHH(TsT7) sSINP(7)+COSP(T) HARMOO4

COMMON /YY/ MODYsYsPYPRyPYPTHsPYPPHYRsPYRPRyPYRPT yPYRPP s YTH,PYTPRHARMOOS

19PYTPT sPYTPP»YPHPYPPRsPYPPTsPYPPP
/WW/ ID(10)+WOsW(400)
COMMON /CONST/ PI4PIT2sPID2sDUMI(S}
(THETASR(2) ) s (PHIsR(3))
(EARTHRsW{2) ) s (FoW(6)) s (READFHsW(200))
C RATIO OF CHARGE TO MASS FOR FLECTRON

COMMON R(6)

EQUIVALENCE
EQUIVALENCE

DATA(EOM=1,7589E7)
DATA

(SET=0e) s (HZ10948(063)9(G=249(04)) s (PHPTH=49(04))

1 s (PGPTH=49(0e) ) s {MOVY=THHARMONY)

ENTRY MAGY
IF(SET) GO TO 2
DO 1 M=1,7
DO 1 N=1»7

Bl1(MsN) = (N+M=1) % (N=M+1)/ (2%¥N=-1,)

1 AL(MeNI=RI(MIN)/(2%N+1)
SET=1.
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HARMOO6
HARMOO7
HARMOO8
HARMOOS
HARMO10
HARMO11
HARMO12
HARMO13
HARMO14
HARMO15
HARMO 16
HARMO17
HARMO18
HARMO19
HARMO20
HARMO21



2
2000

2100

1 /79Xs7(1HGs14X) /210X 7(1IHNS14X)//(1XsTF1546))

2200

1 79Xs7{1HH14X)/10XsTC(1HN14X)}//7(1XsTF1566))

1

IF{READFHeEQeOs) GO TO 3
READ 2000 +GGeHH

FORMAT (1XsF9e496F10s4)
PRINT 2100+GG

HARMO 22
HARMO23
HARMO 24
HARMO2S

FORMAT (1H1910X91HO»14X9»1H1 914X 1H2914X91H3914Xs1HA914X91H5 914X 1H6HARMO26

PRINT 2200sHH

HARMO27
HARMO 28

FCRMAT(// 11Xs1HO9»14Xs1H1 914X 9 1H2914X91H3 914X s1H4A914Xs1H5 914Xy IM6HARMO29

READFH=0.
COSTHE=COS{THETA)
SINTHE=SIN{THETA}

‘AOR=EARTHR/R(1}

PAORPR=z=-AOR/R (1)

CNST2=A0R

PCNSPR=PAORPR
FIN1=PFINIR=PFIN1T=PFIN1P=0,
FIN2=PFIN2R=PFIN2T=PFIN2P=0,
FIN3=PFIN3R=PFIN3T=PFIN3P=0,
DO &4 M=1,7
SINP(MI=SIN((M=1)2PHT)

COSP (M) =COS( (M=1)%PH])
H{192)=COSTHE

H(292) aSINTHE

DO 5 M=1,y5
H{M+19M+2)=COSTHE®H (M+1 sM+1)
H{M+2sM4+2)=SINTHE®H (M+1sM+]1)
DO 5 N=zM»5

H{MoN+2)=COSTHE®H(MaN+1)=A1 (MsN) #H(MsN)

DO 6 M=146
GiM+19M+1 ) =~M*COSTHE#H(M+]1 sM+1)
PHPTH(M+1eM+1)2=G(M+1sM+1)/SINTHE

PGPTH(M+19sM+1 ) =MESINTHE*H (M4+19M+1) ~MRCOSTHE*PHPTH(M+19M+1)

DO 6 N=Ms6

GIMIN+1)=2=N*COSTHE*H (MaN+1)+B1 (MsN) %4 (MsN)

PHPTH{MsN+1)=-G(MsN+1)/SINTHE

HARMO30
HARMO 31
HARMO 32
HARMO33
HARMO 34
HARM035
HARMO36
HARMO37
HARMO 38
HARMO39
HARMO40
HARMO4 1
HARMO4 2
HARMO&3
HARMO 44
HARMO4S
HARMO 46
HARMO 47
HARMO48
HARMO 49
HARMOS50

HARMOS1

HARMO 52
HARMO 53
HARMOS4
HARMOSS
HARMOS6
HARMOS?

PGPTH(MsN+1) sN¥SINTHE*H(MyN+1)~N*COSTHE#PHPTH(MsN+1) +B1 (MsN) *PHP THHARMOS8

(MyN)
DO 8 N=1,7
CR=PCRPTH=PCRPPH=0.
CTH=PCTHPT=PCTHPP=0.
CPH=PCPHPT=PCPHPP=0.
DO 7 M=1N

TEMP1=GGIMsN) #COSP (MI+HH(MsN) XSINP (M)
TEMP2=(M=1)}*(HH(MyN) #COSP (M) =GG (MsNI #SINP (M)}

CR =CR +H(MN)#TEMP]
PCRPTH=PCRPTH+PHPTH(MsN)®#TEMP]
PCRPPH=PCRPPH+H (MsN) #TEMP2

CTH =CTH +G{MIN)*TEMP]
PCTHPT=PCTHPT+PGPTH (MeN) #TEMP]
PCTHPP=PCTHPP+G(MsN) #TEMP2

CPH =CPH +H{M NI XTEMP2
PCPHPT=PCPHPT+PHPTH{MsN) #*TEMP2
PCPHPP=PCPHPP=H(M,N) *(M~1 ) ¥#2#TEMP]
CNST2=CMNST2*AOR
PCNSPR=CNST2#PAORPR+AOR#PCNSPR
FINI=FIN1+N®CNST2%#CR
PFINIR=PFINIR+N*PCNSPR¥*CR
PFINIT=PFINIT+N®#CNST2#PCRPTH
PFINIP=PFINIP+N*CNST2#PCRPPH
FIN2=FIN2+CNST2#CTH

