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ABSTRACT :

MODESRCH is a FORTRAN computer program designed to obtain rapidly, eco-
nomicaliy, and accurately, the mode constants needed to describe propagation
in the earth-ionosphere waveguide at ELF, VLF anu LF (10 Hz to 60 kHz). It is
suggested that MODESRCH, along with required mode summing procedures, be used
to replace "waveguide" and "wave-hop" codes currently used in network analysis
programs which cover the ELF to LF frequency bands. This report contains a
discussion of the analytical approach taken in MODESRCH, a FORTRAN 1isting of

the program, instructions for using the program and some sample calculations.
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INTRODUCTION

Radio field strengths at ELF, VLF and LF (10 Hz to about 60 kHz) are
usually calculated using procedures based on either normal mode theory (ref-
erence 1) or on a semi-geometrical optics approach (reference 2).

Normal mode theory treats the field as being composed of one or more
discrete families (modes) of plane waves confined to the naturai waveguide
bounded by the earth and the fonosphere. The number of waveguide modes
needed to adequately represent the field is proportional to the earth-jono-
sphere separation measured in radio wavelengths. Thus, only a single mode
is required below 3 kHz, about ten to fifteen modes at 30 kHz, and as many
as twenty-five modes may be important at 60 kHz. The propagation parameters
for each mode depend on the characteristics of the earth and the ionosphere,
and are independent of the relative positions of the transmitter and receiver.
For a homogeneous waveguide, once all of the important modes have been found,
the radio fields can be determined 4s a function of distance by a simple mode
summing calculation.

Computer programs based on waveguide mode theory have been brought to
a high degree of sophistication and versatility in recent years, making it
possible to calculate fields for any antenna configuration at any altitude,
for both vertically and norizontally polarized waves, and for inhomogeneous
waveguides. Unfortunately, solutions to the modal equation :urmot be deter-
mined explicitly. Instead, the complex angles of incidence at the waveguide
poundaries, which uniquely identify each mode, must be determined by iterative
techniques. At frequencies above about 30 kHz, where there is a large number
of modes to be found, the mode finding procedure of reference 1 may miss some

solutions and it has taken human judgment to determine if the set of modes

aF
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fouid was complete. If the set of modes was judged incomplete, new initial

conditions had to be resubmiite: to the computer in an attempt to compute the
missing modes, resulting in aJditional computer and manpower costs. Systems
analysis codes do not allow human intervention, and so they have not been able
to rely on mode theory when a sizeable number of modes is needad to represent
the radio fields.

Previous practice nas been to compute radio fields at frequencies below
30 kHz using waveguide mode theory and to use a wave-hop theory, such as de-
scribed in reference 2, for computing fields at and above 30 kHz. The wave-

hop procedure considers the total field at the receiver to be composed of a

groundwave component and a number of skywaves following unique geumetric ray
paths connecting the transmitter and receiver with intermediate reflections
off the earth and the ionosphere. Calculations of radio field strength, using
the wave-hop procedure of reference 2, agree well with waveguide mode calcula-

tions for horizontally homogeneous normal jonospheres. They do not agree for

severely depressed ionospheres over low conductivity ground.

The wave-hop approach has features which make it somewhat inconvenient
for system analyses. For each separation distance between transmitter and
receiver there is a unique ray geometry. Thus, for calculaticns of fields as
a function of distance; e.g., for aircraft operations, certain inherent calcu-

lations must be repeated many times. Also, for inhomogeneous waveguides such

as across day-night ionospheric gradients or across nuclear-induced jonospheric
depressions, the geometry is ill-defined and the calculations tend toward
approximations.

Aside from the limitations of either the waveguide approach or the wave-

hop approach to long-wave propagation prediction, it would be advantageous to
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use a single method across the entire ELF, VLF, LF frequency bands. Systems
codes used for network analyses would be considerably reduced in size, saving
computer costs. Comparisons of systems performance as a function of frequency
would be more meaningful if a single propagation theory were invoked.

The MODESRCH computer program described in this report has the required
ability to compute waveguide mode constants rapidly, economically and accur-
ately over the frequency band of interest. MODESRCH contains all of the basic
features of the previously reported waveguide mode computational procedures of
reference 1 and several important additions. The new additions virtually
guarantee that all waveguide modes of importance will be found at any frequency
up to at least 60 kdz. MODESRCH, uscd with presently available mode summing
techniques, will provide the radio fields required for systems analysis.

This report describes the MODESRCH theory. It also contains a listing
of the FORTRAN program, instructions for the user, and examples of MODESRCH

calculations.




-
52
b
3
e,
97
E
]
4

II. DISCUSSION OF MODESRCH PROCEDURE

A. General Background

In the propagation of ELF, VLF and LF terrestrial radio waves to
great distances, the waves are confined within the space between the earth and
the ionosphere. This space acts as a waveguide, and the "waveguide concept" is
applicable for characterizing the propagated fields as a function of distance.

The energy within the waveguide is considered to be partitioned
among a series of modes. Each mode represents a resonant condition; i.e., for
a discrete set of angles of incidence of the waves on the ionosphere, resonance
occurs and energy will propagate away from the source. The complex angles (6)
for which this occurs are called the eigenangles. They may be obtained us-
ing the 'full-wave' procedures described in reference 1 by solving the de-
terminantal equation

Fp(8) =] Rq () By (8) - 1| =0 (1)

Rig(®)  1Ry4(e)

where R,(8) = (2)
R1g(®)  1Ryq(6)

js the complex ionospheric reflection coefficient matrix looking up into the

ionosphere from height "d" and
iRiql6) 0
0 lﬁld(e)

is the compiex reflection matrix looking down from height "d" towards the

ground.

Note: Any variable "A" denoted by A in this report implies a matrix.

4
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The complex angle, 6, is the angle of incidence at height z = H where the modi-
fied index of refraction given by
I) ¥
n>=1-aH-2)=1-2 (H-12) (4)
Ye

is unity. Here e is the radius of the earth.

The notation I for the R's and R's denotes vertical polarization while
the notation, 1, denotes horizontal polarization. The first subscript on the
R's refers to the polarization of the incident wave while the second applies
to the polarization of the reflected wave.

To find solutions of (1) for the eigenangles, 6, the well known
Newton-Raphson method may be used. The procedure is to guess a solution 6, to
the equation Fy(6) = 0. The function F](e) is then reevaluated for 8, + 86 and
the correction to 6, found from the equation

A0 = -
F] (90 + 56) - F] (60)°

The correction determined by (5) is then evaluated and the process repeated un-
til the quantities | ABy and | AB3j| are reduced to within a preassigned tolerance.
The subscripts r and i denote the real and imaginary parts, respectively. The
final so ution for mode "n" is then given by

= My j=1,2,3,... (6)
[en]j [On]j_] + n J

B. Introduction to MODESRCH Theory

The "MODESRCH" procedure also obtains the full-wave solution of

g

equation 1 in terms of the eigenangles. In tnhis case; however, the R and

terms are modified in order to make simpler equations.




The basic premise of the MODESRCH theory is to modify the function F](e) S0
that it contains no poles and then in this form, apply a newly-developed root-
finding algorithm to obtain the complete set of eigenangles.
In particular, the F1(8) equation of reference 1 becomes upon modifi-
cation (see Appendix Aj:
F3(8)=Cyny-yXaqdy) (ng - 1Xpmdy) - pXpiXyydpgdy (7)
where ~X = (R+1)/c (8)
and ¢ = cos® (6 = complex angle of incidunce)
or K= [Ry + 1)/c
D XE Ri/e (9)
15 Ry/e
W (Ry+ /e
and 1 g'] = (B“] +1)/c

R, + 1
or uZu . <" " >/c (10)
1% iRy

— /c
193 1Ry
The modified variables:

(5 (&)

are related to making simpler equations in the 'MODESRCH' procedure and in

removing the zeros in F3(e) at 0 = 90°. The functions F](e) and F3(e) are not
the same, but except for ihe point where 6=90°, th.y have the same zeros.

The solutions to the modal equation; ( i.e., equation 7) for
F3(e)=0 are the complex eigenangles (8) needed to obtain the mode constants

(e.g., phase velocity, attenuation rate, and excitation factor) which

Note: From this poirt on, let F3(9) be denoted by F(B) for convenience.
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are the parameters of int-rest in computing field strengths. The total field
at any point along the guide may be computed from the vector sum of the con-
tributions from each individual mode.

As in reference 1, the MODESRCH procedure requires that the upper bound-
ary of the waveguide be assigned arbitrary electron and ion density distri-
butions with height as well as variable collision frequency profiles with
height. Allowarce is also made for the anisotropy of the ionosphere. The
lower boundary of the guide is takzn to be a smooth homogeneous earth charac-
terized by an adjustable conductivity and permittivity. Earth curvature is

also included via the artifice of the modified refractive index (e.g., Equa-

tion (4)).
The (X,Y,Z) coordinate system used is such that Z is directed into the

ionosphere, the X-Z plane is the plane of propagation, and invariance in the

Y-axis is assumed.

C. General Steps in the Solution of the Modal Equation

(1) For VLF/LF cases the input electron and ion density profiles
vs heignt are modified by eliminating those heights above which and below
which tne corresponding particle densities will have negligible effects on
the modal solutions. For ELF cases, profiles are not cutoff at the top or

the pottom heights but instead the complete inpui profile is used in subse-

.

quent calculations.

o

(2) The modal solutions of Equation (7), the complex eigenangles

SR

(6 = Byga1 * 10imaginary), are determined within a bounded region of the com-
plex "THETA" plane defined by a set of 1imiting THETA values. This bounded
region will be called the "contour rectangle" and the 1imiting THETA values

are denoted by the corners of the rectangle (e.g., A,B,C, and D). These par-

A N S L R O a2

ameters are portrayed in Figure 1.
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Figure 1. The Contour Rectangle ABCD

(3) Four fixed angles (eTi, i=1,2,3,4) are chosen in the complex
THETA plane. These angles are somewhat outside the corners A,B,C, and D of the
contour rectangle. For VLF and LF calculations these angles are the given
values of 9 av which full-wave solutions are to be carried out for use in a
Lagrange interpolation procedure. At ELF (e.g., < 1000 Hz) the purpose of
these angles is to identify the location of the contour rectangle in the THETA
piane.

(4) At VLF and at LF, the differential equations for the ijonospheric
terms ZKG) are integrated at the angles 0T., to give full-wave values of Z}eTi)
at the base of the modified electron-ion density profiles. The results obtained
by integrating to the bottom of the profile (e.g., Z=Zb) will be designated as
&(eTi).

(5) For VLF/LF cases a further upward integration of the éjeTi)
equations from the height Zy to a reference height 'd' is then performed assum-
ing a free space environment over a curved earth. This reference height may

be taken to be an effective reflection height. At this height there will be
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no poles in the function'Z(e) for the region of interest in the complex THETA
plane. The determination of this height is important because the general root-
finding algorithm used to locate the zeros of F(8) requires that there be nc
poles in the vicinity of the zeros to be found. This reference height is also
appropriate for performing Lagrange interpclation on the function Z}e).

(6) At the reference height 'd', for VLF and LF, the contour rec-
tangle is subdivided into small mesh squares. The value of F(8) at each cor-
ner of each mesh square is determined by Lagrange interpolation of X(8) based

~

on the given values of X(eT;).

Recall from Equation (73 that the function F(8) is computed from X(8), 2(6)

and d(6) so that for any angle, 0; the value of Z}ej) is fcund f?;m the
Lagrangian interpolation of Z}eTi, i=1,2,3,4) whereas g(ej) and g(ej) are calcu-
lated directly.

(7) For ELF (e.g., <1000 Hz), the angles used in the full-wave inte-
gration of the Z}e) equation consists of the usual corners of the contour rec-
tangle plus all additional angles formed from the four corners of each mesh
square into which the contour rectangle is also divided. In this case the
integration is extended dBwnward to the earth's surface (e.g., Z=0) and no
further integration back up to the height 'd' is done. No Lagrangian inter-
polation is involved since the full-wave solution is computed Yor all angles
of interest to the problem. It is important to realize at lLhis point that the
MODESRCH procedure has not been formulated so as to eliminate the poles for
ELF cases. This may result in no solution being found to the modal equation
due to the presence of poles. Because of this result, it may be advisabie to

compute modes for the ELF cases by the methods cf reference 1. This problem

has not; however, occurred in practice.

E]




(8) The zeros of F(6) at 'd' for VLF/LF (or at '0' for ELF are
then found by applying the root-finder algorithm to the mesh squares.

(9) Since F(8), as determined from step (8) is approximate, the
exact solution of F(®) is then obtained by applying the usual Newton-
v Raphson procedures where the full-wave solution is used to obtain Z}e)
% (10) With the determination of the exact solutions of the 8's
3 (eigenangles), the required mode constants and excitation factors, may be

calculated.

D. Optimization of Input Ionospheric Density Profiles

Computing efficiency for VLF and LF may be improved by cutting

off the top and bottom heights of the input profile.

(1) Exponential Profiles (eiectrons only)

An exponential, electrons only, ionospheric profile may be

specified as input to the MODESRCH procedure. The profile is computed as

described in Wait's. NBS 7N 300, reference 3, whe e

w.(z) = 2.5X10° exp[(z-h'] = 3.18254X10% N(z)/v(z) (1)
and B is in inverse kilometres, z and h' are in kilometres, N(z) is the
electron density in electrons per cubic centimetre and v(z) is the colli-
sion frequency in collisions per second. The exponential collision fre-

quency is given in reference 3 as

¥(z) = 1.86- 101! « exp(-0.152) (12)
The top of the profile may be modified by choosing a value for the variable
SCLHTS. The relationship is that:

Top Height = lnteger (H' + SC;LTS + 0.5) (13)

The nearest integral value of altitude as given by 'Top Height' is used to
set the top of the profile. A1l heights above this value are neglected in

the MODESRCH computations.

10
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The bottom of the exponential prcfile is set by assigning a minimum
value (i.e., ENMIN) of electron density in e]ectrons/cm3. A1l altitudes,
at which the corresponding density is less than the value of ENMIN, will be

neqlected.

(2) VLF/LF - Tabular Electron-Ion Density Profiles

When the particle density profiles are in tabular form,
the top and bottom of the profile may te cut off using the following cri-

teria, as presented in reference 4. Here the particle profiles may consist

of ions as well as of electrons.

The (isotropic) squared index of refraction is written as:

2 o1a.q
n(2) 1-A-3B (14)
where
A= Ae + A+ + AL
B = By + By + B_
or
2 2 2
N.e Ne Ne
A= —2 + bt (15)
Mee o[ vell Ms P2l Me (v
Ae A+ A
and
B=r8A, + Tra 4 T=A (16)
w w w

with the identification that

Ve = electron-neutral particle cc11ision frequency (s'])

v, = positive ion-neutral particle collision frequency (s‘])

negative ion-neutral particie collision trequency (s'l)
-3y

<
]

=
il

electron density (cm

positive ion density (cm™3)

=
+
it

N_ = negative ion density (cm™3)

N
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frequency (radians s™!)

© =
me = mass of the electron (kg)

m, = mass of the positive ions (kg)
m_ = mass of the negative jons (kg)
g, = permittivity of free space

The top part of the ionospheric profilz2 which may be neglected in
the calculations is defined as that altitude{z) above which:

B(z) > Maximum (TEMPO-B, 20 % (17)
where 'TEMPO-B' is assigned a value (e.g., 2.0).

An additional requirement for cutting off the top of the profile is
that the eiectron density must be as great as 'TOPEN'. The variabie 'TOPEN'
is assigned a value (e.g., 1000 electrons/cmz). The top of the profile is
taken to be the higher of the two heights corresponding to 'B' (equation
(17)) and to 'TOPEN'.

The bottom of the input ionospheric profile is neglected (for VLF/LF
cases) at those altitudes for which the computed value of B in equation
(16) is less than 'CUTOFF'. The variable 'CUTOFF' is assigned a value (e.g.,
0.0001). The relationship for cutoff is:

B(z) < CUTOFF (18)
(3} ELF Tabular Electrcn-Ion Density Profiles

In the case of ELF the profile top and tottom are not cut
off and the complete profile is used in the calculations.

E. Integration of the Differential Equations for X = (R+1)/C

Through the Ionosphere

The differential equations for the ijonosphere reflection matrix,

R, are given in reference 5.

12
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The differential equations are of the form
dR/dz = - ik/2 §(21) + §(22)3 - B§(11) . 55(12)3 (19)
where z is the height variable and s(k1) are 2 X 2 partitions of a 4 X 4

matrix given by:

-T11+ T44+T14/C+CT41 'T12/C’T4z E"T1 + 4+T14/C'CT41 "T12/C‘T42-1
|
T31 T“/C C+T31/C \ Ta1‘T34/C -C+T3.‘/C
|
N P (20)
'T11+T44'T14/C+CT41 T12/C’T42 E T11+T44‘T14/C'CT41 le/C'qu
1
T.':1+T34/C C-T”/C E “T31+T34/C "C"T32/C ]
where
C =cos ©
@2n
© = complex angle of incidence (deg).

Theintermediate matrix T relates the electromagnetic field components g
their derivatives. In turn, T is defined in terms of the susceptibility

matrix M:

where T is defined as

- / SM31 SM” (0) c2+M33>-
T+M; , T+My 4 144y /
- (0) (0) M (22)
- |, s My Me
<1+M33 M“> <C o - Ty, > (0) <]+M33>
M M, Mo My My
/‘+M1 1 —.-i-iﬁa 3-1—> (T_a;li";i_— M12> (0) \1“'.M.3 3/

where S = sin (8).

k|




Finally, the susceptibility M matrix is defined as

-

(U2-22Y2-2(H-z)/re) (-jUnY-2my2)

(ijY-QnYZ)

M- U(_JZEE (jUny-gmy?) (U2-m2¥2-2(H-2) /ry) (-3URY-mnY2) (23)
| (-3umy-£ny?) (jURY-mnY2) (U2-n2Y2-2(H-2)/re) |
where
j=-
P = (wgy/w)?
U=1-j(v/w)

Y = poah[p>henrys
W, = magnetic gyrofrequency (s'])
w, = plasma frequency (s71)

£ = cos OD cos ¢,

m = cos Op sin

n = -sin 6

v = collision frequency (s'])

© = wave frequency (s™1)
o = free space permeability (henrys/m)
8p = magnetic dip angle (deg)

re = earth's radius (km)

(24)

H = altitude where the index of refractinn is unity (km)

@, = direction of propagation east of magietic north (deg)

z = altitude (km}

The matrix M described above is general in that it represents a single

jonospheric constituent. Three species are considered by this modei:

electrons and positive and negative ions. Thus for each species there will

14
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be a matrix Mi» and tne .etrix elements needed for computing the 7 matrix

elements are found from:

3
M2 M (25)
i=1

Earth curvature terms have been added to the diagonal elements of M, by
the terms ~2(ﬁ-z)/re.
Fauation (19) may be rearranged to form the following differential

equatiens for X =(R + 1)/C, (see Equation (8)), giving:

=7 A+BX+XC+XDX (26)
where k is the wave number, z is height, and
a7 0
A= (§21 - §22 + §” - §]2)/C = / 41 > (27)
- \‘\ 0 4
. . Taa= CT 1 'T
B= $224 8227 < e “) (28)
- - - 0 -C
- T,, - CT ¢
c=s'lesl?-2 ( con ) (29)
\ T31 "C/
]
peegize (Sl D heCln ) Tt Cle (30)
- CTa1 + Taq : C* - Ts2

Equation (26) may be integrated numerically by the Runge-Kutta method.
The integration is carried out ir the direction of decreasing ionospheric
height. Error testing is based on comparing the results of integrating
through a height interval with one Runge-Kutta step with the result of in-
tegrating through the same height interval using two steps. If the differ-
ence is greater than a specified tolerance, the step size in that interval
is cut in half. The initial set of integration steps is taken to be the
input profile segments. However, the integration steps used in one inte-

gration are taken to be ihe initial set of steps for the next integration.

15




Note that since the elements of er) are complex, the integration is that
of eight real coupled differential equations for the real and imaginary
parts of the elements of Z}e).

The classical procedure of assuming a semi-infinite homogeneous iono-
sphere at the top of the profile is followed. The sciution for reflection
from this semi-infinite medium is taken from reference 6 and is used as
the starting solution for the integration.

This method of integration is identified as the "full-wave" proce-
dure for obtaining ionospheric reflection coefficients. The values ob-
tained from the integration are denoted as Z}BTi)b’ where z=b is the lower

cutoff height of the integration.

F. Integration of Z:= (B + l)/C Through Free Space Over a Curved

Earth

As was stated in Section II, C-5, the general root-finding
algorithm used to locate the zeros of F(8) requires that there be no poles
in the vicinity of the zeros to be found. This requires that there be no
poles in Z:= (B + l)/C in this region of the 6-plane. This can be assured
by integrating Z:from the boitom of the profile upward through free-space
over a curved earth to an effective "reflecticon height", defined by the

condition

4 4 i 2
> > dX(eT;) —~  Minimum (31)
in S o
0-points elements I
where the summation is over the four clements of ¥ and over a sct of points

(e.g., 0T; i = 1,2,3,4) in the 6-plane distributed over the region in which
zeros of F(8) are to be located. This condition is alsu appropriate for

defining a level at which Lagrange interpolation can best be performed.

16
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In practice the set of points (9Ti) are used in defininy the "effective
reflection height" and these are taken to be the "given" points in the
6-plane used for Lagrange interpolation.

As in previous waveguide formulations, e.g., reference 1, the earth
curvature effect is approximated by assuming a dielectric medium which
varies linearly in the square of the refractive index over a flat earth.

Considering the usual right handed cartesian coordinate system,

where +Z is taken vertically upward, formulation for such an integration

from the bottom of the profile at "Zp" to another height "Z¢", can be ob-
tained following reference 7. The derivation of the equations is given
in Appendix B. The final equations are listed and discussed as follows.

Just below the free space-ionosphere boundary (e.g., Zp), let the

total electric wave field be composed of two upward (e.g., +Z direction)
traveling incident components and two downward traveling reflected compo-
. i r . .
nents. They are defined by E]]’y and E]],y respectively. E]] is in the
X-Z plane and Ey is parallel to the y-axis. The total-field components

just below the boundary are given in reference 7, page 118 as

- _ el r
E, = (E]] - Eyq) cosfp

X N

E, = E +E

y Yy y > (32)
_ (e i

HX = (Ey - Ey) coseI

Hy = Eqq * Epy

where 91 is the angle in the x-y plane which the incident wave normal

makes with the vertical z axis. The following identifications are made:

17
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= g'/¢] )
1RL E‘y/E‘y

_r, i
Ry = EJE

r i f (33)

R = By/E,
R, = EV_/E}
Ry = B/ y

Equations (32) and (33) are combined with the differential equations to be
satisfied by the wave fields at oblique incidence (reference 7, pp. 140),
to give two independent sets of relationships. Either of these sets of

field variables may be set equal to zero without affecting the other, so

that the corresponding waves are propagated independently.

For the first set of equations the electric field is everywhere
parallel to the y-axis and the waves are said to be "horizontally polar-
ized". For the second set of equations the electric field is parallel to

the X-Z plane and the waves are said to be vertically polarized, although

the electric vector is not in general vertical.

The equations become (as derived in Appendix B):

For Horizontal Polarization:

(-A/C)hy(5) + (-B/Chna(c) + ES(ABLET) + B}, (3RL) < 0 (34)

(-#7¢) {em (e)+ Kny(e)} + (-8/€) {chy(e) + Kny(e)} + 26, =0 (35)

For Vertical Polarization:

(~0/C)hy () + (-6/Chhy(c) + E],(LBLETy + EF (4L = 0 (36)

{ (-0/) {chy(c) + [Kny(e) + Lhy()1/n}+

(-6/C) { ehy(c) + [knple) + Lhp(z)I/mPle 261 = 0 (37)

VTSR AR, i T e [T
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erence 8).
Also
(k/a)2/3 [C? + a(Z-H)]

to the argument.

r =
C = cos(e)

« = 2/ry

k = 2n/A

K = i(a/k)1/3
L - i{a/2K)
i=V1

where

A: s the free space wave length.

re: is the radius of the earth.

Note that the R terms may be written as:

A - + ]
1 Xy = M_C.__
% v IRL + 1
i 1207 ¢
2
] X T -'-E—

v _ JR

Xy = IEd

19
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and are the modified Hankel functions or order 1/3 (e.g.,

n: is the index of refraction of the medium.

S e e P L ol s e

The functions h](g) and hz(c) satisfy the differential equation

H: 1is the altitude where the index of refraction is unity.

The coefficients A, B, Q, and G are arbitrary constants to be determined.

(38)

h1(z) and hy(z))

as defined by the Computation Laboratory at Cambridge, Massachusetts (ref-

The primes on these quantities denote derivatives with respect

(39)

(40)

I




The Yeffective reflection height" is found by integrating X(6) up-
ward to heights at, say one kilometer intervals above the bottom of the
profile. That height at which the minimizing condition, Equation (31), is
satisfied is the “"effective reflection height". This neight is chosen as
the reference height, "d", used in classical waveguide theory as the height
at which R and R (i.e., X, n, and d) are computed and as the height at
which Lagrange interpolation is performed. For evaluations of F(9), Zy is
then always taken to be at z=d.

The upward free space integration of the ionospheric X(8) parameters
is carried out in the following steps.