PFIN2R=PF IN2R+PCNSPR*CTH
PFIN2T=PFIN2T+CNST2#PCTHPT
PFIN2P=PFIN2P+CNST2#PCTHPP
FIN3=FIN3+CNST2*#CPH
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HARMOS59
HARMO &0
HARMO61
HARMO62
HARMO 613
HARMO64
HARMO65
HARMOG66
HARMOG7
HARMO 68
HARMO 69
HARMO 70
HARMO 71
HARMO 72
HARMO 73
HARMO 74
HARMO 75
HARMO 76
HARMO 77
HARMO 78
HARMO79
HARMO080
HARMOS1
HARMOS82
HARMO83
HARMO84
HARMO85
HARMOB86



PFINIR=PFINIR+PCNSPR*CPH
PFIN3T=PFIN3IT+CNST2*PCPHPT
PFINIP=PFINIP+CNST2#PCPHP>
4THETA==F[N2/SINTHE

HPHI=F IN3/SINTHE

Creevvrrss CONVERT FROM MAG FIELD IN GAUSS YO GYROFREQ IN MHZ

CONST==EOM/PIT2%L . E~6/F

YRz=CONST*FINt

YTH=CONST®HTHETA

YPH=CONST®HPHI

Y=SART (YR¥* 24V THES2 ¢YPH®*2)
PYRPR==CONST*PFINIR
PYTPR=~CONST*PFINZR/SINTHE
OYPPR=CONST*PFIN3R/ SINTHE

PYPR=(YR*PYRPR+YTH* PYTPR¢YPH*PYPPR) /Y
PYRPT==CONST*PFINLT ‘
PYTPT=z=CONST*(PFIN2T/SINTHE¢HTHETA*COSTHE/SINTHE)
PYPPT=CONST® (PFIN3T/SINTHE=-HPHI*Z0STHE/SINTHE)
PYPTH= (YR*PYRPT¢VTH2PYTPT¢YPHEPYPPT) /Y
2YRPP=z=~CONST*PFINLP
PYTPP=«~CONST*PFIN2P/SINTHE
PYPPP=CONST*PFIN3P/SINTHE

PYPPH=Z (YR*PYRPP¢YTH®PY TPP+YPH*PYPPP) /¥

RETURN

0218

COEFFICIENTS IN GAUSSIAN UNITS FROM JONES AND MELOTTE (1953),
THE FOLLOWING 14 CARDS CAN 3E USED AS DATA CARDS FOR THIS SUBROUTINEHARM112

c -+3539 -.0135

C-.0255 +0515 =«0236 “e 0070

C-+0393 =.0397 ~«0238 «2087 -.0018 .

C.0293 ~.0329 =«0130 «0031 «0030 « 0005

C-.0211 -.0073 =007 «0210 «0017 ~e 0004 «0006

c 0.

C '00555 .

c «0260 “e0044

c «019) -¢J3033 =.0001

c -.0133 «0076 «0019 «0010

c «0057. ~«0018 .0009 «0032 ~.0004

c -.00286 -«02006 «0018 «0009 « 0004 .J002

c .THZ FOLLOWING SET OF GAUSS NORMALIZED COEFFICLENTS WERE CONVERTED
c FROM THE SCHMIDT NORMALIZED COEFFICIENTS CALCULATED BY LINEARLY
c EXTRAPOLATING T) EPOCH 1974 THE COSFFICIENTS PUBLISHED FOR EPOCH
C 1960 BY CAIN AND SWEENEY (1970)., (USES EARTH RADIUS = 6371,2)

C .000000

C+.300953 ¢.020298

C+.028106 -.05214 ~e 014435

C-.0308 +.06560 -.025252  ~-,006352

Cre061263 =4003956 ~-.016897 ¢.008021 ~-,00252%

Ceolllb762 -.037078 -.018906 +,002919 +,003656 +.,000036

OCOoOO0OO0O0O0

C~.006713 =,012234 =.004366 +,02137 +.001593 ~,000072 «+
«000000 '

«000000 ~.057836

«J0J200 +,035342 +.001129

«000000 ¢.011084 ~.004421 +,001180

+000000 -.010293 +.00879% ~,000086 +.002256

«000000 ~.003849 =~.012615 +.007845 +.002207 -.000328
«000000 ¢.003157 =~.012670 =.009281 +,002286 =.000135 +

END
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«00068

«000243

HARMOB?7
HARM0D88
HARMO89
HARMO90
HARM(9L
HARMO92
HARM(093
HARMO9G
HARMQ95
HARM096
HARMOS7
HARMOS8
HARM(99
HARM100
HARM101
HARM102
HARM103
HARM104
HARM10S
HARM106
HARM107
HARM108
HARM109
HARM110
HARM111

HARM113
HARM1LG
HARM115
HARM116
HARM117
HARM118
HARM119
HARM120
HARM121
HARM122
HARM123
HARML24 -
HARM125
HARM126
HARM127
HARM128
HARM129
HARM130
HARML31
HARM132
HARM133
HARML34
HARM13S
HARM136
HARM137
HARM138
HARM139
HARM140
HARM1G42
HARML4L2
HARMiL3
HARMiGb
HARM14S -



BLANK PAGE
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APPENDIX 6. COLLISION FREQUENCY MODELS WITH
INPUT PARAMETER FORMS
The following collision frequency models are available. The input
parameter forms, which describe the model, and the subroutine listings

are given on the pages shown.

a. Tabular profiles (TABLEZ) 152

b. Constant collision frequency (CONSTZ) 155

c. Exponential profile (EXPZ) 156

d. Combination of two exponential profiles 157
(EXPZ2) ‘

To add other collision frequency models the user must write a sub- -
routine that will calculate the normalized collision frequency (Z) and
its gradient (3Z/3r, 3Z2/38, 3Z/3y) as a function of position in spherical
polar coordinates (T, 8, ). (Z = v/27mf, where Vv is the collision fre-
quency between electrons and neutral air molecules and f is the wave
frequency. If the Sen-Wyller formula for refractive index is used, then
Z = vm/Z mf, where v _ is the mean collision frequency.)

The restrictions on electron density models also apply to collision
frequency models. The coordinates r , §,p refer to the computational
coordinates system, which may not be the same as gé\ographic coordi-
nates, In particular, they are geomagnetic coordinates when the earth-
centered dipole ’model of the earth's magnetic field is used.

The input to the subroutine (r, 8,0) is through blank common. (See
Table 3.) The output is through common block /ZZ/. (See Tablel0.,) It-
is useful if the name of the subroutine suggests the model to which it cor-
responds. It should héve an entry point COLFRZ so that other subrou-
tines in the program can call it. Any parameter needed by the subroutine
'should be input into W251 through W299 of the W array. (See Table 2.)

If the model needs massive amounts of data, these should be read in by

the subroutine following the example of subroutine TABLEZ.
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INPUT PARAMETER FORM FOR SUBROUTINE TABLEZ

IONOSPHERIC COLLISION FREQUENCY PROFILE

The first card tells how many profile points in 14 format. The cards following the first
card give the height and ‘collision frequency of the profile points one point per card in
¥8.2, EI12. 4 format. The heights must be in increasing order. Set W250 =1.0 to
read in a new profile. After the cards are read, TABLEZ will reset W250 = 0.0.

This subroutine makes an exponential extrapolation down using the bottom 2 points in

the profile.
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! ' | ) | ala | | : ,
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] . ! —i i o i . | ! ]
T
I
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C
C
C
C

2

1200

10

"

SUBROUTINE TABLEZ

CALCULATES COLLISION FREQUENCY AND ITS GRADIENT FROM PROFILES
HAVING THE SAME FORM AS THOSE USED BY CROFTS RAY TRACING PROGRAM
MAKES AN EXPONENTIAL EXTRAPOLATION DOWN USING THE BOTTOM TWO POINTS

NEEDS SUBROUTINE GAUSEL
DIMENSION HPC(100),FN2C(100),ALPHA(100),BETA(100),
1 GAMMA(100),DELTA(100),MAT(4,5),SLOPE(100)
COMMON /CONST/ PI,PIT2,PID2,DUM(S)
COMMON /ZZ/ MODZ,Z,PZPR,PZPTH,PZPPH
COMMON R(6) /WW/ ID(10),WO,W(400)
EQUIVALENCE (EARTHR,W(2)),(F,w(6)),(READNU,W(250))
REAL MAT .
DATA (MODZ=6HTABLEZ)
ENTRY COLFRZ
IF (READNU.EQ.0.) GO TO 10
READNU=0.
READ 2, NOC,(HPC(I),FN2C(I),I=1,NOC)
FORMAT(IU4/(F8.2,E12.4))
PRINT 1200, (HPC(I),FN2C(I), I=1,NOC)
FORMAT(1H1,14X,6HHEIGHT, 4X,20HCOLLISION FREQUENCY /
1(1X,F20.10,E20.10))
A=O. .
IF(FN2C(1).NE.O.) A=zALOG(FN2C(2)/FN2C(1))/(HPC(2)-HPC(1)})
FN2C(1)=FN2C(1)/P1IT2%1 . E-6
FN2C(2)=FN2C(2)/PIT2%1.E-6
SLOPE(1)=A%FN2C(1)
SLOPE(NOC)=0.
DO 5 I=2,NOC
IF(I.EQ.NOC) GO TO 6
FN2C(I+1)=z FN2C(I+1)/PIT2%1,E-6 '
DO 3 J=1,3
MzI+J=2
MAT(J,1)=1.
MAT(J,2)=HPC(M)
MAT(J,3)=HPC(M)##2
MAT(J,4)=FN2C(M)
CALL GAUSEL (MAT,4,3,4,NRANK)
IF (NRANK.LT.3) GO TO 20
SLOPE(I)=MAT(2,4)+2.%MAT(3,4)®HPC(I)
CONTINUE
DO 4 J=1,2
MzI+J=-2
MAT(J,1)=1.
MAT(J,2)=HPC(M)
MAT(J,3)=HPC(M)*®2
MAT(J,U)=sHPC(M)®®3
MAT(J,5)=FN2C(M)
L=Jd+2
MAT(L,1)=0.
MAT(L,2)=1.
MAT(L,3)=2.%HPC(M)
MAT(L,U4)=3 ,#HPC(M)##*2
MAT(L,5)=SLOPE(M) -
CALL GAUSEL (MAT,4,4,5,NRANK)
IF (NRANK.LT.4) GO TO 20
ALPHA(I)=MAT(1,5)
BETA(I)=MAT(2,5)
GAMMA(I)=MAT(3,5)
DELTA(I)=MAT(4,8)
JUP=2
H=R(1)-EARTHR
IF (H.GE.HPC(1)) GO TO 12 ~
JUP=2
Z=FN2C(1)SEXP(A*(H-HPC(1)))/F
PZPRzA®2Z
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TABZ001
TABZ002
TABZ0O03
TABZOOUY
TABZ005
TABZ0O06
TABZ007
TABZ008
TABZ009
TABZ010