STEP I:
Two sets of boundary conditions (B.C.) are applied to equations {34),

(35), (36) and (37) at the Z, level. These sets are

SETI: Ej; =1, Ey =0

. flo= i
SET II: E1] 0, Ey 1

Here Xs(e) is the result of the Runge-Kutta integration of Equation
(26) at what will be denoted as the "from level", ("f"). Where

ee = (k/a)2/3 [C2 + a(zy, - H)] (42)

For Horizontal Polarization at the "from level" (Z,), the B.C. give:

For B.C. SET I:

A - 522
(@ 15 (43)
By __ 3f . /%2 (44)
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For B.C. SET II:

- ¢ v

By of
(P = (Qayy - | Xy agy)/ay

(45)

(46)

where

ayy = hyleg)s aqp = hplze)

a = Ch](Cf) + Kh](Cf)

899 = Chz(f,.f) + Khé(&f)

A1 = a3y 35 " 31 ¥y

For Vertical Polarization at the "from level" (Zb), the B.C. give:

For B.C. SET I:

(Q/C); = (X« ao - 2a

I P&y " 422 12)/40
(G/C)I = (23-” - "z‘ﬁ" 32])/A2

For B.C. SET II:

— a

(@/¢)yy = (X - i;
a

(6/C)yy = 'J.-’(-H"‘%
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a” = h](Cf)a a'|2 = hZ(Cf)
] 2
391 = Chy(z) + [Khy(ze) + Lho(ge)1/n
] (4]
322 = Chz(;f) + [Khz(Cf) + Lhz(Cf)]/n?
B =2 agp - a1 212, nl = 1+ a(Z-H) )

STEP II:

The values cof E%1 and E; at the "to" level (e.g., at the height Zt)
are determined from the values of the coefficients; A/C, B/C, G/C, and G/C,
for the SET I and SET II boundary conditions.

Here the ¢ parameter at the "to" level will be denoted by:
oy = (k)2 [C2 +a (14 H)] (53)

For Horizontal Polarization at the Zt "to! level the results are

X By .
(E))); = ((B—)I- a2 * ), ay5)/2 (54)
((E;')t)ll = ((%)II . 32] + (%)II. 622)/2 (55)
where
az] = Ch](gt) + Khi(ct)
ayy = Chy(zy) + Kh;(;t) {56)
K= i(a/k)1/3 J

22
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For Vertical Polarization at the Z; "to" level the results are:
((E1 )y = ((Q/0)) » apy + (6/C)[ * ag,)/2 (57)
(Ed)p)yp = (/O + apy + (B/C)11 » agy)/2 (58)
where
3y = Chy(gy) + [Khilgy) + Lhy(ey)I/n )
agp = Chalc,) + [Khplzy) + Lhp(z,)3/n2 > (59)
L= 18, 15 = 1+ alZyH) )
STEP III:

Knowing the values of

((E{l)t)I,II and ((E;)t)I,II

at the "to" level from sets of the coefficients A/C, B/C, G/C and G/C

the elements of the ionospheric X (i.e., R) can be found at the "to"

level.
For Horizontal Polarization at the "to" level the results are:
GED g = D UED qq - YpUED ) Iy (60)
(1XD¢ = DLUETD O - UE D 1%, (61)
where:

-
—
"
—
x|
g
e
=
—
-
Y
ct
o
+
———
olw
St®
—
=3
(%)
—
Y
o
Smg®
—
P}
o))
o
g

Vp = (%)11 hy(zy) + (%?11 hy(zy)
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For Vertical Polarization at the "to" level the results are:

(X = DqUEN DT - V2lED 1) 11w (63)
(X = D20(E DO - (ET D) 1IN, (64)
where
- ((g] i i iy ]
Mg = ((Eyqd¢dy ((E_y)t)II - (Bydedor e ((Ey)t)g
V, = (Q/C); hidzy) + (6/C)] hylzy) ( (65)
Vp = (Q/0) 1 hyley) + (6/0)1 halty) J

Thus having the values of the ionospheric reflection coefficients
Z}e) at 7, the resulting values of these terms at the height Z¢=d are ob-
tained by applying the minimizing condition, e.g., so that the function
F(e) may be computed in a form where poles are absent.

The values of the terms Ry, jRy, yRj and Ry at height Z may be
obtained from the results of the above equation in terms of Z}e) by the

relations of Equation (41).

G. The Ground Reflection Coefficient Matrices

The ground reflection coefficients (e.g., yRy and jR;) are
needed in the computation of the F(8) equation. The particular form of
these coefficients, as used in the MODESRCH procedure, is identified by

the ratios given in Appendix A by the equations A-9 and A-10:
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g oo gRy £ 1 (66)
1dy IRyC
Ink - JRL+1 (67)
Wy RC

The equations needed to determine the values of Ry, ;R (in terms

of yny» 1ny, 1dy, and jdy) at a reference height "d" may be obtained from

equations of Section F.

Needed substitutions to those equations are:

Z=0forZ-= Zb

(68)
- \f -\ f
X)) = Xy =0
R+ 1 ang for (;X;) (69)
iRy iy b
7=0
3 _ .I.Bfl.___*'_l = (40d) for (.I.Xl)b (70)
= CiRy 193 729
.
3 i . Where the Fresnel reflection coefficients for the ground-free cpace inter-
face are
i3 C"EZJ - vng - & (71)
TR
C ng + vhg - §2
S and
. e
e nt -~ S
ope L8 (72)
: cC + Jng _ §?
' with
ng = (e - j 0/“»/89 (73)




and

e = dielectric constant of the ground.
o = conductivity of the ground.
o = angular wave frequency.

= ¢0s0, S = sind.

Well behaved forms of (ﬁ%%) and (1—1- at the "from"

o)
2=0 .Ld.l. z=0
level (e.g. Z = 0), are derived in appendix C, and are given as:

: 2. <2
iy = s =7 |C- -ﬂgg-- ’
g
$(74)
1y = 2] ; .NL’%‘[&’¢§"¥)'4
2
ng - S )

At the "from" level (e.g., z=0), Equations (45) and (46) become:
For Horizontal Polarization:

WO = (inp e 2 - 2d) ayp {8y o yd)) (75)

(B/Cyp = (2 eydpwagy -y w an)/(ay . ) (76)

where:
a7 = hylzg)s agp = hplzy) W
ay = Syl + k) | T B pc? iamy | (o7)
ay, = Chy(g ) + Kh;(co) sa= 2/, |
e I [T P I AL P j
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For Vertical Polarization:

Equations (48) and (49) become:
Q€ = (yny * agp = 2% ydy o ap)/ (82«

(6/C); = (2 o \d) e gy = ny = 3y)/ (a2 «

where:
a1 = hy(8g)s agp = hylg))

a7 = Chy(€,) + ((Khy(g,) + Lhy (£, ))/nd

[}

Chy(t,) + ((Khy(g,) + Lhy(t ))/nd

82 =ayp oy - Ay 3y, ng =1 - oH

f H)

I ﬂ)

At the "to" level (e.g., z=d), Equation (55) becomes, for

Horiczontal Polarization:

() = (WO = ap + (B/C)[peapy)/2

where

ay = Chy(Ly) + Khy(ty)

gq = (Ka)?3 |2 + a(d - H)|

"y, = Chy(L,) + Kh;(cd)

and Equation (57) becomes, for Vertical Polarization:

(E) )y = (), ay + (6/C); ay,)/2

where
a7 = Chy(gg) + |Kny(gy) + iyl g)| /g
agp = Chyltg) + |Khyltg) + Lhyle )] /n

2
nd=1+a(d°H
27
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At the "to" level (e.g. Z = d) define:

n = 1Ny 85
H 2= 101 (85)
and
n LNL
= &Nk 86
i.a.t z2=d .LDJ. ( )

Equations (61) and (62) for Horizontal Polarization give:

Ny = (AC) g hy(gy) + (B/C) g hylty) (87)

_ i
10y = ((Ey)gdyy (88)
and Equations (64) and (65) for Vertical Pclarization give:

'IN“ = (Q/C)I h] (gd) + (G/C)I hz(cd) (89)

_ i
10y = ((Eqpdg)y (90)
The results of Equations (87) - (90) can be rearranged by reference

to Equation (10)

where
/l+1>
ﬂﬂﬂ.=hwﬂ___
nDy C
and
1, ]>
ANL _ \RL

10y
to give explicit expressions for ("ﬁi)d and (Lﬁi)d as

R = 1 = Ik
(4Ry)g ) _ 7 N - 0y (91)
and
= _ 1 _ iDL
(R)q = - (92)
ANLy -
C(LDL) 1 ClNi iQL
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Inspection of the equations will reveal that N, Dy, N and
10y contain no poles for any finite value of o.

The resulting equations of this section are equivalent to those
given in reference 9.

H. Excitation Factors, Height Gains and Auxiliary Functions

(1) Excitation Factors

The mndal excitation factor and the nodal height gain
functions are two parameters needed in computing electric field strengths.
The excitation factor formulas, as presented in reference 10, are summarized

in the table 1. The column headings only apply to excitation of the electric

field components Ez’ Ey and Ex and the row headings apply to excitation by a
vertical dipole (xv), horizontal dipole end on (AE) and a horizontal dipole
broadside (AB). The direction of z is taken positive into the jonosphere.

Positive x is the direction of propagation and y is normal to the plane of

propagation.
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Table 1 - EXCITATION FACTORS
Field  __ E, B, E,
Component
Exciter
Ay B, (Huﬁu)?(]'ﬁx R;) _‘_El WRa(R) (4R, B (H“E“)?(HR: R)
wRy Dy S D2 S R Dy
—\2 — — — — —
XE B:, (H'”R“) ("1R“R1 ) "._B‘g llRl(]+!'.RII)(‘+1R1) P_Z(k_u ||)2(]- :R [Rl)
R D S D I T
A B2ﬁl(1+xﬁx)(] +Ry) - B, (t+ ,-ﬁ;,:)?(l— oRyufu) B, Ry (14 R)(1+,Ry)
D1z S Ry Do S D2

The R and R's are the elements of the reflection matrix looking into
the ionosphere and towards the ground from the reference level "d" within
the guide.

The reference height "d" is that value where solutions to F(6) = 0
are determined.

B, and B, are given by:

_ <5/2/ oF
By = S /:Te 6=0 (93)

- B,/S (94)

o
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where S is the sine of the eigenangle and the denominator is the derivative
of the modal equation (i.e. eq. 7) at an eigenangle, 6.
The definitions of the Dij's are given in the next section.

To compute electric field strengths the excitation factors must be
supplemented with definitions of the height gains.

(2) Height Gain Terms

The height gain relationships at height Z are described
below.
From Equation (39):

1213 12 + a(z - H)] (95)

g = (k/a
At any height Z.
The height gain for the vertical electric field (Ez) is f, (z) and is given
by:

£ (2) = 1(Q/C)] hy(g) + (G/C) hy()] expl(Z - d)/rg]  (96)

where d is the reference height for solving F(8) = O for the eigenangle
and where (Q/C)I and (G/C)I are given by Equations (48) and (49) respec-
tively. The term "re" is the radius of the earth.

Also, the height gair for the horizontal electric field component
(Ey) nyrmal to the plane of propagation at height Z is given by:

f, (Z) = [(A/C)II h1(§) + (B/C)II h2(§)] (87)

where (A/C)II and (B/C)'TI are given by Equations (45) and (46) respectively.

The height gain for the horizontal electric field components (Ex) in

the plane of propagation at height Z is given by:
~l7\ -
Yi&) - 'ﬂ(’ a’Z

g(Z)

]
]
-
[
>
o

(2= {(%Eo"3 [(Q/C); hy(£) + (B/C)g hp(E)]
+ () 1(0/0) hy(g) + (6/0)y h2(§)]l (98)
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At height Z = d (i.e. the reference height) the argument is:
gg = (k)3 1c? + aid - )]
and

D1y = 7l Dyp = i (Eg) 5

2
Dy, = 1 (84)

(3) Modified Excitation Terms

(99)

(100)

Various combinations of the modal excitation factor and the

height gain function are required for computing field strengths by different

mode-sum programs. Reference 11 is an example.

Table 2 illustrates the case wheve the excitation fa.tors as

described in Table 1 and the height gains £rom Equations (96), (97) and

(98) are lumped together and defined as modified excitation factors. Tabie

2 illustrates combinations cbtained for computing the vertical electric

field (EZ). These particular combinations will be discussed further in

Section V-C-2 for the option NPUNCH = 7.
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Table 2
Excitation Factors for Computing the

Vertical Electrical Field (EZ)

Vertical source:

0+ /20 - ®R)
R+ D

Xy, = B

7 “f @) - f (2)

11

Horizontal broadside source:

. - 1R|('| + lﬁl)(] + "-R‘) ’ fl(zt) + fi (ZY‘)

BZ D]Z
Horizontal end-on source:
1+ Jﬂ)z
XEZ = — 1 - lRllRL) * Q(Zt) . fi (Zr)
Ry Opp

Z, is height of the transmitter and
Zr is the height of the receiver

The excitation factor usually considered is the vertical compunent
of the electric fieid vector for vertical receiving and transmitting point
dipoles, where both receiver and transmitter are at the ground (e.g., z = 0).
The excitation factor sz is denoted in this case by XO. Wait's excitation

-.5ikh X where k is the wave number in km'],

factor is computed as Ab
h,. is REFLHT and i = N/
(4) Fast Mode Conversion

1 ' Reference 12 presents equations and a computer program for
; ' calculating the vertical electric field strength at a receiver by the pro-

cedure of mode conversion. An input parameter required for these calculations
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is denoted as 'FOVR'. The mode conversion program requires that the ref-
erence height used for ccmputing ionospheric and ground reflection coef-
ficients be at the ground (i.e., z=0).

The reference height used in the MODESRCH computer program is at
some height "d" (d#0). Therefore the equation needed to obtain the re-

quired 'FOVR' term is given by"

(1 + RO - Re 4Ry) f, (d)
FOVR = — . A
(v + Ry (R 1RL) ] f, (d)

Z:

(101)

. (1+ _]Fl)(gRl H—R-Il) fi (d)
r — —_—
(V+ RO - Ry Ry . i (d)

z=

I. Use of Lagrange Interpolation

The general root-finding algorithm, (section III), used to lo-
cate the zeros of a function, f(©), requires that values of f(8) and its
derivatives wit © be available upon call for any value of © in the region
of interest. In Section F a criterion was given for choosirg a reference
height, ‘d', so as to minimize the variation of Z:= (3 + 1)/C wrt © there-
by placing the dominant waveguide effects into n and d (i.e., into R).
(See Equation 7.) On the other hand, far more computation is required to
evaluate Z;than to evaluate n and d. This suggests the utilization of an
approximate representation of Z;to be used within the general root-finder,
and then following the zeros of f(8) {see Fquation 7) to their locations
which will be consistent with the exact formulation for z

The general root-finder requires that the function f(8) be analytic
with no poles and therefore an approximate representation of Z;must be
-nalytic with no poles. A polyncmial representation has been chosen,

which can be represented by the Lagrange interpoiation formula
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where Z(ei) are evaluations of}'(_; using the exact formulation for X; at n
selected angles, 91., distributed over the 6-plane in the region of in-
terest.

Since F(8) (see Equation 7) in both approximate and exact (com-
plete) forms is analytic with no poles, each zero of F(e)approx. may be
followed uniquely to a corresponding zero of F(e)exact' The continuous
transition from one to the other may be represented, for example, by

F(8) = F(8) - cos?p + F(B) « sin’p (103)
comb. approx. exact

with B varying continuously from 0 to 90°. In practice B is incremented
in Tinite steps with a Newton-Raphson iteration at each step. How far the
zero of F{8) "travels" in the 6-plane as p is varied from 0 to 9(° depends;
however, on how well F() (i.e., Z(e)) is represented by the Lagrange inter-
polation. It is possible, in principle, that a zero may travel from the
region of interest to infinity, or vice-versa. There are no guarantees
and although, in most cases in the VLF and LF range, the use of Lagrange
interpolation may save on comnutation by an order of magnitude, it never-
theless represents the "weakest Tink" in formulating a celf-contained mode
search. In some cases, especially in the ELF range, it is necessary to
use the (exact) formulation for F.

J. Comments of the Differentiation of F(6) wrt ©

The excitation factor components given in Section H require the

computation of the derivative F(8) wrt 6 for each eige..-value of 6. In
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addition, the general root-finder, (section IIl), requires, in its later
stages, some evaluations of dF/d0, and the following of zercs by the use of
Newton-Raphson iteration described in Section I requires computation of
dF/d0. Traditionally this derivative has been evaluated by computing F at
two closely-spaced values of 6, using a large number of significant digits
in the computation. An alternative is to analytically differentiate F,
which implies analytic differentiation of , n and d. This alternative

was chosen for the mode search program.

Note that differentiation of the numerical (Runge-Kutta) integra-
tion described in Section £ is performed by the same type numerical inte-
gration, with the integrand analytically differentiated wrt 0.

In certain sections of MODESRCH where F(8) is computed in terms of

Lagrange interpolation, the formulation of the derivative wrt © is given

by
dF(e) _ ni] nz {‘I‘% (F(8)-F, (8)} « {P. + P.l (104)
@ i=1 j=ig1 (k=1 k S
k#i
k73
where
P, = F(GQ)

and n is the number of points.
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III.  THE GENERAL ROOT-FINDER

There is a need to formulate a procedure to determine the complex
zeros of a complex function. For the method presented here, the search for
such zeros is based on the fact that the lines of constant phase of any
complex function, F(®), may be discontinuous only at points where F(8) = 0
or F(8) »we. The function F(®), to be discussed, is such that it contains
no poles and only F(8) = 0 is considered. Also, the lines of constant phase

around ¥(8) = 0 progress only in a counter-clockwise direction,

Let:
F(e) = Fp(e,,8;) +j Fy(e.,0.) (106)
where
0= 9, * jei .
Also F(O) = [Fy(0,.0,)7 + Fr(e,,0,)%1 /%" (107)
where
.1/ F(8,,6.)
§ = tan 1 (-—l-IL—JL-> (108)
\FR(BY"el)
and

FR(G) is the real part of the complex function r(0)
FI(e) is the imaginary part of the complex function F(8)
6, is the real part of the complex number (e)

6, is the imaginary part of the complex number (0).

If F(@) has no poles, this implies that the line of any particular
constant phase value g = ¢c’ radiating trom a zero of F(6), must cross a
closed contour containing that zero at least once. Furthermore, no other
zero of F(0) may be on this phas2 iine. These relations are illustrated

in Figure 2.
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Figure 2. Constant Phase Lines of F(8).

A line of constant phase (e.g., § = ¢c) which crosses the contour
may be followed inward until it leads to a zero of F(6) or until the line
again reaches the contour.

The p- cedure is as follows.

(A) Let ”c = ® (or 180°), this implies that

(109)
F (er,ei) =0
Also let ¢ = 90° (or 270°), this implies that
c
Fa(6,,85) = 0 (110)

(B) Construct a "contour rectangle" in the complex & plane. Denote

the corners of this rectangle by:

Tt oo 1
TLEPT - value of readl

TRIGHT - value of real part of Theta at right edge of rectangle.
TBOT - value of imag. tart of Theta at bottom edge of rectang?

TTOP - value of imag. part of Theta at top edge of rectangle,
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Define the following parameters:

TMESH - equal to about half the average spacing between zeros with-
in the rectangle.
TOL - tolerance to which zeros are to be found.
If two zeros are closer than ‘TOL', the zeros will not be found by this

method.

(C) Divide the ‘contour rectangle' up into small mesh squares where
the dimensions of the squares is such that the length of a side is smaller
than the average separation of the zeros of F(8) (e.g., size of a mesh

side = 'TMESH').

(D) Normalize the value of the corners of the "contour rectangle"

into mesh units. The corners are then denuted as JLT, JRT, JTOP, and JBOT.

That is 6's for the "contour rectangle" are:
6.l at left edge: JLT = TLEFT/TMESH
6, at right edge: JRT = TRIGHT/TMESH
63 at top edge: JTOP = TTOP/TMESH
9, at bottom edge: JBOT = TBOT/TMESH.

(¢) Figure 3 illustrates the rectangular region of the complex 6-

plane within which the roots of F(8) = 0 are to be found.
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Figure 3. "Contour Rectangle" with "MESH" Squares.

In the above example all the axes are marked with tic marks, with
spacing A9 = TMESH. The mesh size within the rectangle is equal to
TMESH.

In the above figure, JLT = 6, JRT = 20, JTOP = 1, JBOT =-3.

Since some "slop" occurs at the rectangle boundary, the Timits of
the rectangle are made one TMESH larger on all sides than actually de-
sired.

TMESH should be no larger than about one-half the average spacing

between roots.

(F) The procedure then is to examine the character of F(8) in a
counter clockwise direction around the contour rectangle (see Figure 4).
Intermediate steps of investigating mesh squares are also carried out in

a countarclockwise direction. Again see Figure 4.
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(G) Consider an individual mesk .quare (e.g., mesh ns. j). The cor-

ners of the square may be labeled in terms of F(er,e.) where each edge is

one-mesh unit in length.

the mesh.
F(0,1) edge 4 F(1,1)
Q-
MESH
edge J edge
1 3
F(0,0) edge2 *(1,0)

1

Figure 5 illustrates normalized coordinates of

SH r

Figure 5. Normalized Coordinates of Each Mesh Square for F(er’ei)'
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Note that for each unit mesh square the lower left hand corner is taken as
the reference position.

A basic assumption put on F(8) is that FI(e) and FR(e) are to be
linear along each edge of a mesh square.

The coordinates of ihe corners of mesh square No. 1 (see Figure 4)
are given by:

F(0,1) = F(JLT,JTOP)

F(0,0) = F(JLT,JTOP-1)

(111)
F(1,0) = F(JLT*1,JTOP-1)
F(1,1) = F(JLT+1,JTOP

A1l other squares are identified by increasing or decreasing the 6, and/

or ei coordinates by increments of 1-mesh unit.

(H) The root-finder procedure continues as follows. First, mesh
square No. 1 is examined. Tha values of FI(0,1) and FI(O,O) for mesh edge
No. 1 are computed. If the signs of these two values are identical, there
can be no line with constant value of FI(G) = 0 passing through this edge.
Next, investigate mesh square No. 2 (see Figure 4). Compute the values
of FI(o,l) and FI(O,O) for this mesh square. The value of FI(O,I) for
mesh square No. 2 is identical to that of FI(O,O) for mesh square No. i,
however, the value of FI(O,O) for mesh square No. 2 will be a new value.

The coordinates of mesh square No. 2 are identified by:

F(0,i} = F(JLT,JTOP-1)
F(0,0) = F{JLT,JTOP-2)
(112)
£(1,0) = F(ILT+] ,JT0P-2)
F(1,1) = F(JLT+1,JTOP-1)

If the signs of FI(0,1) and FI(O,O) for mesh square No. 2 ave oppo-
site, this implies that the line FI(G) = 0 enters mesh square No. 2 some-

where along edge No. 1. Because of the linearity assumption of FI(O) along
42
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the edge of a mesh square, the intzisection between the edge and the con-
stant phase line FI(9)=O is (as shown in Appendix D, €4. 13) to be at:
-F1(0,0)

8, = 00; = (FI(0,1)-FI(0,0)) (113)

er is identified as ENTER-R

6, is identified as ENTER-I
(I) It has now been determined that the constant line FI(B) = 0 has
entered mesh square No. 2. The problem is to find where this Tine exits
from the square. Also it must be determined whether a zeio tuv F(8) lies
within the mesh square. Several tests must be made:
1) Computations are made to obtain the valuss of FI(I,O) and FI(1,1)
for mesh square No. 2. At this point values are known for FI(e)
at all four corners of mesh square No. 2.
2) Test for there being two (hyperbolic) lines enteiring and leav-
ing the mesh square along each line of which FI(S) = Q,
(a) If only one line, the parameter LTWO is set to zero.
(b) If the values of FI(O,O) and FI(I,l) are each yreater than
zero; and the values of F;(1,0) and F;(0,1) are each Tess than
zero then there are two hyperbolic lines of Fi(e) =0

entering and leaving the mesh square. This condition is

illustrated in Figure 6.

F1(0,1) = - @— —e Fy(1,1) = +
\
\
\\
T~
—_—— HYPERBOLIC
™ ~ BRANCH CURVES

N //

FI(O:O) =+(-L N QFI(]’O) =-

Figure 6. Hyperbolic Branch Curves of FI(e) Within a Mesh Square.
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For this case, the parameter "LTWO" is set equal to 1.

3)

(c) Also, if the values of Fy(0,0) and F{(1,1) are each less

than zero, and the values of Fy(1,0) and FI(O,1) are each

greater than zero, the result is identical to (b) above.

Test for there being at least one hyperbolic branch 1ine enter-

ing and leaving the mesh square along whith FR(G) = Q.

(a)

If the values of Fp(0,0), FR(0,1), FR(1,0) and Fg(1,1) are
all of the same sign, then there is no line of Fp(8) = 0
passing through the mesh square and the variable "I9Q" is
set te zero.

If the condition of (a) above, is not met, then there is
at least one branch 1ine entering and leaving the mesh and

the variable 'I90' is set equal to 1.

Test to see if there exists the conditions for the presence of

hyperbolic Tines at both F(6) = 0 and Fp(6) = 0 within the

mesh square.

(a)

If the conditior is not present (e.g., "LTWO" is equal to
0 and "I90" is equal to O ) then determine which mesh
edge (e.g., 2,3, or 4) where the original entry line exits
and proceed with an analysis of the appropriate mesh
square. For example, as can be observed from Figure 4,
edge No. 2 leads to mesh square No. 3, edge No. 3 Teads

to mesh square No. 5 and edge No. 4 leads to mesh square

No. 1.

The line F(8) = 0 is followed continuously from mesh to mesh until

the line exits from the "contour rectangle". When this occurs, the value

of tne leading edge (counter clockwise direction) of the mesh square,
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through which the FI(e) = 0 line exits, is noted. By identifying the mesh
square, in which this line exit occurs, it is possible to later avoid re-
entering thic mesh square through this exit edge while following along

the outer edge of the "contour rectangle". Figure 7 illustrates this situa-
tion. Note that it is possible that a soiution to F(s} = 0 will be found

as the line F}(e)= 0 progresses through the various mgsh squares. This

case will be discussed in the foliowing Section (b).

The next step after exit firom mesh square No. k is to examine mesh
square No. 3 for intersections of the line FI(e) = 0 on edge No. 1 of mesh
square No. 3.

(b) If hyperbolic 1lines of both FI(e) = 0 and FR(e) = 0 do
exist within mesh square No. 2, then the following hyper-

bolic relations are examined.