TABZ011

TABZO12
TABZO013
TABZO1Y4
TABZ015
TABZ016
TABZ017
TABZ018
TABZ019
TABZ020
TABZ021
TABZO22
TABZO023
TABZO2Y4
TABZ025
TABZ026
TABZO027
TABZ028
TABZ029
TABZ030
TABZ031
TABZ032
TABZ033
TABZO3Y4
TABZ035
TABZ036
TABZ037
TABZ038
TABZ039
TABZ0Y40
TABZOU1
TABZOU42
TABZ043
TABZOUL
TABZO45
TABZOUG
TABZOAT
TABZOUSB
TABZ049
TABZ050
TABZ051
TABZ0S52
TABZ053
TABZOSY
TABZ055
TABZ056
TABZOS7
TABZ058
TABZ059
TABZ060
TAB2061
TABZ062
TABZ063
TABZ06Y4
TABZ065



12

15

16

18

20
21

RETURN

IF (HeGELHPCINOC)) GO TO 18

NSTEP=1 :

IF (HelLTeHPC(JUP=1))} NSTEP=-}

IF (HPCIJUP=1) e GTeaHeORsHeGEHPC{JUP)) GO TO 16

2= (ALPHA(JUP ) +H* (BETA( JUP) +H¥ (GAMMA (JUP )} +H*DELTA(JUP) )Y ) /F
PZPRe (BETA(JUP ) +H® (2 ¢ #GAMMA( JUP Y +H#3 ¢ #DELTA(JUP) ) ) /F
RETURN

Jup= JUP+NSTEP

IF (JUPLLT.2) QO T0 11

IF (JUPLLTNOC! GO TO 15

JUP=NOC

ZsFN2CINOC)/F

PZPR=N,

RE TURN

PRINT 21y 19HPC(I)

TABZO66
TABZ067
TARZO68
TABZ069
TABZO70
TABZO71
TABZO72
TABZ073
TABZO74

TABZO78
TABZ079
TABZO80
TABZO81

FORMAT (44 THE»14958HTH POINT IN THE COLLISION FREQUENCY PROFILE HATABZ082

15 THE HEIGHTsFB842940H KMs WHICH 1S THE SAME AS ANOTHER POINT,)

CALL FXIT
END
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TABZ083
TABZ084
TABZO8S



INPUT PARAMETER FORM FOR SUBROUTINE CONSTZ

An ionospheric collision frequency model consisting of a constant collision

frequency

v=0 forh<h .
min

V=VYy forh>h

min
Specify:
Vo = collisions per second (W251)
h =
min  —————— km (W252)

SUBROUTINE CONSTZ
CONSTANT COLLISION FREQUENCY
COMMON /CONST/ PlsPIT24PID2sDUM(S)
COMMON /7227 MODZsZsPZPRsPZPTHIPZPPH
COMMON R(6) /WW/ ID(10)+WOsW(400)
EQUIVALENCE (EARTHRsW(Z))o(FoW(E)) o (INUSWI251) ) s (HMINSW(252))
REAL NU
DATA (MODZ=6HCONSTZ)
ENTRY COLFRZ
H=R (1) ~EARTHR
Z.=0 .
IF (HeGT HMIN) ZsNU/(PIT2#F)#1,E~6
RETURN

END

155
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CONZ001
CONZ002
CONZ003
CONZ004
CONZ2005
CONZ006
CONZOOY
CONZOOB
CON2009
CONZO10
CONZO11
CONZO012
CONZO13
CONZO14-



1

INPUT PARAMETER FORM FOR SUBROUTINE EXPZ

An ionospheric collision frequency model consisting of an exponential

profile

v = v e ~3{b-ho)

h is the h2ight above the ground

Specify:

The collision frequency at the height hy, v, =

collisions per second (W251)

km (W252)

The refereance height, hy =
The exponential decrease of V with height, a = km ™
. (W253)

SUBROUTINE EXPZ _ EXPZ001

EXPONENTIAL COLLISION FREQUENCY MODEL EXPZ2002
COMMON /CONST/ PlsPIT2sPINZsDUMI(S) EXPZ003
COMMON 722/ MODZsZsPZPRyPZPTHIPZPPH EXP2004
COMMON R(6) /WW/ ID(10)sWOsW(400) EXPZ00s
REAL NUsNUO v EXP2006
EQUIVALENCE (EARTHRW(2))s{FsWl6)) o (INUDSWI281) ) s (HOIW(252) ) EXPZ007