0:
’
—» 0.
: CONTOUR
«— RECTANGLE
S M | = 0
é\\h-__—-—/, )“
k |
L )
EXIT LEADING EDGE OF

MESH k

Figure 7. Contour Rectangle, Mesh Squares and the ‘ine FI(e) = 0,

45

5ol
AU A A b o

ot md AR T LA AT N s e b STt A

e s B AR S HL LY I S i




- - SO FRMDFPLIELLN TR T LR A YT
it e Ay e R N I i S SR S S SOV LTINS USSR MG W G LR,

It is shown in Appendix D that the relationship for F(e) based on

a knowledge of F(e) at each of the corners of a mesh squere is given by

F(g) = a + be, + co, + do 0, (114)
where
a = F(0,0)
b = F(0,1) - F(0,0)
(115)
¢ = F(1,0) - F(0,0)
d = F(0,0) + F(1,1) - F(0,1) - F(1,0)

These coefficients describe the variation of F(e) within the mesh square
given the valuss of F(e) at the corners of the square and that a linear
variation exists between values of F(e) along the edges of the square.
When FR(e) = 0 (or FI(e) = 0), Equation 114 is the equation of an
equilateral hyperbola with vertical and horizontai asymptotes.

Now consider the constant phase line FI(e) = 0. From kquction 114

this is
(ai+bi°i) + (c'1.+d1.e1.)er =0

or (116)
6 = - a1.+b1.e1.
T ocytdiey

The following equation is also obtained from Equation 114.
(aj+ci0,) +(bi+dler)°i =0
or (117)
a;+c.6.
8 = - b.+d.0,.

i ier

The position of the crossings of the hyperbolic asymptotes (which are
parallel to the sides of the square) for the lines FI(e) = 0 are computed

since both lines (hyperbolic branches) may enter and leave the square.
46
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For the function FI(e) = (0 the Tine of the vertical asymptote is given in

Appendix D as

where o, is identified os CENTER-R, while the line of the horizontal asywp-
tote is given by

8; = - c;/d; (179)

where 6, is identified as CENTER-I.

There are two nessible points at which there may be crossings of
the (hyperbolic) lines FR(e) = 0 and FI(e) = 0. A crossing point is chosen
to be a zero of the furction if it 1ies within the current mesh square and
if it lies on the hynerbolic branch of FI(e) = 0 currently being followed.
Note that in the example being examined the hyperbolic branch Tine being
examined enters mesh square No. 2 along cdae No. 1 and exits along edge
No. 2.

Both Equation (116) and Equation (117) must be examined since in any
given case either form (but not both forms) may be indeterninate.

Equation (116) may be consideied as two equations, that is for real

and imaginary parts of the constants a, b, ¢, and d:

(ar+bre1.) asth.e, (120
) LE e T T - ——
Y (cr+drei) cstd. e,
and, equating the two right hand equatiors the result is
P62 + Q6. + W, = 0 (121)
17 174 1
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This equation is solved (see Appendix E) for 0, Then, knowing 85 0,

can be determined from Equation (116). In the same manner Equation (117)

gives
a_+c 9 a.+c.6
0; = - T © - BodE (123)
! rorr itir
and equating the two right hand equations gives
P62 + Q0. + W, = 0 (124)
2°r 2°r 2
where
P2 = crdi - c1dr
w =

2 = 8pCy - 36,

this equation may be solved for 0, (see Appendix E). Then, knowing 8. 85

can be determined from Equation (117).

If

"
Equations (116) and (121) are solved for 6 and e,. If the inequality of
Ecuation (126) is not true then Equations (117) and (124} are solved for
0, and 6.

A solution of Equations (116) and (121) (or Equatisns (117) and
(124)) is accepted if it lies within the current mesh square. That is, if

the solution is denoted 6, or (el,,S + jeis)’ then O must satisfy the rela-

tionships

0>6, <Tand0>6; <1

rs (127)

to be a solution.
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Also the solution must lie on the hyperbolic branch of FI(e) =0
which is currently being followed. The relationship is that (using Equa-
ticn (113) and Equations (118) and (19):

if (ENTER R - CENTER R) « (e - CENTER R) > 0

rs (128)
if (ENTER I - CENTER I) « (o, - CENTER I) > 0

and

then tha sclution of F(e) is on the current branch 1ine. If Equation (128)
is not true then the solution 0 is not on the current branch; however,
the iwproper solution will be selected later when following another con-

stant phase line of FI(e) = Q.
Figure 8 illustrates the case where 6. is a proper solution to F(e) = 0.

Figure 9 illustrates the case where 0 is not a proper solrtion to F(e)
= 0,

If the value 6. is a solution to F(e) = 0 the line FI(e) = 0 is
followed out of mesh square No. 2 through edge No. 2 into mesh square No.
3 through its edge No. 4 (see Figure 4). The line FI(e) = 0 is then fol-
Towed from mesh tc mesh until the line FI(e) = 0 exits from the contour

rectangle (see Figure 10).

F(0,1) I A
@ F(1,]
f AN
- — - <&k:i-:: =
ENTER-R) /$ S b, | \JCENTER-R
ENTER-1 | RS j | (CENTER-I
AN
3 \ o
F(0,0) \ 1 F(1,0)

Figure 8. o, is a Proper Solution to F(e) = 0.
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! Figure 9. R is not the Proper Solution to F(8) = 0.
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Figure 10. Contour Rectangle, Mesh Squares and Hyperbolic Lines of

FI(e) = 0. o, is a Solution of F(8) = 0.
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At this point the value of the leading edge (counter clockwise direc-

tion) of the mesh square, through which the FI(e) = 0 line exits, is noted.
This mesh edge will also be along one of the contour rectangle sides. By
identifying the mesh square in which this line e it occurs, it is then
possible to later avoid re-entering this mesh through this exit edge while
following the sides of the contour rectangie. This is important because
if the search were allowed to re-enter at this location, the same zero
of F(e) would be found twice.

The next step is to examine mesh square No. 3 for intersections of

the line FI(e) and edge No. 1 of that mesh.

(J) The entire contour rectangle is nov; searched, by the methods
described in Section I, so that finally all of the zeros of the function

F(e) = C, which 1ie within the contour rectangle, are known. These solu-

tions must be considered approximate; however, in that the hyperbolic ap-

proximation has been used in solving for F(e) = 0.

(K) To alieviate this problem, use is made of the Newton-Raphson

iteration method to remove the mesh approximation where:

_ F(e
Ae—- (129)
dé |8 = mesh

If two approximate solutions are nearly equal, they may coverge to a

FRAET IR aﬁ!Wv.rb‘ SR

; single value after application of the Newton-Raphson procedure,

2 ,,‘*;;_).':.«qnu TE R A1 ¢ R
~ <

In order to resolve the two solutions further analysis is needed, Let the

; two approximate solutions be g ; and 8, ,. Consider a set of 9 mesh sauares
3 3 ]

é arranged in a 3x3 formation with the one containing the solution 85 .1 at the

Ef 3

E center. There are 16 corner points associated with the corners of these

g squares (e.g. (ex)i’ i=1,2,3,...16). The functions F((ex)i) are then computed
E:

: ,

‘éj :




for eachk of the 16 corners, These values will be denoted as Fmesh((ex)i)’ The

set of functions given by the following equation are alsu computed,

fio ((6,);) = Flog 1) + ol o (0,470 1) (130)

mesh s,1 S)1

xi~

(i=1,2,3,,,,16)
The next step is to compute the following function at each of the 16 corners:

Frotal ((0)) = Fragn((8y);) cos?B + Fro ((ex)i)sinzs (131)
mesh

where 8 is incremented from 0° to 90° in whatever increments are required to

resolve the zeros of F(e), Considering the 9 squares one at a time the

hyperbolic equation (Eq. 114) is solvad to get 0,1, or 2 solutions in each of
the squares. Only those solutions (eq j) which exist inside of a given square
)
are kept. The final solution (ep 1) is chosen to be that one solution from
3
the set (6. .) which is closest to the original 6. ,,
g,J S,1
The same type of analysis is then carried out for the solution 05 2+ The final
]

e . O RE i SR

solutions ep 1 and o o are iterated by the Newton-Raphson procedure to give

Ps
the exact solutions., If these two solutions again converge to a single number,

TN R T SR R e R

tne value of g in Equation 131 is incremented and the entire procedure is
again carried through with the values ep 1 and ep 2 replacing the values of
L 3

O 1 and 85 o Note that completeness (in that the full set of zeros has been
9 b}

determined) is assured in Steps I and J whereas exact values must await Step K,

TV TR ol TR, PSSR AT T 0 T
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v STRUCTURE AMD DESCRIPTION OF THE MODESRCH COMPUTER PROGRAM

(A) Program Structure

The MODESRCH computer program finds the waveguide mode constants
of the earth-ionosphere waveguide for radio propagation at ELF-VLF-LF.
These mode constants are determined in the form of modal: eigenangles,
attenuation rates, phase velocities and excitation factors.

The individual subroutines of the MODESRCH program are listed,
in Table 3. In this table, those subroutines are divided into special

sub-groups which are in accordance with their function in the total pro-

gram structure.

Figures 11 through 14 illustrate the structure of the MODESRCH
computer program. In particular, Figure 11 presents the general flow of
the program showing the order in which the various subroutines and sub-
groups are executed. This sequence is indicated, in the figure, by the
numerals 1 through 6. Figure 12 shows the structure of the Ionospheric
Full-Wave Integration procedure. Figure 13 gives the Free Space Integra-
tion Structure along with the structure of the routines for computing the
values of the function F(8) and the derivative of F(8) with respect to 6.

Figure 14 illustrates the structure of the Root-Finder procedure.
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MAIN FLOW
MAIN
WVGUID
PRFLIN
SETRH
NEOUT
NPOUT

FZERUS
NOMESH

FINDF
QUAD

F-FUNCTION
FCTVAL
FDFDT
FINAL
LAGRNG
RBARS
MDHNKL

ROOT-FINDER

TABLE 3
LIST OF PROGRAM
ROUTINES FOR MODESRCH

FULL WAVE INTEGRATION

INTEG
INITLR
QUARTC
TMTRX
SMTRX
ENNU
DIFFEQ
ROUT

FREE SPACE INTEGRATION

FSINTG
MDHNKL

AUXILIARY ROUTINES

CASIN
CANG
XFER
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(B) Computer Program Description

The function of each program subroutine is listed below:

(1) MAIN ROUTINE:
This routine controls the sequence of input and execution.
It provides for NAMELIST input.

(2) SUBROUTINE PRELIN:

This routine provides for input of electron density and
collision frequency profile cards and for limiting the ex-

tent of the top and bottom of the electron density profile.

Input of ion profiles is also provided for.

(3) SUBROUTINE WVGUID:

This routine controls the running sequence of the totai
computer program. Specific operations are to:
(a) Initialize the full-wave solution of the ionospheric

integration routines.

e e S < s M P . s e S

(b) If the propagation freguency is greater than 1000 Hz
and the variable 'IEXACT' is set equal to zero, then a
reference height, (RK), is set through the routine SET
RK. If either of the above is not true, the reference
height is taken as zero.

(c) Initialize the ground reflection coefficient equations.

; (d) Initialize the free-space integration calculations.

(e) Find the zeros (i.e., eigenangles) of the function F(s)

[ P U W S
(seé Equation 7),

AT R RATTIRORE A ST SR MY R TS PR AT YT T R TR T YT g

interpolation is used if the frequency is greater than
1000 Hz or if the variable IEXACT is greater than zero.

Otherwise, full wave solutions of the ionospheric re-

A flection coefficients are computed.
; 59
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(4)

R

(f) If the variable IEXACT is equal to zero or the fre-
quency is greater than 1000 Hz, then the use of the
routine FINAL is used to iterate on the eigenangle
solutions of F(e) = 0 as the function is changed from
that using Lagrange Interpolation to that using exact
full-wave solutions of the ionospheric reflection co-
efficients.

(g) Order the eigenangles according to the value at the
real part of the eigenangles.

(h) Compute and punch the eigenangles if the variable
'NEIGEN' is set equal to one. This is done through
the routine NEQUT.

(i) Compute and punch the mode constant parameters if the
variable 'NPUNCH' is set greater than zero., This is
done through the routine NPOUT.

SUBROUTINE SETRH:

(a) This routine selects the values at THETA, (e) at which
full-wave solutions of the ijonospheric reflection co-
efficients are to be carried out for use in Lagrange
interpolation.

(b) This routine also selects the height, to the nearest

whole kilometer, at which the function:

([ )
6-points \R-elements | |=q ¢ | |/

{21
\v1

is minimized. In the above expression C = COS (o), R
is the reflection coefficient matrix and the summations

are over all ¢-points at which full-wave solutions are
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to be carried out for use in Lagrange interpolation.
The summation is also over all elements of the R re-
flection matrix. Derivatives of the fuli-wave solu-
tions are not computed; rather, derivatives of the
Lagrange interpolation formula are used. Note that
the full-wave solutions are carried out to the bottom
of the profile, using the ijonospheric reflection co-
efficient integration procedures (i.e., subroutine
INTEG) after which, the fuill wave solution is then
carried out in an upward direction through free space
over a curved earth (by use of the free space integra-

. tion routine FSINTG) to various heights which are in-
creased successively by intervals of one kilometer.
That height at which the minimum occurs is printed out
as the 'REFLECTION HEIGHT' and is used; thereafter, as
the Reference Height at which the function, F(e) is to
be computed.

SUBROUTINE NEOUT:

This routine provides for punched card output of eigen-

angles.
SUBROUTINE NPOUT:

This routine provides for computing and printing tables

and punched card output associated with the 'NPUMCH'

option.

SUBROUTINE INTEG:

This subroutine performs an integration of the differential
equations for the ionosphere reflection matrix using Runge-

Kutta integration formulas. The integration variables are
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the elements of the matrix (R+1)/C where R is the reflection
matrix described in Equation 2. If 'IDERIV' is set non-
zero, the derivatives of the (R*1)/C elements wrt C = COS
(THETA) are also integration variables. The set of heights
at which pairs of integration steps begin and end is stored
in the array 'RKHTS'. Sizes of the steps are determined

by comparing the values of the elements of (R+1)/C after

a pair of steps and values of the sane variables after a
single double-size comparison step. The (R+1)/C variables
used in the comparison step are denoted as 'X'. If the
difference is too large, the step size pairs are cut in
half by adding a new height to the 1ist in 'RKHTS'. In
order to enhance stability in other parts of the program,
no heights are deleted from the list unless the list is
reset by a call to the SET RK subroutine,

SUBROUTINE ENNU:

Computation of electron density and collision freguency
(and ion density if appropriate) as a function of height.
If profile was input from formatted cards, logarithmic
interpolation is used. See also notes in subroutine
PRFLIN.

SUBROUTINE INITLR:

This routine computes the coefficients of the Booker Quartic
equation and solves for its roots. The ruutine then com-
putes the value of (R+1)/C. For refiection from a sharply
bounded anisotropic ionosphere of semi-infinite extent
where R is the reflection coefficient matrix. The solution

is used as the initial condition ior Runge-Kutta integration.
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(10)

(12)

(13)

The solution is based on the material of reference 6.
Derivatives wrt C=C0S (THETA) are also computed if the
variable 'IDERIV' is set non-zero.

SUBROUTINE QUARTIC:

This routinc obtains the solution for the roots of a
fourth-order polynomial (QUARTIC Equation). A summary of
pertinent equations is given in reference 6.

SUBROUTINE TMTRA:

This routine computes the elements of the 'M' matrix of
Equation 23. Those combinations of 'M' matrix elements
used in the '1"' matrix which do not include use of THETA
are the final output of this routine. Computations of
quantities which are not Tunctions of height or of THLT
are carried out in the routine INIT T.

SUBROUTINE SMTRX:

This routine computes the coefficients used in the differ-
ential equations for (R+1)/C. These are stored in ccmmon
area 'S MTX' and are analogous to 'S' matrix elements given
by Equation 20. Cerivatives of these coefficients wrt
C=C0S (THETA) are also computed if 'IDERIV' is set non-
zero.

SUBROUTINE DIFFEQ:

This routine computes the derivative of the differential
equations for (R+1)/C, where R is the ionospheric reflec-
tion matrix. The eqguations are derived from the differen-
tial equations for 'R'as given in reference 5. Storage
into the array 'R MTRX' is made so that the equations may

ba used with either the main set of integration variables,

63

ook AN Y Ty e vy

o M e e




dCEL AR bRt
- A —_——r S i 4 2%

(14)

(15)

PSRRI 2

or with the comparison set, X. Differential equations for
the derivatives of (R+1)/C wrt C=C0S (THETA) are also used
if 'IDERIV' is set non-zero. Note that the variable called
'‘R' in this routine is actually (R+1)/C.

SUBROUTINE RBARS:

This subroutine computes values of variables which may be
used to form the elements of the RBAR matirix, where RBAR
represents reflection of an ELM wave from the earth's sur-
face. Namely, RBART1=DEN11/(C*NUM11-DEN11). or (1.0/RBARI1+
1.0)/C=NUM11/DEN11, and RBAR22=NEN22/(C*NUM22-DEN22), or
(1.0/RBAR22+1.0)/C=NUM22/DEN22. Derivatives wrt C=C0S
(THETA) are also computed if 'IDERIV' is set non-zero.

Ncte that the equations are formulated in such a way that

a smooth transition is made from the 'CURVED EARTH' form

to the 'FLAT EARTH' form. See also notes in subroutine

MDHNKL regarding definitions of hankel function parameters.

The value of earth's radius is such as to make 2.0/RE=3.14E-4.

Computation at THE'A=90° is not excluded.
SUBROUTINE MDHNKL:

This subroutine computes values of variables which may be
combined to form mcdified hankel functions as described

in 'TABLES OF THE MODIFIED HANKEL FUNCTIONS CF ORDER ONE
THIRD AND OF THEIR DERIVATIVES', by the staff of the com-
atorv, Havvard University Press, 1045. The
notation is such that the actual H1=H1*EXP(-E). The actual
H2=H2*EXP(E). Actual derivatives wrt argument, Z, are

HIP*EXP{-E) and H2P*EXP(E).
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(16) -SUBROUTINE FSINTG:

This routine performs an integration of the differential
equations for the ionosphere reflection matrix through a
free space region over a curved earth. The integration may
be performed in either a positive or negative height di-
rection, buv in this program the integration is always
upward. The integration variables are the elements of

the matrix (R+1)/C where R is the reflection matrix. The
solution is based on Budden, reference 7, in particular the
material on pp.118, 327-329, 336-338, and 343-345. If
'IDERIV' is set non-zero, the derivatives of (R+1)/C
elements wrt C=C0S (THETA) are also integration variables.
Computation at THETA=90 is not excluded. Also, the equa-
tions are formulated in such a way that a smooth transi-
tion is made from the 'CURVED EARTH' form to the 'FLAT
EARTH' form for appropriate values of THETA. The initial
and final values of the integration variables are stored
in the common area 'INTEGR'. This routine carries out the
computation of height-gain coefficients Q,G,A,B for two
conditions on the upgoing wave at each height=Zf, namely
E11=1,EY=0 and E11=0,EY=1. Each of the coefficients
Q,6,A,B is divided by C=C0S (THETA). Computation »f the
upgoing fields E11 and EY at height=Zt for the two con-
ditions described above are also done. The integra-

tion proceeds from height Zb to height Zt when 'FSINTG'

is called.

65




A

A A A ER R A L i

TR v LA "

e e i A N R S A P W

g T R P O S M QA VL ¥ 50 e S I

(17)

(18)

(19)

SUBROUTINE LAGRNG:

This routine performs Lagrange interpolation of reflection
coefficients in the COS (THETA) plane. Also to obtain
derivatives of interpolated values WRT COS (THETA) the
Lagrange interpolation formula itself is differentiated
WRT COS (THETA).

SUBROUTINE FINAL:

The routine for following the eigen-angles as the F func-
tion is changed from that using Lagrange interpolation to
that using exact full-wave solution values of reflection
coefficients.

SUBROUTINE FZEROS: (TLEFT,TRIGHT,TBOT,TTOP,TMESH,TOL,

MPRINT,ZEROS,NR Z)

For Root-Finder FZEROS is a routine for finding the zeros of
a complex function, F, which 1ie within a specified rec-
tangular region of the complex (THETA) plane, provided

the function has no poles in the vicinity of the rectan-

gle.
EXPLANATION OF PARAMETERS--
TLEFT - value of real part of THETA at left edge
of rectangle.
TRIGHT -  value of real part of THETA at right edge
of rectangle.
7007 - valuc of imag part of THETA at bottom edge
of rectangle.
TT0P - value of imag part of THETA at top edge of

rectangle.
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TMESH

TOL

MPRINT

ZEROS

NR Z

SUBROUTINES
FCT VAL

F DFDT

SUBROUTINE QUAD:

set equal tn about half the average spacing
between zeros within the rectangle. A smal-

ler value may be used as a safety measure,

but too small a value will result in ex-
cessive run time.

tolerance to which zeros are to be found.
If two zeros are closer than 'TOL', the
root-finder will stop with an error mes-
sage.

normally set to zero. A non-zero value
leads to print-out for debugging.

output 1ist of (complex) values of THETA
at which zeros are found.

the number of zeros found.

TO BE PROVIDED--

(THETA,F) - to return the value of the
function, F, at the point in the complex
plane specified by 'THETA'.

(THETA,F ,DFDT) > same as 'FCT VAL' except

that the derivative, DFDT, of the function

WRT THETA must also be returned.

For Root-Finder finds the solution for the real roots of

a Quadratic Equation of the form A*X**2+2.0*B*X+(C=0.0,

where X is called 'SOL' in this routine. The number of

real rcots found is given by 'NR SOL'. A value of 1 for

'NR SOL' results from the Quadratic Equation approaching

Tinearity.

Used by subroutines FZEROS and NO MESH.
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(21)

(22)

(23)

(24)

2 A YR
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SUBROUTINE NO MESH:

For Root-Finder the routine for finding exact (in the
sense of NO MESH approximation) locations of zeros of the
function, F, forwhich a complete, but approximate, set
was found in subroutine FZEROS.

SUBROUTINE FINDF:

This routine calls upon the routine FCT VAL to compute
F(s).
SUBROUTINE FCT VAL:

This routine is for computing F function values at mesh
points, called on principally by subroutines FZEROS and
NO MESH. This is the modified F function which has no
poles and which has no zeros at THETA=90.

SUBROUTINE F DFDT:

This routine for computing function F(e) values and their
derivatives WRT THETA at arbitrary values of THETA. Called
on principally by subroutines NO MESH and FINAL. This is
the modified F function which has no poles and which has

no zeros at THETA=90.

SUBROUTINE XFER:

Routine for transferring one array into another.

SUBROUTINE R QUT

Qutput of Runge-Kutta integration variables, used only for
debugging.
FUNCTION CASIN

Routine for computing the complex sine function of a com-

nlex argument.
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(28) FUNCTION CANG:

Routine for computing the arc tangent of a complex angle.
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V. RUNNING THE PROGRAM

A. Control Cards

These cards contain mnemonic words denoting the program opera-
tions to be executed. These words wil! be assumed to begin in column 1 of
the card. In the text of this outline, thes: words will be enclosed in
apostrophes. Blanks will be denoted by a space indicated by '_' to
clarify positioning of blank columns. These cairds are summarized in
Table 4.

(1) 'PROFILE-i' initiates reading of the ionospheric profile.
An alternative method for specifying an ionospheric profile is presented
in Section B.

The value of i indicates the number of species o be used. It may
have one of two possible values: 1 or 3. If the position for i is left
blank, i = 1 is assumed.

The 'PROFILE_i' card must be followed by an alphanumeric card
which may be used to identify the profile.

The profile cards contain the following parameters punched accord-
ing to the format (F7.2,4X,5(1X,E9.2): height in kilometers and the
specie densities in number per cubic centimeter. The first specie is
electrons. The cards are input in order of descending altitude and the
profile is terminated with a dummy height with value less than zero. A
maximum of 101 profile cards may be used.

In the case of i = 3, the program assumes that the first two spe-
cies read are electrons, Ne and sinaly charged positive ions, N:. The
required third specie is thus singly charged negative ions, N;, and their

density is computed and printed by the program as N; = N+i - Ne'
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In the integration of the ionospheric reflection elements through
the ionosphere, the program interpolates exponentially between input
values. Thus, for example, an exponential profile can be input with only
the top and bottom densities specified.

(2) 'COLFREQ' initiates reading of an ionospheric collision
frequency profile. An alternative form for specifying exponential colli-
sion frequencies is discussed in Section B. This profile, if used, must
follow the 'PROFILE_i' input because i specifies the number of species.

The 'COLFREQ' card is immediately followed by the profile. The
input format and order is the same as used for 'PROFILE_i', except that
collision frequencies in collisions per second for electrons. and when i
is greater than 1 for positive ions and negative ions, must be input.

The profile is input in order of descending height and is terminated by a
dummy height of value less than zero. A maximum of 50 collision frequency
profile cards may be used. As with the ionospheric specie profiles, the
program interpolates exponentially between input values and there need be
no correspondence between the altitudes used to define the two profiles.

When 'COLFREQ' is used, the collision frequency profile can be
over-ridden later in the job by the exponential collision frequency speci-
fication described in Section B-1, Note that in this case the exponential
parameters, 'COEFNU' and 'EXPNU', must be input through NAMELIST.

(3) 'ID' indicates that the next card is identification for
the data being run. This identifying card is merely read and printed.

It may contain any alphanumeric information desired.
(4) '_&DATUM' and ' _BEND' initiate and terminate reading of

Namelist. The form of this input is described below.
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A11 cards appearing between ' &DATUM' and ' _&END' must have a
blank in column 1. In the sample data decks this will be indicated
by ' '.

Variable names are punched with no imbedded blanks. The name is
followed by an equal sign (=) and the value of the variable punched in
any valid format. Integer variables may only be input with integer num-
bers and real variables may be input with either integer numbers or float-
ing point numbers. The value of the variable must be followed by a comma.

A1l blanks in the values punched are treated as zeros. A comma is the

only. valid deTimiter. For example, 'I=1_,"' would result in I=10. If a

variable name is repeated, the second value will be used.

If the variable defines an array, the array may be filled by a
string of values separated by commas. There need not be as many values
specified in the string as there are in the dimension of the array. The
string of variables may be continued on additional cards by not repeating

the variable name. Alternatively, the value of single elements may be

specified by subscripting the variable name before the equal sign such as
'ARRAY(3) = -6.E3,'.

Complex variables must be input in order of real and imaginary
parts. Arrays of complex variables are input the same as described above
except that twice as many values are required. For example, 'CARRAY =
1., 3., -1., -3.,' is used to input CARRAY(1) = (1., 3.) and
CARRAY(2) = (-1., -3.).

(5) 'QUIT' signals normal termination of a job. This is not

required provided a /* card is used at the end of the input deck.

(6) A reasonable order of input is shown in Table 4.
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TABLE 4
SUMMARY OF CONTROL CARDS

PROFILE_i read ionospheric profiles (i=1 or 3)*
COLFREQ_i  read ijonospheric collision frequency profiles
iD read and print identification card(80 card columns)

_&DATUM begin Namelist read

_&END end Namelist read and begin Waveguide calculations
QUIT end of job (optional)
/*

*Note: If i not specified, 1 is assumed.

B. Input Variables

(1) General Input variables needed for computations of the

modal solutions.

'FREQ' is the frequency in kilohertz.

'"MRATI® is the ratio of the mass of the specie to the mass of an
electror. Default values are for an electron, 'MRATI@ = 1'. For positive
or negative ions 'MRATI@ = 58000'.

An exponential collision frequency may be specified for each
specie. ‘'CPEFNU' is the collision frequency, in collisions per second,
at the ground. 'EXPNU' is the height variation in inverse kilometers.

The collision frequency at an altitude of z kilometers in this case is
defined by:

v(z)i = CPEFNU(j)*exp(ENPNU(j)*z)
where j=1 is for electron-neutral particle collisions, j=2 is for positive
jon-neutral particle collisions and j=3 is for negative ijon-neutral parti-

cle collisions.
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The parameter 'NUFLAG' allows for a choice of exponential collision
frequency profiles to be used in the calculations. In this instance values
are not assigned to COEFNU(j) and EXPNU(j); instead default values, which
are built into the MODESRCH program are used in the calculations. With
'"NUFLAG = 0', the values of the expcnential parameters 'COEFNU' and
'EXPNI' (as described in Wait's TN 300, Reference 3) are used. If
‘NUFLAG = 1', the values of these exponential parameters (as computed by
Moler, Reference 13) are used. The special values are:
'NUFLAG = 0’ (Wait):

COEFNU(1) = 1.816E+11, coll/sec

COEFNU(2) = 4.540E+9, coll/sec

COEFNU(3) = 4.540E+9, coll/sec
EXPNU(1) = -0.15 km >
EXPNU(2) = -0.15 km™%
EXPNU(3) = -0.15 km™?

'NUFLAG = 1' (Moler):
COEFNU(1) = 4.303E+11 coll/sec

COEFNU(2) = 1.076E+10 coll/sec
COEFNU(3) = 1.076E+10 coll/sec
EXPNU(1) = -0.1622 k™%
EXPNU(2) = -0.1622 km™!
EXPNU(3) = -0.1622 km™}

If an exponential electron collision frequency profile is to be
used other than those described by Wait or Moler, 'NUFLAG' must be set = 0
and the proper values assigned to 'COEFNU(j)' and ‘EXPNU{j)‘.

It is important to note that if the collision frequency profile is
entered as tabulated values via the control card 'COLFREQ' and then in

the same job step, additional calculations are wanted for new collision
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frequency values, as input through the Namelist variables 'COEFNU(j)' and

EXPNU(j)'; then, 'NUFLAG' must be set equal to zero and new values
assigned to 'COEFNU(j)' and 'EXPNU(j)'.

An exception to this procedure occurs when the new values of
"COEFNU(j)' and 'EXPNU(j)' are those denoted as "Moler's values". In this
case the parameter 'NUFLAG' is set equal to 1 and no values need be
assigned to 'COEFNU(j)' or 'EXPNU(j)' in that this is done automatically
within the program.

'RHO' is the distance in Mm from the transmitter. This variable
is used only in punched output. It is useful to further identify punched
data that is being generated along a propagation path.

The geomagnetic field is specified by three variables. 'AZIM' is
the clockwise angle between magnetic north and the horizontal propagation
direction in degrees east of north. 'CODIP' is the magnetic co-dip angle
in degrees from the vertical down. The magnetic equator is specified by
'CODIP = 90'. 'MAGFLD' is the magnetic field intensity in webers per
square meter.

The ground conditions are specified by two variables. 'SIGMA' is
the conductivity in mhos per meter and 'EPSR' is the relative dielectric

constant.'

'H' is the heignt in kilometers at which the modified refractive

index s unity. This is the height to which the eigenangles are referred.

'REFLHT' is the height in kilometers which is used to normalize
the excitation factor defined by Wait. 'REFLHT' must not ba zero.

'GMAX' is the maximum separation (in degrees) of the theta angles
at which full wave solutions, to be used in Lagrange interpolation, are
carried out.
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'SEP' is a real variable which defines the minimum separation be-
tween eigen solutions.

'RTOL' is the variable which determines the precision of the j
Runge-Kutta integration for the ionospheric reflection elements. |

"NPUNCH' determines the specific parameters to be punched on out-
put cards.

"CARDPN' i: an option for punching or not punching on cards the
outputs from the 'NPUNCH' option.

'"CARDPT' is an option for printing, or not printing, the values

comnited using the 'NPUNCH' option.

'NEIGEN' is the option for punching eigenangles on the cards.
'"TALT' is the height o the transmitting antenna in km.

'RALT' is the height of the receiving antenna in km.

ST A r
P A ] padliabovild SAC-ols
. am r ——— ——

Note: Input of TALT and RALT is only applicable to the calculation

of modal excitation factors as described in Section V-C-2, Computed out-

S A
—— . - —

put values, as a function of 'RALT' and 'TALT', are obtained only through

the option NPUNCH = 7.

'"TMESH' is the angular dimension of the mesh squares contained in
the contour rectangle. This value is in degrees. ‘TMESH' should always
be smaller than the average separation of the eigenangles. Also 'TMESH'
should be chosen smaller than the separation between the values of

'RANGER' (maximum) and 'RANGER' (minimum) or the values of 'RANGEI’

(maximum) and 'RANGEI' (minimum). Unless 'TMESH' is assigned a value via
NAMELIST, it is computed within the program as:
TMESH = V/3.75/freq,,, (132)

'LUB' is a real vuriable used to terminate the iterative process.

"LUB' is used to test the iterative change in the magnitude of the complex

Bt R U G R Lt St i 3 e T A et i i L i W R s o i b

76

S[‘a x
;e

g - - -
P L . A - Y ey L




eigenangles. The iteration is stopped when the change in the magnitude
of the complex eigenangie is less than or equal to 'LUB'. Unless 'LUB'
is assigned a value via NAMELIST, it is computed within the program as:
LUB = ¢€§f67¥FEE;;;.(o.o1) (133)
'"IEXACT' 1is an option that determines whether Lagrangian interpola-
tion or the "full wave" solution is used in initial stages of the program.
IEXACT = 0 is for Lagrangian. IEXACT =1 is for "full wave".

(2) Exporiential profiles (electrons only)

An exponential, el.ctrons only, ionospheric profile may be speci-

fied. 1nc profile is computed as described in Wait's NBS TN 300, Reference

3, where

w,(2) = 2.5X10° exp[B(z-h")] = 3.18254x10% N(z)/v(z) (11)

and B is in inverse kilometers, z and h' are in kilometers, N(z) is the
electron density in electrons per cubic centimeter and v(z) is the colli-
sion frequency in collisions per second. The values used to compute v(z)
are 'COEFNU(1)' and 'EXPNU(1)! and are given in Section V-B-1. Note that the
term 'BETA' is g and 'HPRIME' is h',

The equation for computing the electron density (N(z), electrons/
cm3) at height z is given by:

N(z) = 7.8554X107° + COEFNU(1)
[exp(((BETA + EXPNU(1))z) - BETA * HPRIME)] (134)

'SCLHTS' is a real variable which indicates the number of scale

heights above h' which will be used to denote the top of the profile when

the B,h' exponential electron density profile is used.
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The top of the profile may be modified by choosing a value for the
variable SCLHTS. The relationship is that:

Top Heignt = Integer <HPRIME + §%%¥%§-+ 0.?) (135)

The nearest integral value of altitude as given by 'Top Height' is used to
set the top of the profile. A1l heights above this value are neglected in
the MODESRCH computations.

The bottom of the exponential profile is set by assigning a mini-
mum value (i.e. ENMIN) of electron density in e]ectrons/cm3. A1l alti-
tudes (z), at which the ccrresponding density is less than 'ENMIN' will be
neglected.

(3) VLF/LF - Tabular Electron-Ion Density Profiles.

Computing efficiency for VLF and LF may be improved by cutting off
the top and bottom heights of the input ionospheric profile.

When the particle density profiles are input to the program via
'PROFILE_i' (i = 1 implies electrons only) (i = 3 implies electrons and
jons), the top and bottom of the profile may be cut off using the criteria,
as presented in Section II, D-2. In that section it is stated that the
top part of the input ionospheric profile which may be neglected in the
calculations is defined as that altitude(z) above which:

B(z) > Maximum (TEMPO-B. 20 ‘V-‘-’ ) (17)
e

where 'TEMPQ-B' is assigned a value (e.g. 2.0) and B(z) is given by

eq. 16. Also an additional requirement for cutting off the top of the
profile is that the electron density must be as great as 'TOPEN'. The
variable 'TOPEN' is assigned a value (e.g. 1000 e]ectrons/cmz). The top
of the profile is taken to be the higher ot the two heights corresponding

to B(z), (equation 17), and to 'TOPEN',
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The bottom of the input +onospheric profile is neglected (for
VLF/LF cases) at those altitudes for which the computed vsiue of B in
equation 16 is less than 'CUTOFF'. The variable 'CUTOFF' is assigned a
value (e.g. 0.0001). The relationship for Cutoff is:
B(z) < CUTOFF (18)
If it is not desired to cut off the profile bottom for certain
calculations then the Namelist parameter 'ICUT' must be set equal to zero.

(4) ELF Tabular Electron-Ion Density Profiles

The same criteria for the variable 'PROFILE_i' as was presented for

the VLF/LF case is applicable to ELF, (i.e. i = 1 or blank implies elec-
trons only and i = 3 corresponds to electrons and ions).

In the case of ELF the profile tcp and bottom are not cut off and
the Namelist variable 'ICUT' is not applicable.

(5) Namelist Variables with Initial Values.

Initial values of the Namelist variables are presented in Table 5.
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VALUE

1
0

1.816+11,
4.540E9,
4.540E9

-0,15, ~0,15,
~-0.15

0.1
0.001
5.0

1000.
0.1
None
None
2.0
0.0
0.0
Q
-1.¢
-1.0

UNITS

ccil/sec

km’1

degrees
degrees

degrees

electrons/cm3

electrons/cm3

degrees

degrees
km
km

-

degrees

TABLE 5
NAMELIST VARIABLES AND INITIAL VALUES
_NAME VALUE UNITS NAME
NPROF None - ICUT
FREQ 0.0 KHz NUFLAG
H 50.0 km COEFNU(3)
REFLHT 50.0 km EXPNU(3)
RHO 0.0  Mm
AZIM None degrees SEP
coDIP None degrees RTOL
MAGFLD None  WEBERS/m’ GMAX
SIGMA 4.64  mho/m
EPSR 81.0 -
: BETA None  kn™: TOPEN
: HPRIME -99.0  km ENMIN
: SCLHTS 3 RANGER
: MRATIO(3) 1,58000.0 -  RANGEI
: 58000.0
: TEMPOB
2 CUTOFF ©0.0001 - TALT
3 NEIGEN 0 - RALT
% 4 NPUNCH 1 - IEXACT
%A CARDPT 0 - TMESH
§' CARDPN 1 - LUB
% Notes: Numbers in parenthesis after Name indicate dimensions.
% Lack of decimal point indicates integer variables.
s
3
% 80
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(6) The Eigenangle (o)

The modal solutions of equation 1, which are denoted as complex

eigenangles (6 = o 8 ), are determined within a bounded

+ 18, .
real imaginary
region of the complex "THETA" plane defined by a set of limiting THETA
values. This bounded region will be called the "contour rectangle" and
the 1imiting THETA values are denoted by "RANGER" (minimum and maximum)

and 'RANGEI' (maximum and minimum). These parameters are portrayed in
Figure 15,
Where Point:

’.. RANGER (minimum), RANGEI (maximum)

B: RANGER (maximum), RANGEI (maximum)

C. RANGER (minimum), RANGEI (minimum)

D: RANGER (maximum), RANGEI (minimum)

The small squares inside the "contour rectangle" are called the
"Mesh Squares". 'RANGER' is the real part in degrees of the minimum and
maximum values assigned to the contour rectangle.
'RANGEI' is the imaginary part in degrees of the minimum and maximum
values assigned to the contour rectangle.
4 o(imaginary)

A —>

| ! | T { l ] ? o(real)
- +++ + -
-+ + 4+
-+t

' . , , |

I TR T HS SN R .}
c D
COMPLEX THETA PLANE

Figure 15. Showing the Contour Rectangle ABCD and Mesh Squares
81
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i.e. RANGER
RANGET

Minimum, maximum,

Max{mum, minimum

Note: The minimum value must be given before the maximum value for RANGER
while the maximum value must be given first for RANGEI.

During program execution, the contour rectangle, as described by
RANGER and RANGEI, is automatically divided into small sub-rectangles.
This is done to increase computation efficiency. The division process is
applied only to the RANGER values while the RANGEI values remain the same
as those input through NAMELIST.

The algorithm is thai the number of segments 'NS' into which the
original contour rectangle is divided is given by:

NS = TRUNCATION {[RANGER(maX)éﬁﬁgﬁER(min)-LUB} +1} (136)

The number of degrees in each seament is given by:

po = RANGER (max) - RANGER(min)
NS

C. Program Outputs

For purposes of clarity in describing program outputs, the follow-

ing symbols will be used:

k = wave number in km™!

h, = reference height for Wait's excitation factor (REFLHT)
io= A

0 = (er’ei) = final mode solution referenced to H

o' = (e;,e%) = ¢ referenced to the ground

o = -8686 k Im(sine') = attenuation rate in dB/Mm

v/c = 1/Re(sine') = phase velocity/speed ot iight

Note: The above procedure for sub-dividing the RANGER Ya]ue is done only
for VLF/LF calculations and is not applied for calculations at ELF.
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A excitation factor

mn

X

mn modified excitation factor

Amn normalized excitation factor = -.51khrxmn

The terms, an, A and Apn® are elements of 3 by 3 complex

mn
matrices. The individual elements are subscripted first by m =V, E or B

to specify a vertical, end fire or broadside dipole and second by n = Z,

Y or X to specify the field component excited. Thus, X,, is the z compo-

74
nent of the electric field excited by a vertical dipole source. The terms
an and Appy 2Te also functions of the transmitter and receiver altitudes
(TALT and RALT). These are the excitation factors mentioned in Section II,
H. The terms X0 and Ay specify sz and Az for both transmitter and re-
ceiver at the ground. In both printed and punched output, each Xo’ an

and Amn is given as magnitude and phase in radians and each Ay and Amn is
given as 20 log (magnitude) and phase in radians. Note that in the
MODESRCH computer program all the Amn terms are used whereas only sz’

Xez’ XBZ’ Xo
The output from the computer program consists of the following:

and Ao of the other excitation terms are utilized.

(1) Computer Listing Output”

(a) ID Information

(b) PROFILE information

(¢) NAMELIST information

(d} Values of 'TMESH! and 'LUB!
Also, heights and electron densities of top and bottom
of profile,

(e) Value of TEMPO-B at top of the profile, value of Wait's
OMEGA-R at top of the profile or height of the profile

where Wait's OMEGA-R = 2.5%10°
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(f)

(h)

(i)
(3)

(k)

{n)

(o)

REHCE TR L Rl SR - 4

N I G RR T

Reflection height -- height at which ionospheric reflec-
tion coefficients are interpolated and the height at
which the ground reflection coefficients are computed
(e.g., the height where F(6) is computed).

Theta range for each 'contour rectangle'.

H: the height at which the eigenangle solutions are
computed

Mode No. n

THETA (e ei) The final mode solution referenced to H

r’
(er and 6, are in degrees)
a(ea): Attenuation rate dB/Mm where o« = -8686*K*Imag

(SIN 8') and where K is the wave number in k™

V/C(eé): The phase velocity/speed of light

V/C = st
ReaT(SING"

Magnitude and Phase of the modal excitation factor as

defined by Wait. (AO(dB), ®r0 (radians))

THETAP (e;, e%) The o eigenangle referenced to the

ground (e;, e% are in degrees)
Polarization mixing ratio:

1- R (R R, R
oo | lill) 1 Ry U) (138)
(yRy 1Ry (1 - 4Ry Ry)

When NEIGEN = 1 that ionospheric height where the electron density
is equal either to the value of the input variable ENMIN (for g, h'
electron-density profiles) or to the lowest height of the input profile

(for tabular electron density profiles) is printed. This parameter is
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denoted as "D" and corresponds to the variable "D" in the reference 1
WAVEGUIDE program where D is defined as the height in kilometers below
which ionospheric integration is terminated.

Also when NEIGEN = 1, individual eigenangles (referenced to the
height H) are printed.

If NEIGEN = Q, the ahove variahles are not printed.

(2) Punched Output

When NEIGEN = 1 the value of "D" as described above is punched and
also the individual eigenangie solutions are punched. These parameters
are punched in the format of usual NAMEL1ST variables. When NEIGEN = 0,
these variables are not punched.

Additional punched output from the program is obtained with the
variable NPUNCH.

NPUNCH options for obtaining output cards:

NPUNCH=1*** gjves output cards for horizontally homogeneous
mode-sum or WKB-sum in terms of (T'S).

NPUNCH=2*** gives output cards in terms of SNVLF output.

NPUNCH=7*** gives output cards for input into ELF-WKB
mode-sums.

NPUNCH=8*** gives output cards.for input to mode cqnversion
in terms of (FOVR).

NPUNCH=9*** gives output cards for input into mode conversion
in terms of both (T'S) and (FOVR).

NPUNCH=0*** the above variables are not computed.

CARDPN=0*** gives usual mode summary print out but no cards.

CARDPN=1*** gives usual mode summary print and cards.

CARDPT=0*** causes the output cards to not be listed.

CARDPT=1*** causes the output cards to be listed.
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When NPUNCH equals 1, 2, 7, &, or 9, each entry into '&DATUM' results
in a card containing RHO, FREQ, AZIM, CODIP, MAGFLD, SIGMA and EPSR in the
format:

('R',F7.3,' F',F8.4', A',F8.3,' C',F8.3,' M',E10.3,' S',E10.3,’

E',F5.1)
and each exit via '&ND' results in a blank card. In other program de-
scriptions, the first card is referred to as the. RFACMSE header card.

NPUNCH = 1 generates two cards per mode in the order

(1,8',71,Tp) and (2,6',T3,Ty)
with format (I1,2F9.5,4E15.8).

Where:

Ny

= \2 =
(1 + )1 - jR) JRy)
iRyD
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n
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11
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ot
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8' = complex eigenangle referenced to the ground and is punched as 6.
(degrees) and e% (degrees). Examination of Table 1 and equation 139 shows
that the excitation "\" values can be obtained from the "T" values. The
"T" values are punched as complex numbers.
NPUNCH = 2 generates a single card per mode containing

(ay V/C, |A°|,¢Ao) with format (4F10.5). Here A_ is in dB above one
uv/meter and Pho is in radians. This format is denoted as SNVLF.

' NPUNCH = 7 generates two cards per mode. The first card contains

6' with a comma after the real and imaginary parts. Here e; and 6%~are

in degrees. The second card contains XVZ’XBZ and XEZ for transmitter and

receiver heights of RALT and TALT. There is a comma after each term.

This form of cutput is suitable for a Namelist type input.
These values are punched as magnitude and phase of the complex

excitation number. Two comments which are pertinent to the NPUNCH = 7

e

output are:

—
o]
~

The values of the sz's are computed as functions of the
transmitter and receiver heights (TALT and RALT).
If the punched output is %o be used as input in the
WDB-ELF Field Strength computer program (reference 14),
then the NAMELIST terms TALT -nd RALT, input to the
MODESRCH program must be zero for compatibility.

NPUNCH = 8 generates< one card per mode. The card contains the
variables (e',1X0|,¢xo, FOVR, HOFWR) using the format (OP2F3.5,1PE14.5,
Qpro.5,

P2E16 .8 NPF7 2)  Here A' is punched as e; and e% each in deqrees.

v
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o js in radians and 'FOVR' is a complex number. The variable 'HOFWR'

% is the profile height (km) which corresponds to a value of Wait's
; OMEGA-R = 2.5%10%°,
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D. Examples of Program Inputs and Outputs

Example I illustrates some of the options for data input. This
example is for an exponential electron density profile defined by 'BETA'
and 'HPRIME' parameters. In this case the exponential collision frequency
profile, corresponding to that described by Wait, (Reference 3), is in-
cluded by setting the 'NUFLAG' variable to zero. Also, putting
NPUNCH = 1 or greater causes the mode constants to be printed in the out-
put listing and if 'CARDPN=1', (which is the default value) functions of
the excitation factors are punched. The value NEIGEN = 1 gives both a
1isting and punched cards for the eigenangles at a height of 50 km. The
printed output is also shown in example I.

Examp’e II lists the output cards as computed from 'NPUNCH = 1'
as presented in example I. Note that the first card gives the values for
RHO, FREQ, AZIM, CODIP, MAGFLD, SIGMA and EPSR as used in the modal cal-
culations., The card will be denoted as the RFACMSE card. Also the com-
. and

r

9i. There are two cards per mode corresponding to Tl(Real), Tl(Imaginary)

plex eigenangles at the ground are also punched on the cards as ¢

and T,(Real) and T2(Imaginary) on card No. 1. Card No. 2 contains
T3(Real) and Taglmaginary), T4(Rea1), and T4(Imaginary).

Where 'NLIGEN = 1' a3 in example I, the values of the eigenangles
at a height of H = 50 km are also punched one per card as #o(real) and
o(imaginary). The value of D as punched corresponds to the bottom of the
electron density profile.

Example III lists the punched card output obtained from the input
parameters of example I when 'NPUNCH = 2'. Here the first card is the
usual RFACMSE card. The second card gives the propagation frequency.

The following cards give, for each mode, the values of the attenuation
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rate (dB/Mm); the ratio V/C; the magnitude of Wait's excitation factor
(dB); and th~ phase of Wait's excitation factor (radians).

Example IV 1ists the punched card output obtained from the input
parameters of example I where 'NPUNCH = 8'. This output is suitable for
input into the mode conversion computer program described in reference 12,
The first output card is the RFACMSE card. The following cards give for
each mode the values of 6'(real) (degrees), 6'(imaginary) (degrees); the
excitation component from a vertical exciter for the vertical electric
field at z=0, (magnitude (not dB) and phase (radians)); the real and
imaginary parts of the complex number 'FOVR'; and the height, in km, used
for mode conversion, 'HOFWR'.

Example V presents input data where the electron density and posi=
tive ion density are entered in tabular form. Note that in this instance
the collision frequencies for electrons, positive and negative ions are
all entered automatically within the program through the variable
'NUFLAG = 1'. This corresponds to the use of these terns as computed by
Moler (reference 13).

Example VI shows the printed output obtained from the input of
example V. Note that for this case the profile top is nct cutoff whereas
the bottom is cutoff through the variable 'CUTOFF',

Example VII lists the punched card output obtained from example V
for NPUNCH = 9. Note that this punch option gives a combination of
NPUNCH = 1 and NPUNCH = 8. There are three cards per mode.

Example VIII presents input data similar to example V. In this
case the variabie 'TOPEN' has been set to a small number so ag to illu-

strate the output messages obtained when the top of the profile is cutoff.
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Example IX shows the input when both particle density (electrons
and positive ions) and collision frequency profiles (electron, positive
ions and negative ions) are iuput in tabular form. This procedure will
generally be the case for computations at ELF.

Example X illustrates the usual printed output obtained for
NPUNCH greater than 0. Note that since this is an ELF case only one mode
is found.

Example XI lists the output obtained for NPUNCH = 7. This output
js compatible with a program which computes WKB-Fields at ELF (reference

14). Note however in this regard the NAMELIST variables 'TALT' and 'RALT'

must both be zero. The punched card output for NPUNCH = 7 contains the
following: the RFACMSE card; a card with 6, (degrees) and ¥ (degrees);

and a single card with the magnitude (not dB) and phase (radians) of the

vertical excitation factors for vertical, end-or and broadside exciters.

Example XII shows the output obtained at 10 kHz for propagation

over sea water at tright. Whereas Examples XIII and XIV illustrate the
results for propagation for the same conditions at 60 kHz. Note that
considerably more modes are required to compute the total field at 60 kHz

than at 10 kHz.
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Error Messages

(1) EIGENANGLES AT 81 AND 8, ARE TO BE RESOLVED (program exe-

(2)

(3)

(4)

cution stops).

Solution: Assign to RANGER and RANGEI values which con-
stitute a small "contour rectangle" which incloses the
above two eigenangles and re-execute the program. An
alternative is to decrease 'GMAX'.

ERROR IN CONTROL CARD (Program execution stops).
Solution: Check control cards (i.e., PROFILE, COLFREQ,
&DATUM, or &END)

TOP OF PROFILE CANNOT BE SET -~ At the bottom of the
PROFILE, B is greater than the value of TEMPO-B (program
execution stops).