{AsW(253)) EXPZ2008

DATA (MODZ=6H FXPZ ) EXPZ009
ENTRY COLFRZ . EXPZ010
H=R (1) -EARTHR EXPZ2011
NU=NUO/EXP (A% (H-HO) ) EXP2012
Z=NU/ (PIT2#F*1,.E6) EXP2013
PZPR =-AR2 EXPZ014
RETURN EXPZO1s

END EXPZ016~
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INPUT PARAMETER FORM FOR SUBROUTINE EXPZ2

An ionospheric collision frequency model consisting of a combination of

two exponential profiles

NIV ! (h-hy) b v, e (h-hy)

where h is the height above the ground,

Specify for the first exponential:

Collision frequency at height hy, v, = collisions
par second (W251)

Reference heigh®, hy = km (W252)

Expoaential decrease of V with height, a, = Km™ (w253)
Specify for thz second exponential:
Collision freqaency at height h; , V; = collisions

per second (W254)

Reference hzight, h; = km (W255)

—

Exponential decrease of V with height, a; = km™ (w256)

SUBROUTINE EXPZ2
C COLLISION FREQUENCY PROFILF FROM TwO EXPONENTIALS
COMMON /CONST/ PI1,PIT2sPID2sDUM(5)
COMMON /227 MODZ+Z+PZPRyPZPTHPZPPH
COMMON R(6) /WW/ ID(10)+WOIW(420)
EQUIVALENCE (EARTHR,W(Z))’(F’N(6))Q(NUIOW(ZSI))9(H1’W‘252))9
1 (AT sW(253) ) s (NU2sWI254) )9 (H29W(258) )9 (A2sW(256))
RFAL MU14NU2
- DATA (MONDZ=gH EXP2?)
FNTRY COLFRZ
H=R{(1}~EARTHR
EXPl= NU1* EXP(-A1*(H-H1))
EXP2= NU2#* EXP(-A2#(H=-H2))
Z={EXP1+EXP2)/(PIT2#F#1.€E8)
PZPR=(—A1#FXP1~A2%EXP? ) /(PITO2#ER] F8)
RETURN
END
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XPZ22001
XPZ2002
XP22003
XPZ2004
XPZ22005
XPZ2006
XPZ2007
XPZ2008
XPZ2009
XP22010
XP22011
XpP22012
XP22013
XP22014
XPZ2015%
XP22016
XpZ2017~
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APPENDIX 7. CDC 250 PLOT PACKAGE

This appendix describes the plotting routines used by the Three-
Dimensional Ray Tracing Program. The information was taken from
"User's Guide to Cathode Ray Plotter Subroutines,' ESSA Technical
Memorandum ERLTM-ORSS 5, by L. David Lewis, January, 1970, and
is printed with the permission of the author.

If you have access to a plotter, you may obtain plots by coaverting
the following plotting commands to comparable commands on your
system.

The CDC-250 Microfilm Recorder, under control of the NOAA
Boulder CDC-3800 computer, plots data on the face of a high resoylution
cathode ray tube, which is photog‘raphed onto standard sized perforatéd,
35 mm film.

The plotting area, called a frame, is a square. Plotting positions
are described in rectangular coordinates. Coordinate values are inte-
gers in the range 0 - 1023; (0, 0) is the ''lower left hand corner'.

Plotting specifications are transmitted to the plot routines via the
following COMMON,

COMMON /DD/ IN, IOR, IT, IS, IC, ICC, IX, IY
The usage of each of the eight variables is listed below, followed by an

explanation of the subroutine calls.

IN Intensity.
IN=0 specifies normal intensity.
IN=1 specifies high intensity.
IOR Orientation.
IOR=0 specifies upright orientation.
IOR=1 specifies rotated orientation (90* counter-
clockwise).

IT Italics (Font).
- IT=0 specifies non-Italic (Roman) symbols.
IT=1 specifies Italic symbols,
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IS

1C

iCC

X
IY

Symbol size,

IS=0 specifies miniature size,
IS=1 specifies small size.
IS=2 specifies medium size.
IS=3 specifies large size.

Symbol case.
IC=0 specifies upper case.
IC=1 specifies lower case.

Character code, 0-63 (R] format).
ICC and IC together specify the symbol plotted.

X -coordinate, 0-1023,
Y -coordinate, 0-1023,

CALL DDINIT (N,ID) is required to initialize the plotting process.

CALL DDBP
CALL DDVC

CALL DDTAB

defines a vector origin at position IX, IY.

plots a vector (straight line), with intensity IN, from
the vector origin defined by the previous DDBP or
DDVC call, to the vector end position at IX, IY., A
single call to DDBP followed by successive calls to
DDVC (with changing IX and 1Y) plots connected
vectors.

initializes tabular plotting.

CALL DDTEXT (N,NT) plots a given array in a tabular mode, after

CALL DDFR

initiating tabular plotting via DDTAB, as described
above. NT is an array of length N, containing "'text"
for tabular plotting, Text consists of character
codes, packed 8 per word (A8 Format), Text
characters are plotted as tabular symbols until the
command character # (octal code 14, card code
4, 8, or the alphabetic shift counterpart of the = on
the keypunch) occurs., The command character is
not plotted. DDTEXT interprets the next character
as a command; and after the command is processed,
tabular plotting resumes until # is again encountered.
# . means end of text: DDTEXT returns to the ‘
calling routine.

causes a {rame advance operation, Plotting on the
current frame is completed, and the film advances
to the next frame.