Solution: Problem is due to incompatibilities between
values of TEMPO-B and the actual electron and ion density
values.

WARNING -- THE TOP OF THE PROFILE CANNOT BE CUTOFF. THE
TOP OF THE PROFILE MAY BE TOO LOW (program execut:on
continues).

Reasori: In top card of electron density profile the com-
puted B value is less than the input value of TEMPO-B.
THE PROFILE BOTTOM CANNOT BE CUTOFF. ALL B-VALUES (AS A
FUNCTION OF HEIGHT) ARE LESS THAN CUTOFF. THIS IMPLIES
THAT THE PROFILE IS VERY CLOSE TO FREE SPACE (Program
execution stops).

Solution: Check values of 'CUTOFF', and individual values
of electron and ion densities. If o.k., put 'ICUT' =0
and re-execute.

103




(Nei i

(11)

THE BOTTOM OF THE PROFILE CANNOT BE CUTCFF USING

"CUTOFF' = XXX AT HEIGHT = YYY BECAUSE THE VALUE OF B AT
THE BOTTOM OF THE PROFILE IS LARGER THAN ‘'CUTOFF' (Program
execution continues).

NO MODES (program execution continues).

There are no eigenangle solutions located inside the con-
tour rectangle as chosen. Solutions: Change RANGER and
RANGEI values and re-execute the program.

INVALID MODE AT o (program execution continues).
Solution: Cut down the size of the contour rectange in
the region of 6.

STEP TOO SMALL IN INTEG OR TOO MANY STEPS IN INTEG (pro-

gram execution stops).

Solution: Examine PROFILE {e.g. too dense at top or tvc

sparse at bottom) and other icnospheric parameters such

as magnetic field, collision frequency, etc. First decrease
‘GMAX’ and re-execute the program. If problem persists,
increase 'ENMIN' and again re-execute.

PROBLEM IN SORTINC Q VALUES OR Q FAILS TO CONVERGE IN

QUARTIC (prugram execution stops).

Solution: Pgain look at ionospheric parameter values.

RANGER (minimum) is probably too small. Increase the
value of RANGER (minimum) and re-execute program.
X MODES FOUND ON SAME PHASE IINE (program execution

continues),

Solution: Information only.
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(12)

(15)

(16)

I

¥

iy 25
L b e e

ARG B e !

WARNING X MODES FOUND ON Y PHASE LINES (program execution
continues).

Solution: Information only.

If run time is very long it is probably related to #8
above and thus solution is the same as for #8.

NO EXIT FROM MESH SQUARE (program execution stops)

Sofution: The value of TMESH should be changed slightly

(1%) and the program rerun. If message continues - STOP.
ONLY X MODES FOUND ON ‘Y PHASE LINES (program execution
stops).

Solution: Reduce TMESH by 1/2 and re-execute program.

PROBLEMS IN SUBROUTINE NO MESH (program execution stops).

Solutions: Reduce TMESH by 1/2 and re-execute program.

If message continues - STOP.
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APPENDIX A

Modification of the Modal Equation

Given:
Fr(8) = (1 - yRyyRy) (1 - tRyjR1) = 4Ry IRy iRy IRy (A-1)
where R = R(8) and R = R(8).

Let

N N
5 [ - _ L'l
Ry = —- s Ry = === A-2
] 1Dy L 101 (A-2)

where Ny, Dy, jNj and ;D; are in such form that they contain no poles

in the region of interest in the 6-plane.

.: Then
: iNy INL Ny LNy
Fr(0) = (1 - —— Ry ) (1 === R) - Ry Ry * e - A-3
» 100 = (-5 R ) (V-5 R - R Ry o (A3)
: i
A and
' Fple) = 4Dy - 103Fy(8) = (4O - Ny yRy) (101 - INp Ry)
= Ry 1Ry Ny 1Ny (A-4)
Also
o - ) i “R"H
i 2(8) = [0y - Ny C (=) + ] }
R, +1

[ - Ny C (-Jl—%-—~) + N ]

R, R
Ry Ry
S T N ) (A-5)

7/
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Then

g, T BT AT ARETET W e T e e T
e > P
e s st

(lRL+ ])

C

iy o 200 0y iPy Fi6)
W) = 7= ? -
C
i+ Dy \ GRy+ 1)1 [1“1 + 10y
—t M T T "M
R R
iRy 1Ry
- [u"n L ‘E‘]
_ R+
Let é_= C
(g +40y) N+ 4Dy)
R =y TNy
Ny = 4y 1Ny = 14y
Then
0y (D) F1(0)
Fy(0) - | “é 1
C
= Lyny - gdy X d Doy - diaXyd - gdy 1d) 4%y X,
Note that:

™ N Dy Dy /Nyt

i T C Ny C

FE L

Also note that no poles in N or D implies that there are no poles in

nor d.

10

<l +1> /¢ =
iRy

np N # Dy 1D/ N+
i Mt B 10N =<—]-+1>1/c=

Ry

9

Ry +1

C Ry

lﬁl +1]

C Ry

(A-6)

(A-7)

(A-8)

(A-9)

(A-10)




APPENDIX B

Derivation of the Equations for Free Space Integration

In the MCDESRCH rcutine the differential equations for the
ionospheric and ground refiection coefficient matrices have to be inte-
grated through a free space region over a curved earth. In the following
derivation of the necessary differential equations for the ionospheric
reflection matrices a number of references arc made to Budden's work,
reference 7.

A right handed Cartesian system is assumed with the X and Y axes
lying in a horizontal plane boundary between the bottom of the ionosphere
and the free space below. The positive Z direction is upward. A plane
wave is incident upon the icnosphere from below with the wave normal in
the X-Z plane at an angle 8y to the Z axis.

The difrerential equa.ions describing wave fields at cb ique inci-
dence (Op. cit., P.. 140, eqns. 9.49-9.54) may be separated into two inde-
pendent sets. Either of these sets of field variables may be set equal
to zerc without affecting the other, so that the corresponding waves are
propagated independently.

For the first set the electric field is everywhere parallel to the

Y-axis, and the waves are said to he 'horizantally polarized'. The equa-

tions are:
oF,
7 = 1 k H (B-1)
ikSEy=-ikH (8-2)
oH, 2
-5 * 1 kSH, =1kn®Ey (B-3)
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where i = V-1
S = sin 0
k =2 nt/A
A = free space wavelength
n = index of refraction of the medium
and H = ZH
where Z0 = E,/Hy
H, may be eliminated from eqns. 2 and 3 to give
%ﬂz’i =ik (@ -5s%) Ey (B-4)
Elimination of H, between egns. 1 and 4 gives
iz_gl + k2 g% Ey = 0 (B-5)
dZ
where q2 = (n2 - 52}
For the second set of eguations the electric field is parailel to

the X-Z plane and the waves are said to be 'vertically polarized' even

though the electric vector is not, in gensral, vertical.
The equations are:

oE

—azhiksx-:z:-ikuy (B-6)
ol - i kn?E, (8-7)
i kSHy=iknE (B-8)

Z

The field component E, may be eliminated from eqns. (6) and (8) to

give
o E 2
—d—ii = "i k 9'2" Hy ( 8-9 )

n
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Elimination of E, between eqns. 7 and 9 gives

2 2
d® Hy 1 d(n") d Hy 2 2

Just below the free space-ionosphere boundary the total electric
wave field is composed of two upward travelinyg incident comnonents and two
downward traveling reflected components. They are E; y and EV

Iy
tively, where E; is in the X-Y plane. Following Budden (0P Cit. Pg. 118

respec-

eq. 8.72) the equations for free space integration of reflection at
oblique incidence may be derived.

The total field coiponents just below the boundary are

_ 1 r -
Ey = Ey + EY (B-11,b)
= r - i n.
Hy (Ey Ey ) cos e (B-11,c)
- 1 r -
Hy = By +E (B-11,d)
Define:
e i -
IR |
uRL = Ey /E" (B-12,b)
_ e Py i
iRy = Ey /By (B-12,c)
P -
L (B-12,d)

wihere the K's dare functions of -

For Horizontal Polarization:

Combine eqns. (11,b), (12,a) and (12,b) to get
e i i i

E, =E '+ Ey Ryt Ey |IRl
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The wave equation for Horizontal Polarization (e.g., eq 5) is:

2

d- E
—L e kF e =0 (B-5)
dz Y

where q“ =n
and S = sin 91
To include a curved earth let

n2 =1 +q (Z-H)

where:
n is the index of refraction of the medium,
a = 2/re, where v is the radius of the earth.
H is that height where n = 1.

then g2 =1 +a (Z-H) - 5% = 2 + a (Z-H)

where C = cos eI

so that
2
d- E
L+ k8 [c2 +a (2-H)IE, = 0 (B-14)
dz y
to get standard form:
2/3
Let p = (5) / [C2 +a (Z-H)] (B-15)
2/3 1/3
then %%—= (5) o= (17 o,
& _
dz°
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and then expanding gives

2
L (LN PR LI
2@ || Tw | d
a2 E 2 dE 2
= %)*‘dlg‘%
gl \% P4z

now, substituting the above results into eq. B-14 gives

2 2
4" E 2/3 d° E
—t = (a5 (B-16)
dZ dp
Also, since
2/3 2/3
o)y =
then
2/3 2/3
k2= (ko) (&) [+ o (2-h)]
or

2/3
2 2 (k2 a)

>
O
u

P

so that the wave equation (eq. 5) becomes upon substitution of the above:
2

2/3 |d°E
(k% o) 2‘y+pEy“0
dp
or
d? E,
dp

The general solution to this equation is

Ey(P) = A h] (p) + B h2 (p) (B-18)

where A and B are arbitrary constants and h](p) and h2(p) are modified

Hankel functions of order 1/3. (See reference 8).
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To relate Ey and Hx:

equation (1) is:

dE
'HZZ= 1k Hy
or
dE
i Yy
My =% —ar—
dE 1/3dE
=L ¥ i.2 Y
kK & dz - Tk (K@ %
1/3dE
= _1 (% —y
HX = -k (k) dp
RVE
let  K=1 (Q) (B-19)
dE
inen HX = -K _a;x
or
Hy = <K(A hy () + B hy (o)} (B-20)

The primes on the above quantities denote derivatives with respect to the

argument.

From Eq. 13,

. /\R, ] /R
iRy i 10y
E, = CE, \\_—-C——> + CE, <"’c> (B-21)

and from eq, 11¢

Y T N
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z Substitution for Eyr into eq. (11,c) gives
i i
c Ey -C Ey HX +C Ey
or
) o p i -
CE, - H =2 E (8-22)

Substitutions into eq. 21 for &

Ey from eq. 18 gives

. [ Ry . /4R
1"l "L

/

and substitution into eq. 22 for E

g y and H, from equations 18 and 20 gives

I

C{Ahip) +Bhalp)} + K{A N (p) +B R (p)) =2CE,

or

. R,+1 . R
(- %) hi(p) + (- %) holp) + Ey1 <;_%—7> +E, (?E£> =0
(8-23)

(- ©)Chy(p) + Knj (p)) + (- EHChylp) + Knp (o)) + 2E,7 = 0

(B~24)
Equations 23 and 24 are the equations to be used for 'horizontal

polarization' in the free space integration procedure.

For Vertical Polarization:

Appiying previous equations (e.g., equations 11 and 12) gives:

¢ Hy = By o+ (B-11,d)

. Cedi_ e -

. Ey = (€, - E,") cos 0 (B-11,a)

: Ry = By /E (B-12,¢)

: Ry = &, "/E,] (8-12,d)

4 1™ =5 y “lc,
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JETRPOPR R U RV S




Combine egns. (11,d), (12,c) and (12,d) to get
_ e i i i

Hy = By + Ep Ry + By Ry

also combining eqns. (11,a), (12,c) and (12,d)

_ i_gid _p i
EX - (Ell Ell IIRII Ey lRll) ¢
In different form:
4Ry #1) Ly
_ i i
Hy =C E" N +C Ey T (B-25)
where C = cos 91
and from eqns. (11,a) and (11,d)
S P i
Ex=E C-H C+E C
or
B i

To obtain the wave equation for vertical polarization, follow

Budden (op. ct. pg. 343). Note that in this case the electric vector has

both verticai (E;) and horizontal (Ey) components.

The wave equation for vertical polarization is given by equation 10
as:

d2 H 2y d H

dey - :g-ﬂég-) -+ K = 0 (B-10)

Any Vinear second-order differential equation with a term contain-
ing the first derivative (e.g., d Hy/dZ) can be reduced to its 'normal
form', that is a form without a first derivative term, by a change in the

dependent variable.

Let V= H/n (B-27)

- (B-28
or Hy = nV (B-28)
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then equation 10 becomes:

2 2, 2 2.1 2
dz° ke n? 472 4l b (U

where for a curved earth:

a2 = ¢ + a(z-H)

Note that:

i((j—gﬁ = 'ddT (1 +a(Z-H)) =« (8-30)
and

iz—d(—g—z)- =0 (B-31)
The wave equation, Eq. 29, then becomes, after substitution of egns. 30,
and 31:

3.2.‘2’. + k% [c? +a(z-H) - 4-:-22‘% V=0 (B-32)

neg]egz_zggglterm

lTet

p = (};-)2/3 (% + o (Z-H)] (8-33)
Compare the resulting form of eq. 32 with eq. 17
Therefore the solution is

V=0Qhy{p) + 6 hylp) (B-34)
and since

Hy = nV (B-28)

Hy = n (Q hip) + G hylp)s (B-35)
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Note:
2 2
d(n%) _, dn dn _ 1 d(n°)
oz 2n 47 o T T 4z
2
but from eq. 30 gﬁ%—) =q
. dn _ o
**dz T 2n
Also from eq. 33,
1/3
2/3 2 3 1/3
9 _ (k . [k« \ 02
az (a) o '—?“ (k (l)
a” /
To relate Hy and Ex:
From eq. (7):
dH
VA 2 =
vl k n tx
or
dH
E, = — A S Ry
X K n dz K n2 dZ
or
]
_ i dv dn
Tz ["az**az"l
n
and
_ i dv dn
EX-.-I:?- {na-p—g%"l"a-z-V]
Substituting eqns. 36 and 37 into eq. 38 gives
. 1/3
.1 2 dv o
EX 2 E—;i {n (k) iy + 5 Vl
or
1/3
_ 1 o dv a V
S I L\ aa*‘*zr;zl
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Now define ‘
o 1/3
K = 'I(F) (8'40)
and
L = 1(—2@() (B-41)
Then
1 dv V
E\,*ﬁ' KEZ- +L;I—2-] (8-42)
Since L is small Tet n2 a1
Then
1 _ dv
ﬁ'Ex—n—Z ‘KE§_+LV] (B-43)
Substituting for V from Eq. (34) gives:
e . ' h
'ﬁ'EX"‘n? (K [Qq h] (p)+G 2 (P)]
+ L [Q hylp) + G holp) ] (B~ 1)
: Substituting eq. 35 into eq. 25 Tor Hy gives
E hy(o) + G h cogt (R, g (L B-45
" nie b o) =CE {7 y \ T (8-45)

Substituting eqns. 35 and 44 into eq. (26) for H, and E, gives:

Y
oL

n [CQhip) + 6 hylo) Y (K LAy (p) + Ghy ()]

n
S5 {L [ahy(p) + Ghy (0)DY] = 2" C
n

(B-46)
Now neglect the multiplier n so that Landy will be alike for coupling to

get from equation 45:

/ \

Ry [ R
‘ CHme) s B e eg T (H) vg (A o] e

Uy, YIS TR IR, 4T » Sy % iy o5, e 5 5 o U o T YA g T AT .
R R B S R T o S O S T e RS i 23t

" i sy ¥R S Sr ok g 0 AT A AT A ™ & gty

.~ N »

LI NP o B XV T
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and from equation 46:

(-8) (€ () + [k by (o) + L hy(p)I/nd)
B-48

+ (-%) (Chalp) + [K by (o) + L hylp)Im¥ + 2,7 = 0

Equations 47 and 48 are tae equations to be used for 'vertical

polarization' in the free space integration procedure.

The four equations for jonospheric reflection at oblique incidence
(e.g., eqns. 23, 24, 47 and 48) may be used to accomplish the full-wave inte-
gration of the four jonospheric reflection coefficients (R) through a free

space medium over a curved earth. The integratior. is %o be carried out

from some starting height "Zf", where the values of the R's are known, to
some other level "Zt" where the values of the R's are to be determined.

The free space integration procedure consists of three steps (I, II
and II1) which are as follows:

I. At the "from" level (i.e., Z = Zf) the known values of the ele-
ments of E’may be substituted into equations (23, 24, 47, and 48) and then
two sets of boundary conditions, B. C., applied successfully. That is for
Set 1 assign (E“i =1, Eyi = 0) and solve for the coefficients AI and BI from
equations 23 and 24; and for the coefficients Q; and GI from equations 47
and 48. Next, for Set Il assign (Eyi =1, E"i = 0) and solve for the coeffi-
cients AII and BII from equations 23 and 24; and for the coefficients QII
and GII from equations 47 and 48.

The procedure includes a need for solving two simultaneous equa-

tions. That is if:
; aZ]A + aZZB = V2 (B-49,b)

12.
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tnen
T Rar (8-50,2)
(ay agpmagy 23p)
(Vy 2yq - ¥y a5) (8-50.5)

" Taay, - 3513y

For Horizontal Polarization at the Zf (from) level, the follow-

ing identifications are made:
Identify terms of eq. 23 with eq. (49.a) and terms of eq. 24
with (49,b). That is let:

\
R=-B), 5=-&;
: l where
= C = cos @, pg : implies a function of
i
“ K 2/3 o at the "from" Tlevel,
3 Pe= o) o+ a(z-n)
= )
- a1 = Mleg) 212 = halpg) ,
. ' B-51
2 3 = Chylpg) + K hy (p) (8-50)
- 32 = Chylpg) + Ky (by)
9
: Rf +1 Rl
9 Vo= g (EX e i (I
E 1T "%y N C /T R \T
_ i
%‘ VZ - -2 Ey
gi ! where from (19)
f 3
% K=1 (T(-) /
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For Set I B.C.:

i
(Ejq =1

E; = 0) Applying these boundary conditions and

the relations of equation 51 to equation 23 and to equation 24 gives:

¢

(- %)Ian +(¢)

I

412

f
Ry

@)

Solving these equations simuitaneously by the application of equation

50(A,B) gives:

f
Ry a
Ay _ WL 22
(E)I T, (B-52,a)
f
Ry @
By . _ 1l 6 21
(U)I B R > (B-52,b)

where

(B-53)

| 81 = (2929, - 35;37p)

with aij as defined in eauation 51

For Set II B.C.: (E“i =0, E L 1) Applying these B.C. conditions and

Y
the relations of equation 51 to equation 23 and equation 24 gives:

() o () -

P T
S>>
—
[+1}
[afS]
ey
o+
—_
|
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50(A,B) gives:

1

(iRL 1) 1
£ 3y - 24y, &y

Where A is again

defined in equation 53.

Solving these equations simultaneously by the application of equations

(B-54,4a)

(B-54,b)

For Vertical Polarization at the Zf, “from", level the following

identifications are made.

Identify terms of equation 47 with equation (49,a) and terms of

equation 48 with (

R = (
an
a2

0 ©

49,b). That is let:

28 (¢

= h](pf)s a]2 = hz(pf)
= € hylog) + [Khy (og) + L hylog)lnc?

C hylpe) + [K Ny (og) + L hylog)Un 2

Where from equation 40 and 41

1/3

=)L (3

and

v

.

V, =

f f
i<uRu * ]> i<13u
B\ - B\
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For Set I B.C.: (E} =1, E; = 0) Applying these B.C. conditions and the
relations of equation 55 to equations 47 and 48 gives:

(%)I‘n ¥ (%)1‘12 - (f‘:t:l>

G
(@) a5y + (§) a5 = 2
1 1
Solving these equations simultaneously by the application of equations
50(A,B) gives:

\ r(.nf +1 ] .
f
Rf +1
G R 1
(?:)I = |2y - <—r—)‘21 5 {B-56,b)

Where
8p = (2193p = 313y
with a;4 0 defined in equation 55
For Set I1 8:C.: (€} = 0, E) = 1) Applying these boundary condi-

tions and the relations of equation 55 to equations 47 and 48 gives:
£
G _ R
(%)u‘n *(?:)n‘n T
G
(%)II"ZI * (i')“azz =0

Solving this equation simultaneously by the application of equations

50(A.8) gives:
g . %
f
R, &
B, - 22 572

Where Ay is again defined in equation 55
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II, The values of the electric field terms Eg and E; at the "to" Tlevel
(e.g., at height = Zt) may be determined from the values of the coefficients
(A, B, F and G) as determined in Step I for the Set I and Set II boundary

conditions.

For Horizontal Polarization at the Zt “to" level, the following

identifications are made.

Identify terms of equation 24 with equation 49,b. That is:

P (h
ay = c h1(pt) + K h-; (pt); V2 = -2 <Eyi>
t

322 = C hz(pt) + K h'z (pt)

3\

Where | * (B-58)
(K23 2 |
op =(87 12+ az, - )3
Py implies a funétion of p at "to" level
1/3
K=i(1°<i)

q

, ISP M
For Set 1 B.C.: (e.g. (Ey)p =15 ()¢ = 0)

Fe)an+ (8)ep=-2 <<Eyi) t)I

B

0<;Ei)t>1 - (%>1 0’ (E)I i (B-58)

Y. 2
Where the values of (A/C)I and (B/C)I were determined by equation 52 and

the a3 are given in equation 58.
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<<Eyi> t>u < (%)Ham; (%)”a22> (8-60)

*Where the values of (A/C)II and (B/C)II were determined by equation

54 and the aij

are given by equation 58.

For Vertical Polarization at the Zt "to" level, the follow-

ing identifications are made.

Identify terms of equation 48 with equation (49,b). That is:

. |

2 = {6 yley) + [0y (oy) + L y(oy)] /0]

g = (€ halog) * [k 13 (o) + L ngloy ] 1)} (8-61)
C L ofe

Vs 2<Eu )t

L = i(%E) from equation 41 J

For Set I B.C.: <e.g. B V=15 €)= o/\n
¢ %>1 2 * %>1 3gp = - <(E,, ) t>I

T V%)I 21 +<%)1 a.:z:J

l\(En 1)t = 3 (8-62)

Where (A/C)I and (G/C)I are given by equation 56 and the a; are

given by equaticn 61.
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0<2E“ ")t>n - [(%) w2 e a22] (8-63)

Where (Q/C)II and (G/C)II are given by egquation 57 and the a; are

given by equation 61.

III. Knowing the values of

((En i>t>1 <(Eni>t>n’ <(Eyi) t>1 and <(Eyi>t>n

at the "to" level, from both sets of coefficients A, B, Q and G, as de-
termined in Step II, the elements of the ionospheric R's can be found at
the "to" level.

For Horizontal Polarization equation 23 at the "to" level is:
. Ry + 1
A B i| (L%
ety + (Bnyloy) + [Ey]t< C ’>t

. R

Applying the B.C. of Set I for (A/C)I and (B/C)I to equation (64)

and applying the B.C. of Set II for (A/C)II and (B/C)II to

equation (64) gives two equations.

T -
Z pem s R = PP NC) “
AR RSP UL, SY I TSR SRV

(b




R . T I R L M R R TR T T = - 3 EE— e o e
Sl R R AT S R A a0 e SR S Ao T R N e A P S R F TR A A 0 DT AU R - ;’m
- jaa— .

v temaman o ey e O

B o0 B v
and

(6995 6 1))

r ¢ %)H nyoy) + € %)11 hley) = 0 (B-66)

Identifying terms of equations 65 and 66 with equations 49,a and 49,b

respectively gives:

5 - iRy +1 = [Ry
AEA A=\,

o
~n
d
0
P g N
m
-
N—
-
NS———
——
e
[+
f ad
~N
1}

<<Eyi) t>H } (8-67)

(B-68)

<_"_R.£\ .1 <(Ey1)t> i~ V2 ((E)./i)t> -
T g

2 <(E".:‘) t)x N <<E”1>t>11
G L - - (B-69)
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For Vertical Polarization equatior 47 at the "to" level is:

Ry + 1
C

¥ (Eyi>t <£Rl>t =0

( o, + (‘%)hz(pt) * (Eni)t <————>t

(B-70)

Appiying the conditions of Set I for (Q/C)I and (G/C)I to equation

70 and applying the conditions of Set II for (Q/C)II and (G/C)II to

equation (70) gives the two equations:

<(E!! ) t>1 <“R“c+ 1>t ' <<E-‘fi) t> 1 <£?>t

+ [( %)1 n(oy) + (- ) h2(°t)} =0

I

< t>u <"R" : l> ' <<E>’i) ">1 <}?>t

+ [( 8) mley) + (-¢) h2<pt>}=o

II
Identifying terms of equation 65 with equation 49,a

Ry +1 1R
—_— (R — L0
t t

and

]

ol
[gh]
-
|
P ginny X
m
_~—-l
N —"
t
~ -
b~
—t
o]
(]
N
[
Q
m
~
~—
-
~T -
—
b—t

-
no
1
I~
3=
——
=
[
,—
©
o
—~—
+
—
ol
——
=
~n
—
©
+
~—
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Then from equation (50,a)

! )

("R“c+ l)t . /(E!iT)t>I

and from equation (50,b)

(%), @
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APPENDIX C

MODIFIED GROUND REFLECTION COEFFICIENTS

Given: The Fresnel Reflection Coefficients at the ground (i.e., z = 0)

2
NS - W
umf =t

2
+
CNg W

§0=C-N
'L TFW

where

=/ 2 _ 2

=
]
=

with

S=sins

Ng = index at refraction of ground

Define modified refletion coefficients as:

A=(-%,-7+1)/C B = (s + 1)/C
i L
(C-4)
where C = cos o

substituting equations 1 and 2 into equations 4 and 5 gives:

1

—— * 111/C
CN- - W

=
i
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(C-7)
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P

then with further manipulation:

NG + W

A = ——g—--+ 11 /c

CNg - W

and

then define:

a2 M <o that: (Ul
& e

and

n n 1
iﬁi So that: ol
191

B ===

2 2
+ -
CNg g + CNg W
CNg

/C

- W

1 2
7LC - W/Ng]

/W

iy - 1]

(c-8)

(C-9)

(c-10)

(C-11)

The final forms of A and B as presented above are well behaved functions

as Ng + o and 8 » 90°.
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APPENDIX D

MESH SQUARE ANALYSIS

Consider an individual mesh square. See figure D-I. Any
point in the complex 6 plane which lies within (or on an edge of) the
square is described by the complex function F(er’ei)‘ That is:

F(e) = Fple,.05) + 3 Fyle,.0;) (D-1)
and

= i -\

6 =6, + jo, (D-2)
where

FR(e) is the real part of the complex function F(s)

FI(e) is the imaginary part of the complex function F(s)

8. is the real vart of the complex number (o)

6, is the imaginary part of the complex number (8).

The lower left hand corner of the square is taken as the
reference position and each side of the sguare is one-mesh uinit in length.
The geometry of the .esh square is shown beiow where the F(er,ei) values

of the corners of the square are identified.

F(0,1) ;EDGE@ F(1,1)

7

EDGE

® 1 MESH
s
% 4 | ® UNIT

6 3 N
F(0,00 EocE @._d  F(i,0)

—>
GY‘

Figure D-I. Mesh Square Geometry
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A basic assumption put on F(er,ei) is that FR(er’ei) and
FI(er’ei) are to be 1inear along each edge of the mesh square.

The function of F(er,ei) at any point within the square is

given by:
F(er’ei) = F(O;O)(l - eP = 91 + P 1)
+ F(0,1)/( 0, - 0,8;)
+ F(1,0)( 6. - ere1)
+ F(1,1)( ere1) (D-3)

or expanding:
F(er,ei) = F(0,0) + ei(F(O,l) - F(0,0)) + er(F(l,O) - F(0,0))
+ 6 0.(F(0,0) + F(1,1) - F(0,1) - F(1,0))
(D-4)
which can be written as

F(er,ei) =a+be; +co. derei (D-5)

(a) Hyperbolic and Asymptotic Lines:

Consider the imaginary part of F(er,ei) and Fl(er’ei) = 0. This
gives (from eguation D-5):
a; +bies +cio +dioe, =0 (D-6)
Also, in the same ‘way the real part of F(er,ei) gives:

a, + bes +c8; * d.8.8; =0 (D-7)
Equation D-6 (or equatiun D-7) is the equation of an "equilateral" or

"rectangular" hyperbola with vertical and horizontal asymptotes.

To determine the center of the asymptotes for the hyperboiic

n

-6, ion must be solved for 8 and also

1/7

curve of equation

for ei.
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That is, (from equation D-6):

1 1

ar

d. } b.(’.
e Z - <.__.__..__>
' . t . .

Also from equation D-6:

(a; + cg0,) + (by + dyo e,

.+ C.
i <a1 CTBr\
61‘ = - T a1 ~

bi * dier/

or

Now let 0, + @ in equation (D-8) so that:

c, + diei =0
oy
°1='§‘1:‘
i

The line described by equation (D-10) is the horizontal
asymptote to the equilateral hyperbola.

From equation D-9 let 6; > = S0 that:

bi + dier =0

or

(a, + biei) + (c, +

(D-9)

(D-10)

(D-11)
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The line described by equation (D-11) is the vertical asymptote to
the equilateral hyperbola. These asymptotic 1ines in relation to

the mesh square are illustrated in the following figure:

F(0,1) F(1,1)
G p‘ W
i°
AN
et tai ..
°r g ~_ | ¥ % 7 T &
\
N\ b
\f— O = - &
® de o
F(0,0) F(1,0;
—
0]

Figure D-II. Vertical and Horizontal Asymptotes
for an equilateral hyperbola.

(b) Intersection of Hyperbolic Lines with the Edges of the

Mesh Square:
Identify the edges of the mesh square, as shown in figure D-I, as

edges 1, 2, 3 and 4. Also, consider only the imaginary part of
F(er,ei) of equation D-4 and equate FI(er’ei) to 0. Equation D-4 becomes:

F1(0,0) + 6,(F;(0,1) - F;(0,0)) + e (F/(1,0)
- F;(0,0)) + 0,8,(F;(0,0) + F(1,1) - F(0,1)

- F1(1,0)) = 0 (D-12)

To find the intersection of a branch of the equilateral hyperbola,

described by equation D-12, with edge No. 1 of the square, set 6, = 0 and
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note that 0 varies between 0 and 1 along edge No. 1. Equation D-12 becomes:

FI(O,O) + ei(FI(O’l) - FI<G,0)) 0

or
'FI(an)

% T Foy -y (0018

Therefore the point of intersection for edge No. 1 §s:

0, = 0, 0, is as given by equation D-13.

The point of intersection between the hyperbola and the remaining
threc sides may be computed ir. a similar manner. The results are as
follows:

The point of intersection for edge No. 2 is:

FI(O,O) ‘
or T T L) - Fp(0,0) > % T O (0-24)
The point of intersection edge No. 3 is:
F;(1,0)
ORI T % SV N S W) (0-15)
The point of intersection edge No. 4 is:
- F(0,1) £ = ez
SO ¥y R (8 D L T (p-i8)
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APPENDIX E
SOLJTION OF THE QUADRATIC EQUATION
FOR THI* GENERAL ROOT-FINDER.

Given the Quadratic equation as used in the Root-Finder procedure:

X + 26K+ C = 0 (E-1)
yo. bt 4b2-4ac=p_{_1+ e
2a al - ;
let ¢ = -ac/b
and then (‘u+e)”2=1+]§5+-]2-(%-1) 62
>
1 /1 1 3
+7 (3-) (5“2) £ * -~ -

—
(5]
o+
s

Q

|
—

ct
—
|
———
—
1
—
S——
1
o |
[}
)

2
z7) (72 ac|
N
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Now

C
B{t0+t1+t2+”'+tN}
+/T‘-T‘£]

also X, = b/a B] - /TfTTE]

Lo, = 2
Then: =X a[]

-2b -
and - X1 =
-2b _
or a...._X.i =
-2b -
or 3 K

such that:

-2b -
Pl B

Equations E-3 and

Equation E-1) as solved in the Root-Finder routine.

E-5 give the solutions of the Quadratic equation (i.e.,

140
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PROGRAM

R T AP AR

141




TR IR

NAMEL IST/DATUM/AZIMWCOUIPyMAG FLDy
FREQs TALT»RALT, '
LPSP,ySIGMA,

BETA HPRIME,SCLHTS ENMIN,
TOPEN,TEMPOB

COEFNUy EXPNUyNUFLAG
MRATIC,TMESH,LUB,
FANGER ) RANGE]

LR LI

e PRI TR S T TR SRS TR N 4 R el

W“i&fﬁ;ng R R N S R T TR T R T R R TR i '“‘"i'“:’l‘ﬁ?‘*ﬁi’:w«* f“fyif*'f'?f?‘?é
e ® :
€ PROGKAM "9 IMODESRCH! ¢ 3
C THIS PRUGRAM FINDS THE WAVEGUIDE MODES FOR THF EARTH=IONOSPHERE =
€ WANTOUIUE FCk ELF-VLF=LF 5
¢ MAINM i
€ FCR NS _ * ]
C PROGRAM FOR CCMPUTING EARTH-1ONOSPHERE WAVEGUIDE EIGEN~ANGLES AND g
¢ EXCITATION FACTORS WHICH ARE OLTPUT UN PUNCHED CARDS 3
o FOR USE IN A PRUGRAM WHICH CNOMPUTES FIELD STRENGTHS. . % 3
c E
€ THIS RUUTINE CONTROLS THE SEQUENCE UF INPUT AND EXECUTION AAND 5
(W PROVIDES FOR NAMELIST INPUT. A DESCRIPTION OF Tht %
c INPUY PARAMETERS IS GIVEN IN A DNA REPURT. :
¢ _ 2
CCMMON/ IC COM/IDENT(20) A
(UMMON/ FTALT/ TALT RALT i
COMMON/BPR T/ BPRINT 3
CINMUN ZFP/HUF Wk 5
COMMGN /KkTOL C/RIOL i
COMMON/ TXACT C/ZIEXACT 3
COMMUN/ZFLD COM/ALIM,CODIP,MAG FLD g
CUMMON/FRQ CGM/FREQ 3
CUMMON/ GAR COM/ZEPSR,SIGMA 3
CUMMON/BEP COM/BETA (HPRIME SCLHTS o ENMIN ;
CUOMMUN/WR COM/OMEGAR, TEMPUB ¥
CUMMGN/TCPEN C/TUPEN k-
CUMMUN/ EXPNU C/COEBFNU(3) o EXPNULS) . :
COMMON/ TCN COM/ TUNS JMRATIU(3) g
CUMMON/LIMS C/RANGER(2)yRANGEI(2) - g
COMMON/GNMAR C/GMAX . f
COMMON/ PARKAM C/TMESH P
CUMMUN/SEP CuM/SEP -
COMMGN/TCL COM/LUB -
CUMMULN/NETGN C/INEIGEN L E
COMMUN/NFNCH C/NPUNCH 4
COMMUN/GRD PRT/CARDPT 4
(SMMON/CRD PNC/CARDPN &
COMMUN/CLT OF 7 ICUTCUTGEFF i
CLMMC N/ REG COM/ RHO REFLHT 2
COMMUN/R CCM/H “ &

_ CMMON/MERNT/MPRINT k.
COMMON/ XFRNT/XPKINT P g
COMMON/ EXTRA9/1BUFFR(509) Y-

c b
c =
-l




REERTT

GMAXQSEP;FTOL"EXAQ?'
NEISEN,

NPUNCHy SHJyREFLHT,

Hy

ICUTy CUTOFF,

LPRINT NPRUF,

FPRINT APAINT »CARDPT,,CARDPN

W . e

INTEGER FROFGCULFGANAT  GUIT

INTLGLER CARDPT,CARDPEN

INTEGFR XPRINT

INTEGER RPHINT

REAL MAGFLODZMRATIONLUD

DIMEASTION IBCDL20)

DATA PROFZOPROFY/,CULF/YCOLFY/,IDEN/CID 1/,
I WAVE/ *WAVEY /7, ADAT/ Y EDAY/4T1END/Y EEN'/,
$ CGUIT/ZYGUTTYY

UATA TolLANK/Y v/

DATA ITHEEEZS v/

e

UMEGAR=Z2,5EQ5

L i ¥ o)

INITYAL VALUES OF NAMELIST PARAMETERS.,

. IEXAL T=C
- ICUT = )

CUTOFF=0 40001
TGPEN = 1.0E3
SCLHTS = 3,0
eAIN = 1. 0E~]
TEMPUR=22,0
HPRIME=~GG,(
FrED = 0,0
RH{Y = 0QaC
REFLHT = S¢40
H= 50,0
TaLT=u.0
RALT=2.C

GMAX = 5.0

PTCL=Q.90]

SEP = 0.1

THESH==1.0
- LUB==1.0

NUFLAG = 0
. COEFNULL)
CUuEFMUC L) 4.540EY
CLEFNUC3) 4eH4VEY
EXPNU(L) = =0.15

Le810ELL

itowu
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EXPNU(2) = =0.1>
EXPNUL3) = =015

BTG WOl

MREATIOY)
MRATIO(2)
MRATIND(3)

1.0 §
5800040 .4
5800040 , ;

IUNS =
NLCIGEN
KNPUNCH

oo

PPRINT=
MPRINT
XPRINMT
CAROP T=(
CAROPN=1

non o

. P T RV T
saer Ak w s SRR TR TR NN P ol i

DO7T 1 = 1420
T IOUNTL(1) = ITBLANK

OO

DEFAULT vALUES (OF GROUND PARAMETERS ARE TAKEN AS S:A WATER
SIGMA=4,¢4
EPSR=8l,

c

C CONTROL OF SCQUENCE OF INPUT AND EXECUTION.
1U READ(S54%5CL+END=9999)18BCD

PKINT 902, IRCD

IF (18CC(1) .EQ. PROF) GU TO (1

TF (18C0(1) «EQ. COLF) GO TO 12

IFf {18CD(1) +EQ, IDEN) GO TO 1>

IF (IBRCD(1) LER. ADAT) GU TO 20

IFLIBCDIL) LEQs QUIT) GU TU 9999

PRINT 9uG

FOKMAT (' ' 'ERROR IN CUNTROL CARD®)

STeP

PRINT G948
FORMAT{'C 1 xxxTHE CALCULATIONS ARE COMPLETE**x1t)
sTae

IONS=0.

IF (IBCD(3) +EQ. ITHREE) IUNS = |

CALL PRFL IN

HPRIME==G9,0

G 10 19

CALL CALF IN

NUFLAG=0

COEFNU( 1) = =99.0
50 70 10

i PEAD 901 .1DENT

PRINT 902y TUENT

GO T0O 10
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MY OY

a¥al

-~

NAMELIST INPUT,

2 InuFkrti) = IBCI(L)
ISUFER(Z) = TRCD(2)
J = 3
21 L=le25
~EAT 301, 1RCD
PRLINT 9C2,1BCD
TFEIRCOUL) LEQ. TEND) GU TO 22
N 21 I=1le2v
ISUFFR(J) = I8CD(I)
NEEINE S

21 LONTINYE

22 IRUFERI(J? = IBCU(1)
J = Jtl
TBUFFA(J) = 1801 2)

(AL CORE (13U 244%])
READ({1,CATUM)
HOFWbh=CoC

IF{TMESH LT, J) TMESH=SQURT(3.75/FREQ)
IF{LUB «LTs 0) LUBSSQRT{15.0/FREW)*0,01
PEINT 2C&,TMESH,LUB

233 FLAMAT(OCY g 'TMESH = 1 ,FCase4Xe'LUB = ' Ftao4)
TF(FRED JLEe 1a0) IFXACT=1

IF (NUFLAG +EQ. J) GO TO 40

COEFNULL) = 4.303EL1L
CCEFNULZ) = 14970FLD
CLEFNU(L) = 1.0706ELD
EXPNU(L) = ~Joled2
EXPNU(2) = =0.162¢
EXPNULD) = «Deluel

ATSCELLANECUS INPUT OPERATIUNS AND CALL TO CONTROL RGUTINES
4) JIFLHPRIVFE JGTs O) CALL SET EN
IF(HPRIME JLT. O o« AND FREQ »0T. 140) CALL CUT TupP
1¢# (RANGER(L) +LTs RANUEK(Z)) GO TO 41
TEMP = RANCER({1)
RANGER(1) = KANGER(Z2)
FANGER(Z) = TEMP
41 {F {RANGFI(1l) +GT. RANGEI{Z2)) GO TO 42
TEMP = RANGEI(1)
RANGL 1(1) = RaNGET(2)
RANGE I{2) =+ TEMP
42 CONTINUE
INCR=ITIMEL{ICK)
CALL WVGLID
INCR=ITINEF{ICK)-INCK
TIME=FLCAT(INCR)}/LCU,
PRINT  €15,TIME
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615 - FGRMAT(10%,/' TIME REQUIRED FOR THLS PROFILE = *4F10.2," SECUNDS®)
, PRINT 980

. 980 FNRMATLYLY)

: It (HPRIVE oLT. O ) CALL RLPEAT

: G TO 10 .
1 ]

Q0L FURMAT(2CA4)

3 oo s o2 AL ket et P e

: 932 FRMATLY ',20A4) o
: o ‘ é
] END
: %
: ¢
;: £
L :
| ]
i ~
‘ f
L

.
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SURPIIUT INE WVGUIO
FOR MS
COhTri-l WNLTINE,

CUMMON/TCL COM/ZTL

CUMMON/Z ITXACT C/ZICXACT
COMMON/MERNT/MPRINT

CUMMON/NENCH C/NPUNCH
COMMONZNETOGN C/NELIGEN
CUMMUNZL IMS C/RANGEP(2) ynANGET(Z)
COMMUN/FARAM (/7TMESH

CUMMNNZGNAN C/7GMAX

COMMON/NR OF AS/NR A

COMMLN/ZRTS CIM/BTS(10L)

* COMMUNZSIDES C/ZTLEFTsTRIGHT,TBOT,TTOP

COMMON/THETA C/THETA

CUMMDNZFIG CUM/ZELIGEN(LUO) JNR E
COMMONZKXACT (/7 KEXACY

CUl'MiLN/ZE CLM/D

CCHAPLEX THETASLIUEN,
b ELIST(10Q),
b TEMP

I (NPUNCH o+Qe O oANDe NEIGEN «FWs 0) GO TO SO

INITIALIZE FULL-wAVE SUTLUTION,
CALL SET RK
CALL INIT 1

SET UP SMALL RECTANGLES.
Nk EL = 0
Kk BOXS = (RANSER{2)=RANGER{L1)=TCL)/GMAX+.,.D
IFCIEXACT oNEo U) NP BOXS = 1
#LSPAN = {(RANGER{2)~RANGER{1})I/NK BOXS

IROX = |
TTOP = RANCEI(1)
TEOT = KANCFI(2)

TLEFT = FANGER(Z)

20 TRIGHT = TLEFT
TLEFT = TRIGHT-RLSPAN

SET REFERENCE HEIGHT AND INITIALIZE LAGKANGE INTERPOLATION.
D= 0,0 !
TECIFXACT o50. vi CALL SET RH

INITIALTI ZE RBAR SOLUTION ANU FREE=~SPACE INTEGRATIUN,
CALL INIT kB
CALL INIT FSIHTSINRA)},u)

TIND LEROS CF F FUNCTION - LAGRANGE INTERPOLATICN USEU IF NCT ELF.

KEXACT=0

TR TR S

AP,

T fen s PR RS Mes A et

AP o

e

Lo i
o L s T LER S N L

PP
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OO N

O

[ Ne]

OO0

CALL FZERODS (TLEFT.YRIGHT.TBDT'VTUP'TMESH:fOLQMPRINTo
$ EIGENINR E)
TH(NR F oECe O) GO TD 77

ORUFR EIGEN ANGLES ACCORDING Tu VALUE OF REAL PART,
IF (NR L oCQs L} GU TO o4
NREML = NR E=-}
CO o2 Jt=1l.NhEM]
JIPL = JE+]
i w2 JEJIPLINR F
1F (REAL(EIGEN(J)) LT, REAL(EIGEN(JE))) GO TO 62
TEMP = EIGENCGJ)
EIGENIJ) = EIGEN(JE)
LIGEN(JE) = TEMP
62 CONTINUE

63 CuhTINUE

64 CONTINUEL

FiiLbua FIGEN ENGLES AS F FUNCTION IS CHANGEDR FRUOM THAT USING
LAGRANGE INTERPULATION TO THAT USING EXACT
FULL-WAVE SOLUTION VALUES UF REFLECTION COEFFICIENTS.
IFCIEXACT +EQ. 0} CALL FINAL
IF(NR E .EQ. 0) GO TO 77

NISCAFD FIGEN=ANGLES whICrm AKE OUTSIDE CURRENT SMALL RECTANGLE.
J=0
Ciy TL JE=lyNR F
IF (REAL(EIGEN(JE)) oLTe TLEFT-2.0%TOL .OR,
¢ REAL(EIGEN(JED)) oGTs TRIGHT#2.,0%TOL) GO TO 71
J = J+l
EILEn{d} = EIGENIJE)
71 CONTINUE
Ne B o= )

STURAGE NF EIGEN ANSLES.
[F(Nn E JEGe O) GO TO 77
PO 7o JE=14NR E
Ne EL = AR EL+L

To ELISTINR EL) = EIGEN(JUE)

77 IB0X = I1ROX+¢l
If (180X +LEs NK BOXS) GU TO 20
AN E = NR EL
It (MK £ +tQe 0} 50 TO &5
Dfi 78 JE=14NR E

To BEIGEN(JE) = ELISTLUE)

CUMPUTE AND PUNCH NPUNCH GUTPUT AND PRINT TABLE.
IF (NPUNCH JNE. O) CALL NP QUT

PIIMT ANU FULMCH E1UEN ANGLES |F NEIGEN SET TO 1.

TE (MFIGEN JNE. ©) CALL Nt OUT
RETUKN
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35 PRINT 985
o5 FURMAT (*0','NJ MODES?)

L SRR B SR e

PR

R e

LTTURN

fad
-

PRINT 961
990 FURMAT ('UY,*SET NPUNCH UK NEIGEN')

9
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SUBRGUTINE SET RH
3 C FOR »§
§ € ROUTINE FOk SELECTING GIVEM POINTS IN THE LAGRANGEL INTERPOLATION
¥ AND FOR O SCELECTING THE REFERENCE HEIGNT.

[ W]
.

COMMUN/ZVPENT/MPRINT
COMMUN/ PARAM C/TMESH

; CUMMUN/HTS CUM/ZHTS(101)

- COMMUNZNR (F AS/NK A
CUMMUN/SINES C/TLEFT TRIGhT,,TBOT,TTOP
CUMMUN/THETA C/ THETA

CUMMGN/Z ICERY C/ IDERIV
COUMMGN/ TATEGR/R (4) o DRDC (4} -
i CUMMON/ZT COM/D

DIMENSICN PART(2)

COMPLEX THETA4R,DROC,

5 PARTS , k.
3 THETAG(20), 3
s FEGTU4920) 4R GLIVEN(492U) oR TEMP(4420)¢R 5AVEL4,20) £

EGUIVALENCE (FART(1},PAKTS)
DATA HT INC/1.0/ ‘
DATA HMARGN/204 0/

:

C SELFCT VALLES OF THETA AT whiCH FULL=-WAVE SOLUTIONS sabk TO BE e

C. CARRIED 0OUT FGR USE IN LAGRANGE INTEKPILATION. g

) JLT = TLEFT/TMESH~1.2 “

JkT = TRIGHT/TMESH+2.0 . £
JEGT = TBOT/TMESH=2.0 1
JTOP = TTOP/TMESH ki
JTUuP = JTICF+1 . -

C i
PART(Ll) = (JRT+]1)%XTMESH i
PART(2) = (JTOP+L)*TMLSH £
THETAG(1) = PARTS b
PART(L) = (JLT=1)%TMESH g
PART(2) = (JTOP&1)%RTMFSH
THETAG(Z) = PARTS -2
PLRT{L) = (JRT+])*TMESH ®
PART(2) = (J30OT=1)*TMESH g
THETAGU2) = PARTS &
PLRT({L1) = (JLT=1)*TMESH ¥
PART(2) = (JBUT=1)%TMESH o
THETAG(4) = PARTS .
NG = 4 53
CALL INIT Lo (THETAG,NG) i%
NGS = NG#8 : -

C 53

C SCLECT THE FEIGHT (T( NFAREST WHOLE KILOMETER) AT wHICH

C THE MINIMUM OCCURS IN ' .

C THF SQUARF OF THE MAGNITUDE UF THE DLRIVATIVE OF

C (R¥1suUl/C WRT C=CUSITHETA)y SUMMEU OVEK ALL FOUR

c ELEMENTS OF R=REFLECTION MATRIX ANL SUMMED OVER ALL
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POINTS AT WHICH FULL-WAVE SOLUTIONS ARE CARRIED OuT

Ayt e e LS v e P
it Ao TR AR o s Frnami it M v i S o 2

THETA = THETAG(JG)
. CALL LAG DER '
DO L3 I=le4
13 Gt = GB+CABS(UDRDC(I)) %%
GR MIN = GR
IF (MPRIAT oNEe O) PRINT 9Y1Z2sHTS(NF A),GB
HTFRST = HISINR A)
lé HTLAST = HTFRST+HT INC
CALL IMNIT FS (HTS(NR A) yHTLAST)
GBR = 0.0
GG 15 JG=1,4NG
THETA = THETAG(JG)
CALL XFER (RHOT(L4JG)eRyB)
CALL FS INTG
15 CALL XFER (RoR GIVEN(1,JG)48)
CALL SET LAG (NGyR GIVEN)
- NC Le Je=l,LIMIT
Ty THETA = THETAG(JG)
CALL LAG DER
DU L6 I=1,4
. 16 Gb = GP4CABS(DRDC () ) %%,
IF (MPRINT oNte O) PRINT YL24HTLAST GB
G1le FORMAT (' 940 AT HT = 1 ,FTe241X9'0B = ', 1PE9,.2)
IF (G5B «CT. GB MIN) 30 TO 17

B VN Y VR ‘
B A A A R b R Y

; c
' c FOK USE IN LAGRANGE INTERPULATICON. LERIVATIVES UF THE
; c FULL=WAVE SFLUTIONS ARE NOT COMPUTED. RATHER,
, < PERIVATIVES (F THF LAGRANGE INTERPGLATIUN FORMULA
. c APLC USED. NUTE THAT THE FULL-WAVE SCLUTIONS ARE
: c CARRIED OQUT TU Tdt 8OTTOM OF THE PROFILE AFTER whiCH
3 c THE FULL=-WAVE SOLUTION IS CAKRIED QUT IN AN UPWARD :
C CIKECTION THROUTH FRLE SPACE OVER A (URVeD EARTH TO £
c HETGATS AT UNE WILOMETER INTERVALS., THE HEISHT AT i
¢ WHICH THE SAINIMUM OCCUKS IS PRINTED GUT aS THE :
c 'REFLECTION HY' AND [S THEREAFTER USED AS THE b
) 1 c FEFERENCE HEIGHT AT WHICH THF F FUNCTION IS COMPUTED. 3
: ¥ IF (MPFINT JNE. O} PRINT 911 [
3 b JLL FORMAT (L', INTEGRATIOUN 1O DETERMINE REFLECTIUN HT==t) 3
g ; 1DERIY = 0 p
« 5 RHTEMP = S,9E9 2
£ Rt SAVE = G9,9E¢ 4
i LIMIT = NG E
- DO 12 JG=14N3 b
THETA = THLTAG(JG) :
CALL INTEG %
g l¢ CALL XFERK [RyR GIVEN(1+JG)8) 3
£ ¢ 3
: CALL XEEk (R GIVEN,RBOT NGB) :
§ CALL XFEF (R GIVEN,R TEMP,NGB)
£ CALL XFER (K GIVEN,® SAVL,NG3)
| T CALL SFT LAS (NGyR GIVEN)
i DO 13 JG=1,LIMIT
:
£
g




e N e me S T O Tt
T VR Y TR, - Ny TR TR TR, ey

e et e e we s em s - [ —

. o
wgamﬂxaaihammﬂ

xiHisrs.