160



APPENDIX 8. SAMPLE CASE

A sample case is included with the description of the program for
three reasons. First, it demonstrates the use of the program. Second,
it illustrates the three types of output available (printout, punched cards,
and ray path plots). Finally, it serves as a test case to verify that the
user's copy of the program is rudning correctly., This last point is es-
pecially important if the user has had to make many modifications in
converting the program’to run on a computer other than a CDC 3800.

Although the ionospheric models in the sample case demonstrate
the use of the program, they don't give realistic absorption for the radio
waves. The absorption in the sample case is too low for two reasons.
First, although the Chapman layer has a realistic electron density for
the F region, it l:las much too low an electron density for the D region,
where most of the absorption occurs. Second, the collision frequency
profile in the sampie case is designed for use with the Sen-Wyller for-
mula for refractive index rather than the Appleton-Hartree formula used
in the sample case. Multiplying the collision frequency profile in the
sample case by 2.5 gives an effective collision ‘frequency profile for use
wij:h the Appleton-Hartree formula that will give nearly the correct

absorption for HF radio waves (Davies, 1965, p. 89).
Appendix 8a. Input Parameter Forms for the Sample Case

Filled-out input parametef forms are included to describe the
sample case (i. e., show what ray paths are requested for which iono-
spheric models and what typé of output is wanted). Furthermore,
comparing them with Appendix 8b illustrates the relationship between

the forms and the input data cards,
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INPUT PARAMETER FORM FOR THREE-DIMENSIONAL RAY PATHS

Name Project No. Date
Ionospheric ID (3 characters) _ X4
Title (75 characters) Test Case
Models: Electron density CHAPX
Perturbation . alAYE
Magnetic field DifoLY
Ordinary (W1l =+1.)
Extraordinary — (Wl=-1.)

Collision frequency

Transmitter: Height km, nautical miles, feet (W3)

Exez2,

: —_—
Latitude 40 rad, @eg) km (W4)

—los

Longitude rad, (deg) km (W5)
Frequency, initial fo MHz (W7)

final : (wWs)

step (W9)

Azimuth angle, initial - s rad, @ed)clockwise of north (W11)
final (W12)
step (W13)

Elevation angle, initial 0 rad, (w1 5)

‘ final 80 (W16)
A .step (LT (W17)
- Receiver: Height : 200 @ nautical miles, feet (W20)
Penetrating rays: Wanted (W21 =0,) '
Not wanted (w2l = 1,)
Maximum number of hops 3 {wW22)
~Maximum number of steps per hop (000 (W23)
Maximum allowable error per step. {Q"‘/ (wW42)
Additional calculations: _ : = 1, to integrate
= 2, to integrate and print
Phase path 2 {(W57)
Absorption 2 (W58)
Doppler shift (W59)
Path length (W60)
Other )
Printout: Every K1 steps of the ray trace (W71)
Punched cards (raysets): v~ (W72 =1.)
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13

INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION

OF THE RAY PATH ON A VERTICAL PLANE

Coordinates of the left edge of the graph:

rad
Latitude = 4. @ north (W83)
km
rad
Longitude = - 105, <de§) east (W84)
‘ km

Coordinates of the right edge of the graph:

rad

Latitude = J2.12 north (W85)
‘ km
rad

Longitude = "~ 81/, % @ east (W86)
km

Height above the ground of the bottom of the graph =

rad

Distance between tic marks = /00. deg (W87)
km

(W81 = 1.)
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INPUT PARAMETER FORM FOR PLOTTING THE PROJECTION
' OF THE RAY PATH ON THE GROUND

Coordinates of the left edge of the graph:
rad

40, @eg north (W83)
km

Latitude

rad
— j05 Geg) east (W84)
km

Longitude

Coordinates of the right edge of the graph:

rad
ol /2 deg' north (W85)

/

km

Latitude

rad
- 81 8 deg) east (W86)
: km

Longitude

(wWs2)

i
})
IS
o

Factor to expand lateral deviation scale by

rad

100, d:ef (W87)
km

Distance between tic marks on range scale

(W81 = 2.)
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INPUT PARAMETER FORM FOR SUBROUTINE CHAPX

An ionospheric electron density model consisting of a Chapman layer with
tilts, ripples, and gradients

o = fep(alize™)
h-h
z = max
H .
£ =g Q+Asan(zn(e-%)/B)+C(9-%>>
hmax = hmaxo * E<e -—1;_> RO

fyis the plasma frequency

h is the height above the ground

Rois the radius of the earth in km

and § is the colatitude in radians.
Specify:

Critical frequency at the equator, fc = ' Q..{ MHz (W101)
. o -

Height of the maximum electron density at the equator, hmaxo =,!0Q km (W102)

Scale height, H = e2. km (W103)

¥

o = Q.j (W1l04, 0.5 for an 5 Chapman layer, 1.0 for a

g Chapman layer)
Amplitude of periodic variation of fc with latitude, A = Q. {(w105)
rad

Period of variation of fz with latitude, B = 0 deg (W106)
km

Coefficient of linear variation of fz with latitude, C = @, rad”! (W107)

Tilt of the layer, E = 0. rad (W108)
deg
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INPUT PARAMETER FORM FOR SUBROUTINE WAVE

A perturbation to an ionospheric electron density model consisting of
a ''gravity-wave'' ircegularity traveling from norih pole to south pole

N=No(l+A)
A =8exp-[(R-Ro -20)/H]® .
cos ZTrI:t +(rr/2-e) 2 + (R - Ro)/x]

SN L 22Ty, Nob exp - [(R = Ro - 20)/H]? .
Y

sin 2T Lt + (/2 - e) + (R - Ro)/)\z]

Ro is the radius of the earth.