RHTEMP = HILAST
(B MIN = GB
CaLL XFER (R GIVEN,R TEMP,NGS)
Gu TG 18 ,
17 KHSAVE = RHTEMP .
CALL XFER (R TEMP,R SAVE.Ah0u8)
18 HTFRST = HTLASY :
o = IF (HTFRST +LT, (HTS{L1)+ mMARGN) ) GO TO 14
' IF(RHSAVE 5T+ G.0FY9) GL TN 90
D = KHSAVE
CALL XFER (R SAVE,)R GIVENNGS)
CALL SET LAG (NGyR GIVEN)

e e B b e

%
e

cir¥e

N

Pt

T,

e e #
SR AR

L33 L,

PRINT Gl3sCyTLEFT,TRIGHT
913 FORMAT (*0'*REFLECTION HT SET TO'sFle2e1XytKM?,
$ 55X, THETA RANGE = *yFdo3y' TO 'yF843)

IF (MPRINT Qs 3) GO TG 39
PKINT 631 .
931 FORMAT ('0'y*REFLECTION CUEFFICIENTS AT THE GIVEN POINTS==t)
DO 32 JG=1,4NG
32 PEINT 932, THETAG(JG)y(K GIVEN(I,J6)s1=1,4)
932 FURMAT {(tO0 AT THETA = $,2F9.395X9 'R = '44{2X¢2F9+.5))
39 CONTINUE :
RETURN * g

B R I e e

sty s

\

et

<y

30 PRINT 900 TLEFT,TRIGHT
900 FORMAT(?CY,'REFLECTIUN HT CANNOT BF SET FOR THETA RANwE = !, ¢ i
$FBe3yt TC V,FB.2) ¥
STOP

END
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SURRUUTINE PRFL IN

o
i

G s
O T

C FOR MY . -
C THIS &K0UTINE FROVIBES FOR INPUT UF ELECTRON DENSITY AnD COLLISIUN 2
o FREQUENCY PRUFILE CARDS AND FOR LIMITING TnE EATENT .
" C GF THE TOP AND BQTTOM OF THE ELFCTRUN DENSITY PROFILE. 3
¢ INPUT OF ION PRCFILES IS ALSO PROVIDED FJIR. FURTHER p
c CESCRIPTION UF THF [NPUT IS GIVEN IN A DNA REPURT, |
c k.
COMMUN/RTLOGN/NR NUZHTS NULS0),ALCNUL50,3) g
CLAMUN/RPR T/ BPRINT ¥
COMMDN/ZCLY OF/ TCUT,CUTOFF i
CUMMGNZELL CUM/ZAZIM,CODIP,MAG FLE: |
COMMON/FRQ CUM/ FREQ g
COMMGN/AR OF AS/NR A &
COMMON/FIS CUM/ZRTS(101) K
CUMMUN/ ALNGN C/ALOGEN(LO1,3) 4
CUOMMUN/GhP CUM/BETA PR IME 9 SCLHTSyENMIN ¥
CUMAMUNZE XPRU C/COEFNUC3 )y EAPNUL3) &
CUMATN/ZICN CUM/IONS yMRATIO(3) E
CUMMON/ZEN COLL/ZHT»ENL3) 4CNUL3) b
CUMMON/WR COM/OMEGAR, TEMPOB E
COMMON/HF/HUF WR 2
COMMUN/TCPEN C/TOPEN 4
CCMMUN/JAY COM/JAY E
REAL MAGFLDyMRATIO k-
DIMENSTCN IBCD(20) ¢ ENS(3), &
2ITITLFL20) 9SAVHT(101) 9SAVENI10143) g

c

INTEGER BPRINT
c
Carw kb kAR R A RKRRRAR AR RN R RN KRR AR R SRR R KRR R R R AR RF Rk T gD

c
€ INPUT UOF AN ELECTRON DENSITY PROFILE, IONS OPTIONAL.

c

*EAD 901,IBCD
PEINT 902,18C0
NO 113 k =1,20

115 ITITLE(K)I=1IBCODLK)
J =1 '

LL READ 04 MTHENS(L1),ENS(2)

904 FURMAT (FT4245X9E9e2yEL10.2)

IF (HT LT, 0.0) GO TO 15

HIS(J) = HT
TF{J oNEe 1 oANCoe HTS(J) LGEs HTS(J=1)) STOP

ENSE3) = ENS(2)-ENS(1)
NTUT=J
SAVHY { J)=HT
SAVEN(J 9 1) =ENS(L)
SAVENT{J 9 2)=ENS(2)
SEVEN{Jy3)=ENS{ 3}
PRINY G1E&sHTHENS(L)ENSL2) ‘
9le PORMAT(? Yoyl 7alsoXo lPEY.23ELDe29E10.2)
NGO 13 K=le5

P
3
£
s
e
3
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5 ;
by
IF (ENSUK) oLTe L.0F=10) ENS(K) = 1.0€~10
13 ALOGENGJ4K) = ALGGUENS(K)) p
N A = J é
J = J+l b
Gu TO 11 .
15 PKINT 9CosHT
. KETURN
% ¢
' Chthdthnpkk ik d g dkpddok kb pnkh AR ek ek ki h kb kR kR kARt A kkR kg g’
c
\ FNTRY REFEAT
X i ¢ .
3 c THIS SECTIGN 1S USED WHEN THE ORIGINAL UNMODIFIED PROFILE
4 c IS T* BF USED IN THE CALCULATIONS
c
NR A=NTCT
OO 154 K = 1,3 3
D 134 KJ=1,NTOT ' ) E
HTS(KJ) = SAVHT(KJ) =
TF{SAVEN{KRJyK) oLTe LeUE=-10) SAVEN(KJ9K) = 1.0E=10
134 ALUGEN(KJyKIZALOG{SAVEN{KJIIR)) E
RETURN :
C E
CorkphkpRb kb h kR kg kAR AR RR R AR KRR R KRR XA R R KRRk kkk k% s
c i
ENTRY CFLF IN k
c :
C INPUT UF CCLLISION FREQUENCY PRUFILE CAKRDS ¢
c 3
J =1 :
21 READ 9UL+LI3COIL) 4yL=1420) . £
PRINT 902, {1BLDAL)sL=1,20) 3
CALL CONRE (IBCI,80) :
FEAL (6%4905) HT,CNU :
905 FURMAT (FT.2¢4A93(1X9E9e2) ) K
IF (KT oLT. 0.0} GO TO 25 %
HTS NULJ) = HT
N0 2 K=leas
IFCCNUCK) oLTe LeOE-10) CNJIK) = L O0E-1D
22 ALCNU(J9K) = ALCG(CNULK)?
J = J+l
Gu TO 21
23 M NU=J-1
RETUKN
o
o
C ok godosk ot o oo ook o o ok sl skt ot st o ot o ok e ool e b o ol ol ol ok ol sl ol e ol ok ool e ok ke sl ok K Rk sk ko ok ok ook *
C
ENTRY SET EN -
r L
C USE CF VARICUS NAMELIST PARAMETEKS TO SET UP A GESCRIPTION OF AN
d FXPONENTIAL ELECTRUN DENSITY PRCFILF IN TERMS UF
C VALUES AT THE TOUP AND BUTTUM QF THE PROFILE.

154
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EN

HIStUL) = AINTIHPRIME+SCLHTS/BETA®0,5)

FNAS T.859358=-5%COERPNUL L)*EXPILEXPNULL)eRETAI®HTSI L) ~BETARHPRIME)

AtLGENCL,L) = ALNGLENA)

HIS e} = (ALUGUENMIN/(T.85555-5%*COEFNUGL) ) )+BETASHPR IME)/

$ (EXPNU(L) ¢BETA)

IF{RTS(z) +GTs Q.0) GO YO 501

HT‘;‘Z) = Ja.0 .

tANOT 1406559356 =9%COEFNUL L) *EXPI~-BETA*HPR IME)

AMLUOGENGZyL) = ALOGLENO)

L T0 502
501 ALUGENCZ,1) = ALOG{ENMIN)
502 Nk A = 2
GoL FGRMAT (0 0, FT.249X41PEG,2)

=====COMPUTED PROFILE PARAMFTERS==ww-

T ea

P24, 42821 6530700 3%FREG
Pily=z= ], 75879001 1/POWKMAGFLD
PRINT 213
el3 FORMAT(/Y COMPUTED PROFILE PARAMETERS:Y/
$ T o HY sTUIS ) O'NE " s T2T s INUY 4T39 9P Aty TSLy P Y s T3 9%2 9175, 0RY)
06 25 L=1,2 <.
PONUSCOEFNU(L)* EXPUEXPNULLI®HTSIL))
PONE=T7.85535D=05%PONU* EXP(BETA*{HTSIL)=HPRIME)})
PCWwR23.182557D09«PONE/PONU
POX =3.18235700%%PUNE/ (PUKSPON)
PUZ=PONU/POW
25 - PRINY 214, HTS(L)y PUNEs PUNU, PCXy POY, PUOZ, PUMR
214 FORMAT(FT.191P6EL2.3)

C
c DETERMINATION OF HEIGHT WHERE OMEGA=R EQUALS 2.5L05
HOF Wk sHPP ] ME -
PRINT 952,HOFWR
952 FURMATIYCY 95Xy *OMEGA=R = 2,.9EQ05 AT TOP HEIGHT = $%,FT.2)
¢

RETURN

€ %ok 3l deoj. o e ok ok okoie akalofe ool Aok ok o el ok ok ok ok kR ke Kok ok ek sk ok kol R Rk R Rk ok ok kX ok kakok ko
c

c
c
C
c
c
c
c
c
C
C
c
c

EnT®Y CUT TOP

USE CF TEMPC~B AND TOPEN 10 LIMIT THt EXTENT OF THE TUP OF AN
ELECTRON DENSITY PROFILE WHICH HAS BEEN INPUT FRUM
PROFILE CARDS, APPLICABLE ALSO TQO THE ION PROFILES
IF [UNS ARE AN INPUT.

In THIS SECTION UF THE PRUGRAM THE TOP OF TRHE PROFILE IS DETERMINE
Tt NUTATION USED IS THAT WAITS (*OMEGA~R*) [S DENOTED BY 'hR*Y.

PAGES 11 AND 12 1S WENUTED AS 'BCUT!
AND IS INPUT IN TO THIS PROGRAM AS THE NAMELIST VARIABLE 'TEMPOB!

THE VALUF OF Y98¢? AS GESCRIBED IN GeE. TEMPO HEPORT 75=TMP=9,V.7,

. 4



T AT e R R g PR

TG DETERMINE THE VALUE OF'BCUT® TO BE USED
AND 1C GUT OFF THE TUP OF THE PROFILE
UMEGA 26+ 26 L 19E3#FRFQ
PLASCN=3.18235TEY .
DO 580 JREV=1,Nk A
JaN? A=JREV+]
HT=HTS{J)
JAY=y
1F(J «ECe AR A) JAY = NR A=l
CALL EN AU
OMIVNU=1Co O*®UMEGA/CNUL L)
- BCUT= 2, S*UMUVNU
- IF(BCUT LT, TEMPOB) RCUT = TEMPUB
LE{PLASUAREN{ L) *CNU(L1) )/ {UMEGA® (UMEGA®*24CNUL L) *%2) )
1F(IUNS oNE, 0) B=@e e
& (PLASCN®EN(2)#CNU(2) 1/ (UMEGA® (OMEGA®*2+CNU(2) %o ) *MRATIU{2))
£ +{PLASCNREN{3)XCNU(3) )/ (LMEGA® LOME GA®%22CNU( 3) *22) *sMRATIOL 3) )
113 oGT. BCUT JAND. Fn(Ll) o5Te TUPEN) 530 TO 5S¢4
530 NEQT=8
Wr=PLASCN=EN(L) /CNU(L)
IFCICNS oNFo 0) wR=WR+
$ PLASCN*EN(2)/(CNU(2)*MRATIO(2))
$ +PLASCA*EN(3)/ (CNU(3)®MRATIO(3))
PRINT 608
008 FURMATU'GY y 'wAKNING==THE TUP UF THF PROFILF CAN Nul BE CuT OFF. ’
$ ' THE TGP OF THE PROFILE MAY BE TO LOW.! )
PRINT 61CsBynR «
610 FERMAT(ICY ! TEMPO-# AT TOP = *,1PELL.3,5X, *WAITS OMEGA-R AT ¢,
$'TUP = V,1PELL.3)
GL T 9uC .

U ol o bk

O

T I T ¢ w5

o Nu¥el

At RE THE VALUE OF ~-=fle-sw AT THIS HEIGHT IS GREATER THAN TEMPO~-
581 IF(J «NE. NR A) GO TO 583

[F TrE nEIGHT IS THE BUTTUM OF THE PRUFILE

PRINT 603,8,TEMPOB

603 FIRMAT('J',*THE TOP OF THE PKROFILE CAN NUT BE SET. 'y/2X»
$'AT THE BOTTOM OF THE PROFILEy B = %3 1PE1343,%y WHICH?, '
$ ' IS GTEATER THAN THE VALUE OF TEMPU=B( = Y,1Pt1ls5e3¢% et/ :
$5My 'CHECK THE INPUT VALUES OF ==TEMFPOB «=ANN==TLPEN==,' 4 / )
¢ 5Xs'ALSO CHECK THE VALUES OF THt ELECTRON AND ION OENSITIES ¢,
$ ‘AT ThE ROTTOM QOF THE PKOFILE.',//

e Ne]

i
1
i
3
j&
iz
.
SEE
be i3
¥
:
3
2
;
wAs
:
i3 &3
32
g2
P
T
“Er
w-.{
i
&
:fi

}ﬁ;
iz
2
=
£
3
=
il
3

$ 30K, P#22PROGRAN EXECUTIUN STUPS*x%%1)
C
SToP illl
C
¢ .
c * A INTERPOLATIUN %%k
C

03 BTOP = R
HTITOP=HTIS(J)




N L s
> ST

c
C
¢
c
o
C
~C
C

HTROT =HTS{J+1)
54 HI=tHTYUF+HTBOT /2.0
CALL EN AU
B L ASCNREN( L) *CRUCLI I ZLUMEGAR (OMEOARRZ4CNUL L) %%y )
THETUNS oEC. 0) B2=0,0
UHL»NS tNEo Q’ 6&' N
¥ (pLﬂSCh*FN(Z)*CNU(Z"/(OHEGA*(OHEGA**Z*CNUiZ!**23*HRATiﬁl2)3
$ tUPLASCNREN(3)*CNULZ) )7 (CMEGAE{OMNEGAR S 2¢CNUL 3) %5, ) *MRATIOL 3) )
H=ieB 2
L HT TOP=HTRUT JLT. 0.10) 30 TO b6 o oo
THIR oGTe ECUT JAND, EN(L1) oGT. TUPEN) GO TO 5%
ilY =8 ) ’
HIROT = 7
GU T0 04
565 BRTUP=B
HITOP=HT
GL TC o4
Suu WRsPLASCN®*EN(L)/CNULL)
FECIGNS JNE. O) aR=wR4
3 PLASCN*EN(Z)/(CNU(ZI*MRATIOZ))
$ +PLASCN2EN(3)/ (CNUL3)*MRATION3))
PRINT 60C -
600 FORIATI'CY ' THE TOP OF THE PROFILE IS SET T0 Bi=-?)
IFCTUNS JEC. O) PRINT G00HTHEN{L) s
926 FURMAT {0 " yFTeleOX s lPEYecyIPEG Ly 1PEYL2) )
IFUIONS oNEo O) PRINT 906eHTHEN{L)yEN{2),ENE3)
PEINT 614,8CUToWR,
ble FORMAT('C,¢ AT THE TOP GLF THE PROFILE 8 = ¢, 1FELlle3,
$ Y OMEGA=R = ', 1PELl,3)
HTIS({1) = HT
PLOSENGL,L) = ALOGUREN(L))
IF{IGNS JEQ. 0) GO TO o7
ALGGENGL,2) = ALUG(ENTZ))
ALPSENTILe3) = ALOGLENL3))
ol CUNTINUE
IF{J +EC. 1) GO TO 900

JN=1
JPL = J+l
DU Gz JJ = JPLyNR A
JN=JN+1
HIS(JN) = HTS(JJ)
DN 6t K = 143
08 ALUGHNLJANeK) = ALOGEN{JJyK) . ) .
Nk A = JN ‘

900 CONTINUE

R K R R A0 4 R R ARk R R R RN KRR KRR A R

=#:BOTTOM CUT OFF*%

THIS SECTION CUTS OFF THE BOTTOM OF THE PROFILEt.
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f. It ( Nk%x2 = 1=A=JB), THAM THUSE PROFILE DENSITIES wHICH CJMPUTE
¢ T3 #R® LFSS IHEN “CUTOFF'" ARE NEGLECTED
C
C It TrE PRUFILE BOTTAY 1S 10 Ot CUTUFF THEM "ICLT= M,
C I[F 0T ThHEN ICUT=0
TECICUY oLT. 1) GO T 70
C

{00 va 0 JRFV = 14Nk A
J=NR A=JRFV+{
HI=HTS(J)

JAY=d
[FLJAY JEWQes NR £) JAY =NK A=)
CALL EN NU

Bl=(PLASCNSEN(1)*CNULL)} }/ (OUMEGA®(OMEGA*X2+ NU( L) *%c})
IH{ ICONS +EQ. 0) 82=0.0
IFCIONS «NEe 0) B2 =

$  (DLASCN®EN(2) *CNU(2) )/ {UMESAR*(OMEGA*#2¢CNU(2) %%} *MRATIO( <))

P

g=pleB2
1F{P .GT. CUTOFF) 30 TO 6300
BROT=3
53 CONTINUE
oL INT 6030
0030 FLPMAT('Q',! ThHE PROFILE BOTYTOM CAN NOT GE CUT OFF. ',/

$ ' ALL B-VALUES (AS A FUNCTION UF HEIGHT) ARE LESS THAN CUTCFF.*,/
bt THIS IMPLIES THAT THE PROFILE IS VERY CLOSE TO rREE SPACE.'//
b

30X C YxrePROGRAN EXECUTION STOPS*%%t)
C
STOP 242
c
63J0 IF({J «NE. NR A) G50 TO 0301
PRINT TU4 CUTOFF)HTSINK A} 48

104 FORMAT(ICYy' THE BUTTOM CF THE PROUFILE CAN NOT BRE CuT OFF!,

#1 USING CUTOFF = *yE13.39*% AT HELGHT = '4F10.3,/
$ ' BECAUSE THE VALUE OF B AT THE BOTTOM OF TAdE PROFILE?®,
$'y AHERE R = ', 1PEL3.3,'y 1S LARGER THAN CUTCFF4'/)

(e PRINT oEQe O) GO TU 411l

PHINT 411£48l4B2y8B

4112 FORMAT(Y THE VALUES ARE b-tLECTRONS = ' 1PFll.as' 8-I0NS =

% 1PFLl1l.49' 8-TCTAL = ',1PELL.4/)
41itl CUNTINUE
GG TO 702

Wk X IMTCRPOLATIONXX*

OO0

€3)1 BT(P=73
HIToP=HTSIY)
HIRST =HTS(J+1)

Jod HT={(HTTCP+HTBOT )/ 2.0
CALL &N MU
Br={PLASCNSEN(LI*CNUIL) )/ (ONFGAX(OMFCAS®2+CNU(L ) *x%S})
IFUIUNS obkUe 0) 322040
TF{TUNS oNE. 0) 82 =

 C{PLASCA®EN(R)ACNU(3) 3/ (UMEGAX(OMEGAR%24CNU(3) %% 2} *MRATIG( 3) }

L
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$  (PLASUNREN(2)*CNUC2) 3 7 (UMEGAR{OME GAR®24CNU(2) %%2 ) sMRATIO(2))
3 ¢(PLASCA®EN(I)RCNUL3) ) 7{OMEGA® (OUMEGA*®*2+CNU( 3) %2 ) *MRATIO( 3) )
BERie N
PRI TU0 =HTBLT oLTe Jet0Q) 3L TY 306
IF{8 LY. CUTUFF) GG TU 305
RBUT =h
HTROT = ¢1
. GO 10 304
3ed BTUPT R
HTTUP =T
GO T 344
oo CONTINUE
Al=EN(])
IFCIUNS 4G 0) GO TD coul ;
A2= ENL2)
A3= EN(3)
GL TU sbbLeé
Lol 2 = u.0
A3 = 0,8
6062 CONTINUE
PRINT T034HT,CUTUFF
703 FORMAT(0! ,*THE BOTTOM PROFILE HEIGHT IS = ',Fi10.3,
$' AT B(CLYCFF) = ¢,€12,3,//) :
IF(BPRINT .EQde 0) GO TC 4113 ;
PRINT Q41l1l40ALyAZeA3 43148243

4lle FURMAT(? ¢,
3 ' THL ELECTROM,PUSITIVE I1ON AND NEGATIVE IJN DENSITIES®,

*t ARE EQUAL TQ /7 L1Xy1PELO.393A91PELQ.3e3Xy1PELUL3y//
¥LXy *B-ELECTRINS = *4IPtile4y? 3~IONS = ¥,lPELlleoy* B=-TOTAL = 1,
*1PELll 44/)
4113 CONTINUE
NR A = J+l]
HTSINR A) = HT
ALOGGENINS Ayl) = ALCS{EN(L))
IFCTONS oJtGe 00 GU T 667
ALOGEN(NR Ay2) = ALOGLEN(Z))
‘ ALOGEN{NR Ay3) = ALOG(ENL3))
667 CUNTINUE

C
702 CONTINUE
C
c
PRINT 913
515 FORMAT( 1)
C

% e ook o e o ok o ook s ok o ko ook K ol SRl et ok R o o oK ok o ke o e ok Kok ok ok K.k kR ok 3ok iR kR ko ok

THIS SFCTION IS USEDR Tu DETERMINE THE PROFILE MEIGYS wrERE
THE VALUE OF OMEGA-R EQUALS 2.,5E05
THE VARABLE 'wR' IS US:=D AS WALT'S UMEGA-FP

DTN

DO 750 JREV=1yNR A
J=NR A=JREV+]
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Hn e m e maeae T el S~ e a e wr e s e e [EEp—,

= E

= HT=HTS(J) ’

= JAY=zJ , I

= 1F(J «FCe NE A} JAY = NR A=} $

= CALL EN AU ‘

3 wie=PLASCA®EN({ L) /CNULL) . -

% IF{ TUNS oNEs 0O) wR=WR+ é

1 4 PLASCN®EN(2)/(CNU(2)*MRATIO(2)) 5

< $ +PLASCNBREN(3)/ (CNU(SI*MRATION3)) E

= IF(nk +GTs UMEGAK) GN TC 7ol ‘ 3

' BRHT=A %

- 750 CONTINUE : .

- HUF AP =HTS( 1) i

§ FRINT 3608 ,HUFWK g

- 36085 FLRMATIICY ) 5X e WARNING THe TUP OF THE PROFILE IS TO LOW?®, .