R, 6, v are the spherical (earth-centered) polar coordinates
(A is independent of v).

No (R, 6, ®) is any electron density model.

Specify:

the height of maximum wave amplitude, zo = 249, km (W151)
wave-amplitude ""scale height,' H = /0@, km (W152) '
wave perturbation amplitude, 8 = @ { [0, to 1,] (W153)

horizontal trace velocity, Vx = == km/sec (W154)
(needed only if Doppler shift is calculated)

horizontal wavelength, A, = 490, km (W155)
vertical wavelength, X, = (00, km (W156)
time in wave periods, t! = O, [0, tol,] (W157)
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INPUT PARAMETER FORM FOR SUBROUTINE DIPOLY

An ionospheric model of the earth's magnetic field consisting of an earth
centered dipole

The gyrofrequency is given bf:
Rp+h 3
= =0 - 1+ 2 a
{ f ( - >’ ( 3 cos X)

The magnetic dip angle, I, is given by

tan] = 2 cot A

h is the height above the ground

Ry is the radius of the earth

A is the geomagnetic colatitude

Specify:

the gyrofrequency at the equator on the ground, fH0 = 0.8 MHz (W201)

the geographic coordinates of the north magnetic/ pole
radians )

latitude = _ 78 & north (W24)

‘radians

longitude = __ 29/, @Egreed east (W25)
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INPUT PARAMETER FORM FOR SUBROUTINE EXPZ 2

An ionospheric collision frequency model consisting of a double
cxponential profile

-2y (h-hy)

V=V e + Vo e.-a;2 (h-ha)

where h is the height above the ground.
Specify for the first exponential:

Collision frequency at height h;, vy = _M x/()“ collisions
per second (W251)

Reference height, hy = /OO km (W252),

Expoaential decrease of V with height, a; = _/), /48 km™ (W253)

Specify for the second exponential:

Collision freqaency at height hy , vy = 30 collisions
cr second (W254)

Reference hzight, hy = /440D km (W255)

Exponential decrease of V with height, a; = () 0/83 km™ (W256)
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Appendix 8b. Listing of Input Cards for the Sample Case

W e e e . BT T S IV G e e

X01 TEST CASE
1

Oe OF DUPLICATE W CARDS»s THE LAST ONE DOMINATES

1 -1l EXTRAORDINARY RAY

3 O ‘ TRANSMITTER HEIGHTs KM

4 40, 1 TRANSMITTER LATITUDEs DEG NORTH

5 =105 1 TRANSMITTER LONGITUDEs DEG EAST

7 640 INITIAL FREQUENCYs MC/S

9 O DONT STEP FREQUENCY

11 4540 1 INITIAL AZIMUTH ANGLEs DEGS CLOCKWISE FROM NORTH POLE
13 0. DONT STEP AZIMUTH ANGLE

15 O 1 INITIAL ELEVATION ANGLEs DEG

16 9040 1 FINAL ELEVATION ANGLEs DEG

17 150 1 STEP IN ELEVATION ANGLE, DEG
20  200. RECEIVER HEIGHT ABOVE THE EARTH» KM
22 3. NUMBER OF HOPS
57 2 INTEGRATE AND PRINT PHASE PATH
58 2 INTEGRATE AND PRINT ABSORPTION
71 540 NUMBER OF STEPS FOR EACH PRINTING
72 le PUNCH RAYSETS
81 1l PLOT PROJECTION OF RAY PATH ON A VERTICAL PLANE
83 4040 1 LEFT LATITUDE OF PLOTs DEG
84 =105 1 LEFT LONGITUDE OF PLOTs DEG
85 52e12 1 RIGHT LATITUDE OF PLOTs DEG

86 =81.8 1 RIGHT LONGITUDE OF PLOT» DEG

87 10040 1 DISTANCE BETWEEN TIC MARKSy KM

101 645 CRITICAL FREQUENCY, MC/S

102 30040 HMAX» KM

103 62 SCALE HEIGHTy KM

104 0e5 ALPHA CHAPMAN LAYER

150 1. CALL PERTURBATION SUBROUTINE

151 250 20s KM

152 100 SHs SCALE HEIGHT» KM

153 Oel DELTA

155 100, LAMBDAXs HORIZONTAL WAVELENGTH, KM

156 100, LAMBDAZs VERTICAL WAVELENGTHs KM.

201 0.8 GYROFREQUENCY ON THE GROUND AT THE EQUATOR, MHZ
24 7845 1 ACCEPTED STANDARD LATe OF NORTH MAGNETIC POLEs DEG NORTH
25 291, 1 ACCEPTED STANDARD LONGe OF NORTH MAGNETIC POLE, DEG EAST

251 3465 E4 COLLISION FREQUENCY AT Hls /SEC

252, 10040 Hls REFERENCE HEIGHT» KM

253 4148 : Als EXPONENTIAL DECREASE OF NU WITH HEIGHT, /KM

254 304 COLLISION FREQUENCY AT H2s /SEC

255 140, H2s REFERENCE HEIGHTs KM -

256 40183 - A2+ EXPONENTIAL DECREASE OF NU WITH HEIGHT, /KM

(A BLANK IN COLe 1=-3 ENDS THE CURRENT W ARRAY)
X0l TEST CASE ‘

71 O NO PERIODIC PRINTOUT

72 O DO NOT PUNCH RAYSETS

81 2. : PLOT PROJECTION OF RAY PATH ON THE GROUND
82 10.0 LATERAL DEVIATION EXPANSION FACTOR

(A BLANK IN COLe 1~3 ENDS THE CURRENT W ARRAY)

Col. 1-3 Identification number
Col. 4-17 Data in E14, 6 format
Col. 18 A1 indicates an angle in degrees
Col. 19 A1 indicates a central earth angle in kilometers
Col. 20 A1 indicates a distance in nautical miles

Col. 21 A1l indicates a distance in feet

Col. 22-24 Left for other conversions

Col., 25«80 Description of the data
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Appendix 8d. Listing of Punched Card Output (ray sets)
for Sample Case

X01 TEST CASE

CHAPX 645004000 340004002 642004001 54000~001 04000+000 047"00+000 04V00+000
WAVE 25004002 1.000+002 1,000-001 0,000+4000 1,0004+002 1,600+002 0,000+000
DIPOLY 8+000~001 04000+000 040004000 040004000 0,000+000 0,000+000 0.,000+000
EXPZ2 3,650+4004 10004002 1.480-001 3,000+4001 1,400+002 1.830-002 0.,000+000
X21X 0 40001255000 20000NN 600nnn 4500000 0 0 -1003Y
1581469 14911561 2 -29 0 1514389 4513 -«1610 11 0 0 ~-1721m
1581469 14911561 2 =29 0 1514389 4513 -1610 11 0 0 -1722mM
1581469 29000482 -0 10 738 2875068 80425 68182 22 0 0 ~-100136
1579016 43050842 -7 76 -0 4278561109482 91246 33 0 -0 9323M
X01X 0 40000255000 2000000 60000 4%00000 1500000 0 -10037
1721292 6041034 15 184 0 635731 8122 -3264 8 0 0 ~1481M
1721392 6041034 15 184 . 0 635731 8122 ~3264 8 0 0 ~1482M
1721418 12129251 46 -23 14656 1211094 81100 58053 17 0 -0 10036
1719566 18286204 59 -65 ~0 1854769 92641 58123 26 0 0 -1953M
X01Xx 0 40000255000 2000000 60000 4500000 3000000 -0 10037
1915641 3549408 -23 219 0 407964 17828 -7003 8' 0 0 ~1531M
1915641 3549408 -23 219 0 407964 17828 ~-7003 8 0 0 -1532M
1916346 7336080 405 =349 28173 733203139482 89236 - 18 0 -0 10036
1898217 11075272 51¢ 454 0 1138430174444101677 26 0 0 -1773M
X01X 0 40000255000 2000000 60000 4500000 4500000 -0 10037
0 2002014 -132 607 28480 285194 9971 =-6754 6 0 -0 2291R
2096843 2743788 389 -1415-23456 342980 67874 -6143 14 0 0 ~-1142R
2096843 4847060 576 ~25 44114 484589230974137632 21 0 -0 10036
0 915163 548 796 26953 729880285982175495 27 0 -0 2163R
X01X 0 40000255000 2000000 60000 4500000 6000000, -0 10037
0 1144182 ~157 ~851 50578 231305 7950 -5671 5 0 -0 1251R
2258382 1681639 ~1383 16876-62499 262993132130 10323 17 0 0 -1032R
2258382 2407118 -7009 13003 69320 240697376036241525 22 0 -0 10036
0 3139111-10115 8555 63564 376316461386314765 27 0 -0 1103R
X01X 0 40000255000 2000000 60000 4500000 7500000 -0 1003T
0 526875 =302 1334 71357 207034 6884 -4906 5 0 -0 1091R
2309183 1066297 5511~13543-46475 227435207533 21840 - 23 0 0 -1022R
2309183 2407589 13557 <6291 55706 240745446701245294 29 0 -0 10036
0 3753507 15794 =-3644 45376 430430507528292462 34 0 -0 1373R
X0lx N 40000255000 2000000 61000 4500000 9000000 -0 10037
. 0 3028214734180000 88779 200000 7166 ~5034 5 0 -0 1031R
2382305 153973214734 0-75213 200610210447 37559 20 0 0 -1082R
2382305 537019214734 0 78918 53702568516382995 25 0 -0 10036

0 927180214734 0 77233 221057612222414510 30 0

-0 1013R

The first card is the title card.

The second card contains the name of the electron density
model plus parameters W101-W107.-

The third card contains the name of the perturbation - .
model plus parameters W151-W157,

The fourth card contains the name of the magnetic field
model plus parameters W201-W207,

The fifth card contains the name of the collision
frequency model plus parameters W251-W257,

For description of remaining cards, see figures 1 and 2.
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Appendix 8e. Ray Path Plots for Sample Case

Projection of raypath on vertical plane

X01 TEST CASE 11705774
F= 6.000, AZ= 45,00, EXTRAORD, 100.00 KM BETWEEN TICK MARKS
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Projection of raypath on ground for sample case

XQ4 TEST CASE 11/08/74
® 6.000, AZ = 45.00, EXTRAORD, 100.00 KM BETWEEN TICK MARKS

10. 00 KM BETWEEN Tlm% )
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