S xt FOR OMEGA=-R TC BE EQUAL T <.5E05.%9/5X+*THE VALUE OF, 4

1 %1 TOP -HEIGHT [S THERFEFORE TAKEN AS THF HEIGHT AT THE TUP OF *, i

g, # VTHE PRCFILEY,//10Xy'TUP HEIGHT = %,F7.2) -

- 5L T9 9¢C0 E

c p

Tol IF(J oNEs NK A) GO TO 7o : L

HCFWR=HTSINR A) g

PLINT 3603 HOFWK g

36035 FORMAT(YCYy5X,y* THE VALUE OF THE COMPUTED --UMEGLA=-k== == AT THE ', 3

$ 'EOTTOM OF THE PROFILE ~<HOFWR = $,F7,29"% == #,/5X%X,*1S ¢, :

#4GREATFR THAN THE INPUT LIMIT OF ==OMEGA=R==') %

GL TD 9CCO 3

¢ :

C S i

c R INTERPOLATI ON*** d

- ¢

= 745 B8T0OP=3 " K
3 HTTOF =HTS(J) ' '

1 HTIROT=HT1StJ+1)

764 RI={HTTCR+HTBCT)/ 2.0
CALL EN AU
AR=PLASCNXEN(L) /CNU(L)
TF(IUNS oNFo D) wR=WR4
$ PLASCN®EN(Z)/(CNU(2)%MRATIOZ))
$ ¢PLASCAXEN(3)/ (CNU(3)*NRATIN(3))
IF(HTTOP=HTBOT JLT,s 0.10) GU TO 760
IF(WR .GTe OMEGAR) GO TO 765

. S . .
‘Mfimn%y&\sium%?mmmnﬂ“«éiﬂqﬁam‘:mﬁﬁ S R £ A e

: BEOT=8

: HTBOT =HT

4 G T3 Tc4

4 765 BTOP=b

- HTTOP=HT

: GU TO 764

. 760 HOFWF =HT

’ PRINT 3000 )HOFWR ‘
: 3630 FCRMAT('C?y5n, " OMEGA=R EGUALS 245805 AT TOP HEIGAT = #4F7,2)
: 9300 CONTINUE

. QF TURN

j c
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SUBROUT INE FINAL

FOR M§

SOUTINE FCR FLLLOWING THE &lGFN=-ANGLES AS THE F FUNCTLUN IS CHANGED
FrOM THAT USING LASRANGE INTERPOLATIUN TJd THAT USING

9

19

901

i

12
932

104

LR

EXACT FULL-WAVE SNLUTION VALUES OF REFLLCTION
COFFFICIENTS,

CUMMUN/KEXALT €/ KEXACT
CUMMOUN/ZTHETA C/THETA
CUMMUN/ SEP (COIM/SEP
COMMUN/ZTCL COM/TOL
CUMMGN/ZELG COM/ZEIGENILJO) oNic E
CUMMIL NZMPRN{/MPRINT
CGMMON/Z ICERY C/ IDERIV
DIMEF SICN FRACTS(32)
CCMPL EX

THETA,

SAVE T

EIGEN,

F«IFDTLDELT,

FLyGAINT
DATA MAX NR/O/

If (MPRINT WLNEs 0) PRINT 900
FURMAT (*1',*ITERATIONS FCR EXACT SCLUTION®)
IDERIV = 1

PC 19 JE=1l,Nk E

FRACTS{L) = ua0

FRACTS(2) = 1.0

Nr STPS = 2

NS = 2

1F (MPRINT oNEo 0) PRINT 931.dE
FCRMAT (' *y18) ’

TRETE = FIGEN(JE)

SAVE T THETA

NCUUNT 0

FE FRCT = FRACTSINS)

F1 FRCT = 1.0-FE FRCT

IF (MPRINT JNFE, J) PRINT S902,THETA
FURMAT (' ', 10Xy*THETA =?,2F9.4)
KEXACT=1

CALL F UFDT (THETA,LF,DFOT)

L (MPRINT oNEs 0) PRINT LO4,F,OFDT
FURMAT (¥ $,00A,FEXACT F =%,2E11.3,3X,2E11.3)
IF (NS EGQe NR STPS) GO 7O 14

# "

KEXAC T=0

CALL F DFCT (THETAZFL,ub 10T)

IF (MPRINT oNEs O) PRINT LO39F1,OFIOT

EORMAT (' ?,00X'APPRX F =?,2E11le393Xy2E1143)
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F = F} FRCY®FLI#FE FROTxF
DFOT = ¢1 FROUT*OFIDTHFE FRCOTXDFDT
IF {(MPRINT oNEa 93 BRINT LQbF,DFDT .
106 FudMAT [t Y,00X'COMAN F =1,2011e393X92E1Le3)
‘ 14 DELT = ~F/DFOT
; THETA = THETA#DELT
iy ) NCUUNT = NCOUNT+1
11 (CABS{NELY) GT. SEP AAND, NCOUNT LGE. 2) GO TO 20
* It (CABSIDELT) oLTe De3%TGL) GO TG 16
16 (NS <AF. NR STPS .ANDe CABS(DELT) .LT. SEP) GO TO le6
6G TO L2

R it

20 I+ (MPRINT NE. 0) PRINT 906
93¢ FORMAT (909,'RESET?)
IF (NR STPS JGE. MAX NR) Gu TO 17
THETA = SAVE T
DU 22 NKEVENS,NR STPS
N = NR STPS-NREVNS
22 FRACTSUi#1) = FRACTS(N)
E FRACTSINS) = (FRACTSINS=1)+FRACTS(NS+11)/2.0
1 NR STPS = NR STPS+l
] 6O TO 11

16 IF (MPRINT JNE. 0) PRINT 907
907 FORMAT ('0*)
NS = NS+1¢
IF (S oLEs NR STPS) GC TO 11
* EIGEN(JE} = THETA
IF (MPRINT LNE. ) PRINT 902,THETA
G0 70 19
. 17 PRINT J0G,THETA
109 FORMAT (10¢,¢ INVALIC MODE AT*,2F9.4y *TRY SMALLER RECTANGLE AROUND
$ THIS AKEA WITH APPRGPRIATE RANGER AND RANGEI VALUES AND ',
$ 'RE~-FXECUTE")
MR E = NR E-l
[F{NR E .EQs O) GO TO 33
DC 18 JJ=JEWNR E
18 EIGEN(JJ) = EIGENIJI+])
GO TO 10 '
19 CONTINUE

1+ (NR E JLE, 1) GO TO 33
ISTOP = 0
NKEML = AR E~1
D0 32 J=LlsNREM]
JP1 = J+1
- ) DG 3¢ JJ=JPLINR E
I (CABSALEIGEN(JI)~EIGEN{JJ)) +0Te TOL) GU TO 3¢
PRINT 905,Jsdd
. 905 EGRMAT ('O, PETGENS NRY,I13,1Xe 'AND®413,1Xy"ARE TO 3E RESOLVED®,/
* TRY SMALLER RECTANGLE ARQUND
5 THIS AKEA WITH APPROPRIATE RANGER AND RANGE VALUES AND RE~EXECUTE

$t)
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PEINT 302+BIGEN(J)y EIGEN(JJ)

302 FORMAT (Y00, PEIGEN ANGLES A1 1,2F9¢%491 Xy 'AND®y2FYe9eiXotARE TO BE R

$ESCLVEDY)
1STOP = |
32 CONTINUE
IF (IST3F JNEs C) STCP
33 RETURN
C ‘
90 PRINY 99C

990 FORMAT ('0!',*PRUALEMS IN SUBROUTINE FINAL')

sToP
END
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SUBROUTINE NE OUT

C FOR M§
€ ROUTINE PROVILCING FOR PUNCHED OQUTPUT OF ETGEN ANGLES

C

CUMMON/EIG COM/EIGEN(LOO) NR E
COMMUN/HTS CUM/ZHTSLLOL)
COMMON/NR OF AS/NR A
COMMON/H CCM/H
COMMON/FRQ COM/FREQ
CUMPLEX EIGEN,

THETA,

§19580
DATA P1/3.14159%/
DATA RYTD/57.29578/7
DATA VEL LT/2.997928E5/
DATA RE/6369.427/

WAVE NR = 2,0%P]%FREQ*1U00.0/VEL LT
ACOEF = -8,6859%*nHAVE NR*1000.0
CAP K = ]4C/11+0=-H/RE)

PUNCH 9T71,HTS(NR A)

FORMAT (1X9'D = "9FT7e24%")
PRINT 972yHTSINR A}

FORMAT (*0%1Xo'D = '4FT7e2¢%+*)
PUNCH 975

FORMAT (LX,'EIGEN = *)

PRINT 976

FORMAT (® 31Xy 'EIGEN = 420X, 'ATTEN
DO 77 JE=14NR E

THETA = EIGEN(JE)

PUNCH 977,THETA

FORMAT (1X92(FB8.39%9%})

S = CSIN(THETA/RTD)

SO = SxCAP K

ATTEN = ACOEF*AIMAG(SO)

VOVERC = 1.0/REAL{SO)

PRINT 97697HETA,ATTENvVOVERC
CONTINUE

FURMAT (* 31X92(FBe39'9")¢FL5.34F9.5)

THETA = 0.0
PUNCH 977,THETA
PRINT 978, THETA

. RETURN

END
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C FOR MS

z C ROUTINE FCR CUMPUTING AND PRINTING TABLE ANC PUNCHED CARD .OUTPUT 2
: c LSSUCTATED wiTh NPUNCH OPTION. FURTHER JEMCAIPTIUN §
. c LF OUTPUT IS GLIVEN IN A DNA REPORT, A
: c . ﬁ
: COMMUN/ IC COM/1CENT(20) g
CUMMON/MPRMT/MPRINT :

COMMON/NPNCH C/NPUNCH ~

i CUMMGN/CRD PRT/CARDPT k
. COMMGEN/GRD PNC/CARDPN i
: COMMGN/ RO CUM/RHO, wALT KH i
- CUMMON/FLD COM/AZIM,COGIPyMAGFLD :
4 COMMGN/GAD CCM/EPSR ,STGMA 3
3 CGMMON/ FRQ COM/ FREQ ;
3 CIMMON/H CCM/H )
E COMMOIN/ WK/ WAVE NK 3
y C OMMON/ HF/HOF WR 2
N CUMMUN/THETA C/THETA i
; COMMON/ETG COM/EIGEN(1UOD4NR E 3
E . CUMMON/Z INTEGR/X1L 9X2L 9 X129X22 g
S COMMON/EB CCM/NUMLL \NUM2Z,DENLL9DEN22 . %
COMMUN/FLFZ C/FLyF2HGy FL1eTyFLZRyF22ToF2ZR4GFIZT p

COMPLEX 3

$ THETA & IGEN, 3

s XLLoX219X129X22 %

$ NUMLL yNUM22y UENLL)DENZ2, p

s FLoF2oHG FLZT W FLIRyF2LTyF2LR4GFLLT, <3

$ Cy 4

'3 RLLyRZL4R124R22) 3

s RBARL LyRBAR2¢Z,D114D22, o2

$ THETAP, TERML s TERMZ2 y TERM3 o TERM4, i

$ Raxxpx.aazsz. b

$ FM,DFMDT, 2

$ UFDTy FACTOR, ¥

(Y S»CPeCASIN, 3

$ wlyQ2 9934 FOVRE, FOVRO, b

& XVZyXEL ¢ XBZ, %

3 SPySTURFLECUMP,EXLOG 4

REAL MAGFLD %

INTEGER CARDPT,CARDPN ¥

NATA RE/€369.427/ i

CATA RTD/57.29578/7 . 3

DATA ALN TEN/2.302585/ %

DATA P1/24141593/ E

DATA RTD/57.29574/ i

c o

c PRINT/PUNCH *ID* INFORMATION g

IF(MPRINT oNEo 0) PRINT 90k, IDENT .2

901 FOSMAT(?CY,20A4) g

IF(CARDPh oGTs 0) PUNCH 9024 IDENT 4

392 FCRMAT(20A4) 5
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& C PUNCH whO CARLy PRINT H VALUE AND TASBLE HEAUINGS. 4
-4 1F (MPRINT oNE. O) PRINT 971 oRHO»FREGoAZIM,CUDIPMAGFLDySIGMALEPSR i
= GTL FORMAT (P0% "RV FTa3yY F'yFbaar? AV yFB843y" C'yFuede! M'y1PF10.3y .
s * ' SY,ELO.3¢" EYH0PFH.L) i
f;?;: lr‘CARDPh «6T. 0) ’ 1‘

" SPUNCH 9724 RHOFREQeAZIMoCODIP oMASFL DY SIGMA EPSR
. G972 FURMAT ('RY FTa39® F'oFBody? A'9FBu39" C?'yFBa3y" M*,1PELC.3, i
s ' SU,ELO.3,? E'yUPFS.L) : i

PRINT 974sH |
GT4 FURMAT (8QY,3Xe%H =%, Fp42) §
FRINT 975 :
975 FORMAT (* %,1Xy*MODE* yoX+*THETA® 16K *ATTEN? 93Xy *VUVERC® »3X, i

SWALT MAGY 92X o "WALIT ANG® s 8X, ' THETAP®, 13X, 'POLY)
IF(NPUNCK .EQs 2 4AND. CARUPN +EQs 1) PUNCH 93v,FREQ

936 FUPMAT{F3,.3)

>

PR AN
ORI SR JU,

1 ¢
; ACUEF = =-b.6353896%wAVE NR*1000.0 :
: MIDE = y
g IDERIV = 1 i ¢
¥ c o
3 ['0 79 JE=1,4NR E “§
: c THET! = EIGEN(JE) 2
: C FURMATIGN OF THE USUAL REFLECTION MATRIX, R, FROM (R+1.0)/C AND § %
c FURMATION OUF THE USUAL RBAR MATRIX VALUES FROM § 3
L. c FORM USED TO FIND EIGEN ANGLES., ALSCy CUMPUTATION OF i i
: c DExIVATIVES #UR USE IN COMPUTING DFDTHETA. A
: CALL F OFDT (THETA,FM,DFMDT) § f
' C = CCOS(THETA/RTD) g
. Ell = C*Xll-le0 i
Rel = Cw*x2l § ¢
RlZ = C*X12 iz
R22 = C*Xe2=140 3
ULl = C#NUM1l=-DENIL i =
NZe = C*NUM22-DéN22 i
RBARLL = DENLL/Dil >
RBARZ2 = DEN22/D22 1
kBL1PL = C*NUML1/D11 >
RBZ2PLl = C*NUM22/D22 7
¢ i =
DENT = DFMDT*C*%2/(011%D22)*RTD %
S = ZSIN(THETA/RTD) s
FACTOR = CSQRTUS}/DFDT 1
c 2
. ITERM=] . y
IF{CABS(1.0-R11%RBARLL) GE. CABS{1.,0~R22%RJARc2)} } ITERM=2 -
c )
C VLF-LF CXCITATION TERMS (E.Ge THE **T%¢ TERMS TO BE USED FOR § oA
C VPUNCH=]L OR NPUNCH = 9 ). ;
TESML = RRLLPLI*#2#%( 1,0-RBARZ2¥R22)*FACTUR/(RBARLL*F I*FL}
TEAMZ = RB22PLI*%2%(1,0-RBARLLI¥RLL)I*XFACTOR/ (RBARZLHF 2¥F2)
TERM3 = RBLIPL¥RB22PL¥FACTOR%®RZL/(F1¥F2)




W

PR G G e EWW"D -
- il G

TERM4 = FL2/R2]

c B
¢ ELF EXCITATION TERMS (EeGe THE TE]RMS TO BE USED FUR NPUNCH = 7 }o

XVL=TERML®SRSHF LLT*FLIK

x&t=~TFRPl*S*GFlZT*F12R

XBL=~TERVISTERM YRS RF2LT*F LLR _

¢ IN TERMS OF MAGNITUDE AND PHASE THESE TERMS ARE GIVEN BY

XVIM=CABS{XVL)

XVZA=CANCIXVZ)

XELM= CABSUXEL)

XtZA=CANCGIXEZ)

XB2H=CABSIXBZ)

XBZA=CANGE{XBL)

C .
C ZI1GEN ANGLE REFERRED TO GKGUND LEVEL.

RATIOC = K/KE
cP = CSCFT(C**Z*‘C**Z-l.u)*{2.0*RAT1U*5.0*RAT!U**2)}‘

THETAP = 90.)=UASIN(CP) *RTD

¢
C ATTENUAT IOn AND PHASE VFLUCITY JEFERRED TU GROUND LEVeL.
SP = S/{1.C=H/RE)
ATTEN = ACOEF*AIMAG(SP)
VOUVERC = 1.0/REALISP)
c

C WAIT'S EXCITATION, .
STCREL = RBLLIPL#¥ 2% (1,0-PBAR22*R22)

5 *FACTOR/RBARLL
ECOMP = FGR*2%*STOREL*S**<
EXLO3 = CLUCG(ECOMP®Q45%wAVE Nk#WAlT RA)

WM = 20.C*REAL(EXLOG)/ALN TEN
wa = AIMAGLEXLUG)=P1/2.0
IF (WA oLTe =PI1/2.0) WA = WA+2.0%P1

C
f MODE CONVERSION TEFRMS TO BE USED FCR NPUNCH=8 AND NPUNCH=9,

Xw= CABS{ECOMP)
XA= CANG(LCOMP)
Wl=1l,0-R11*R5ARLL
Q2=1,0-R22*RBARZZ

Q3= KB2<PFL/RBLILPL : .
1#( CABS(QL) .GE. CABS(Q2) ) FOVRD=Q3 %01/ (R12%RBARZZ)

1E{ CABS(U2) «GE. CABS(QL) ) FOVRD = Q3*{RZ1*RBARL1) /22
EUVRC=(FOVRDRFL)/F2
C
C POLARIZATICN.
D1 = CABSURZL*RBAR22)
D2 = CASS{1l.0-RBARLI*RL1}
IF (D1 oCE. D2) POL = CABS(1.0-RBAR22¥R22}/01
{f (D2 «GEs D1) POL = CABS{kIZ*RBARLLI/DZ
¢
C  PRINT VALUES FOR TABLE,

C
wode = MCDE+L . : .
PRINT 932¢MODE, THETAJATTENVOVERC s WMo WA, THETAP, POL
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932 FOGRWAT (' 1414,2F8e39F0e3¢F9:59FLl0e3:F9393X92F8.39F12.5)

NPURCH ¢ PTICN FOR DBTAINING UUTPUT CARDS

NPUNCH=L*%x GIVES ODUTPUT CARDS FOR HORIZONTALY HOMOGENQUS
MODE-SUM OR WKB=SUM IN TERMS GF (T'S)
NPUNCH=2%%8 GIVES QUTPUT CARDS IN TERMS OF SNVLF OUuTPUT
NPUNCh=T#x% GIVES OQuTPUT CARDS FOR INPUT INTU ELF=-wKB MODE~SUMS
NPUNCH=g%%** GIVES QUTPUT CARDS FOR INPUT TO MOUDE- CONVERSION
IN TERMS OF (FOVR)
NPUNCH=9#%% GIVES QuTPUT CARDS FOR INPUT INTO MUDE CONVERSION
IN TFRMS UF BOTH (T*S) AND (FOVR)

CARD PN=O®%® GIVES USUAL MODE SUMMARY PRINT OUT BUT -NO CARDS
CARD PN=l®xx GIVES USUAL MODE SUMMARY PRINT AND CARDS

CARD FT=0%%*x CAUSES THE OUTPUT CARDS TO NOT BE LISTED

CARD PT=l%#x CAUSES THE QUTPUT CARDS TO BE LISTED

PUNCH '*NPUNCH **' OPTION CARDS=~-~*MPRINT' USED ONLY FUR DEBUGGING

IF (MPRINT o NEs 0) PRINT 933,THETAP,TERML,TERMZ,
$ THETAP,TERM3y TERM4

933 FURMAT (207" 1',0P2FGabplXyLlPLELSeB/! "9'2%¢0PcF945¢1X91P4ELS.B)

IF{MPRINT (NE. O} PRINT 930

G30 FORMAT(® ')

IF(NPUNCH +EQe 1 oAND. CARDPT .£EQ. 1 ) PKINTY 930
IF(NPUNCH oEQs 1 +AND. CARDPT LEWe 1}
* PRINT 931 4THETAP, I TERMyTERMLo TERM2 yTHETAPy ITERM, TERM3y TERM4

931 FURMAT (' 7] ,0P2F9459ilolP4ELS48/" 1420 ,0PcFYa09l L1 1P4ELS.H/)

IF(NPUNCH .EQe 1 +AND. CARDPN +EQ. 1)
* PUNCH 934,THETAP,[TERM,TERML, TERM2 yTHETAP I TERMy TERM3 , TERMS

934 FOGRMAT (*104UP2F949911y1P4EL5.897/¢%2' yOP2F9.591191P4EL5.8)

IE(NPUNCH +EQ. 1) GU TO 600
IF(NPUNCF +EQe 2 oAND. CARDPT .EQ. 1 )
*PRINT 937,ATTEN ¢ VOVERC ; WM o WA

$37 FORMAT('Q'44F10.5)

IF{NPUNCH oEQs 2 +AND. CARDPN .EQe 1)
*PUNCH 938,ATTEN,VOVERC yWMyWA

938 FORMAT(4F1045)

IF{NPUNCH .EQ., 2) GO TO 600
IF{NPUNCK +EQe 7 +AND. CARDPT .EQse 1 ) PRINT 930
IF(NPUNCH +EQe T +ANDe CARDPT .EQs 1)

* PRINT 6209 THETAP ¢XVIMyXVZAJXEZ My XEZA,XBZMy XBZA

620 FORMAT{ IF10.59%9%) 3/5X93 0 1PEL3e49%9?s0PFB8s345%4')/1)

IFINPUNCH «EQe 7 (AND. CARDPN .EQ. 1 )
* PUNCH 62T oTHETAP ¢ XVIM XVLA ¢ XELZMy XEZA 9 XBZM9XBZA

627 FURMAT(SX92(FLIe551 %) /5Xe3(1PEL3a4s?¢+'90PFB3+%9) )

IF(NPUNCH +EQe 7) GO TU 600
IF(NPUNCH +EQ. 8 +AND. CARDPT .EQe. 1 ) PRINT 930
IF{NPUNCH .EQs 8 +AND. CARDPT .EQ. 1 )

*PRINT 935, THETAP ,XMyXA,FOVRO,HOFWR
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935 FURMAT{ 0P EFO,. 5, LPEL4eY90PFY.29 LP2ELHG4B80PFT271)
TFINPUNCH oEVe 8 oANDe CARDPN JEQe 1)
*PUNCH 93ty THETAP ¢ XMy XA ZFUVR O HOF MR
930 FUORMAT(OPZ2FY.591PEL445)0PFG ey LP2F1648,40PFT,.2)
IF{NPUNCH +EQ. 8) GO TU oy
IFINPUNCE oEue 9 +ANDe CARDPT L EWe 1 ) PRINT 930
IF(NPUNCF Q¢ 9 +JANDs CARDPT (FQ. 1 )
% OPREINT C3LoTHETAP G I TERM G TERMLyTERMZ yTHETAP I TERMyTERMSy TERMG
JFANPUNCE JEQs 9 JANDe CARUPT LEJs 1 )
XPRINT 938y THETAP XMy XA FUVRIJHUFWR
IFLAPUNCh oEWe § +ANDs CAROPN JEG. 1)
* PUNCH S34,THETAP ¢ ITERMZTERM] g TERMZ ¢THETAPyITEFMyTERN 3y TEKNMG
IFINPUNCH JEQs 9 +AND. CARODPN LEQe 1 )
*PUNCH 938y THETAP 9 XMy XA FOVRO,HOFWR
690 CUNTINUE
79 CONTINUE

IF(CARD PN GTs G} PUNCH T7CO
130 FURMAT (' )
EETUKN

END
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FUNCT ICN CASIN(S) . ‘ _
ROUTINE FOR COMPUTING THE COMPLEX SINE FUNCTION DF A COMPLEX
' ARGUMENT :

¢
e}
C FUR MS
€
CUMPLEX CASINSS¢+5SQeSPOWER ¢SUMy TERMyPARTS 4 CoCPLX ]
DATA CPLX 1/(0.00140)/
DIMENSION PART(2)
" - FQUIVALENCE (PART(1),PARTS)

1F (CABS{S) +GTe Oo7) GO TO 20
FACTOR = 1.0
SPDWER = §
$5Q = S%%2
SUM = §
16 (CABS(SUM) oLTe 1,0C=7) GO TO 12
DO Ll K=3,9992
FACTOR = FACTOR®{K-2,0)/1{K=1.0)
SPOWER = SPOWER#S$SQ
TERM = FAC TOR*SPOWER/K
SUM = SUM+TERM
PARTS = TERM/SUM
IF (ABS{PART(L) )+ABS(PART(2)) LT+ 1le0E-10) G0 10 12
11 CONTINUE
12 CASIN = SUM
RETUKN

! C
20 C = CSQRT(1.0-5%%2)
CASIN = <CPLX I*CLOG(C+CPLX I*S)
. RETURN

END
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FUNCT ICN CANS(ARS)

IMPLICIT REAL {A=Hy(=2)

COMPLEX ARGyMINUSI/(Oeo=1sd/

ARGR= ARG

ArGI=MINLSI%AP

CANG=ATANZ2(ARG] yARSR)

THCAE GI oLTe Q0o } CANG=z CANG+6.2831665
CETURN

S\D *

f
}.

i
[
2
2
>
a
£
z
2
=
K]
=
5
X
E
&
]
=

¢

i

u..f.:..." = e g mep e A it
[t st

e -t o
R Do St £ i Sear AL

i

.

ot 4 st

LRI N )

b
&
L
i3
ES
&
5
’
i
=]
2
]
5
) §
g




o SUBRUUTINE INTEG

i FOR M§ .

THIS SUBROUTINE PERFORMS AN INTEGRATION OF THF DIFFERENTIAL
EQUAT1UNS FOK THT IONOSPHERE REFLECTION AATRIX
USING RUNGE-KUTTA INTEGRATIONFORMULAS, THE
INTEGRATION VARIABLES ARE THE ELEMENTS OF THE MATRIX
(R¢1,0)/C WHERE R IS THE REFLECTION MATRIX DESCRIBED
3Y BJCOENs IF IDERIV IS SET NON-ZERG, THE DERIVATIVES
OF (R+1.0)/C ELEMENTS wRT C=COS{THETA) ARE ALSO
INTEGRATION VARIABLES. THE SET OF HEIGHTS AT WHICH
PAIRS OF INTEGRATION STEPS BEGIN AND ENU IS STGRED
IN THE ARRAY 'RKHTS'. SIZtS OF THE STEPS ARE
DETERMINED BY COMPARING THE VALUES OF THE ELEMENTS
OF (R+1.0)/C AFTER A PAIR OF STEPS AND VALULES OF THE
SAME VARIABLES AFTER A SINGLE DOUBLE~SIZE CUMPARISON
STEP. THE (R41.0)/C VARIABLES USED IN THE COMPARISON
STEP ARE DENUTED AS *X'. IF THE DIFFERENCE IS TUO
LARGE, THE STEP SIZE PAIRS ARE CUT IN HALF BY ADDING
A NEW HT TO ThE LIST IN ®RKHTS'. IN ORDER TU
ENHANCE STABILITY IN OTHER PARTS OF THE PRUGRAM, NO
HEIGHTS ARE DELETED FRUM THE LIST UNLESS THE LIST IS
RESET BY A CALL TO 'SET RK',

R S

OO0V CYM O

COMMON/NR OF AS/NR A
COMMON /RTOL C/RTOL
COMMUON/HTS COM/HTSELOL)
COMMON/ XPRNT/XPRINT
- COMMON/ INTEGR/R(L6) yDRUKYL lo)
COMMON/ X INTGR/X{8) 4OXDH(B)
COMMON/EN COLL/ZHT
. COMMUN/WN/RAVE NR
COMMON/ZIDERV C/IDERIV
. COMMUN/N CCM/N
: COMMON/CVRFLOZIOVFLU
COCMMON/JAY CGM/ZJAY
DIMENSICA
ROL16)HDELROLL6) 4DELRLI{L6) yDELR2(10),
XO0(8) yHDELXO( &) y)DELXLIB) »DELX2( 8} »
P SAVE(1l6},
RKHTS(201)
INTEGEF. XPRINT ’
DATA MAX NR/201/
DATA DHMIN/0O.OL/

i

L R

R v TR e e

N =8
* Ir (IDERIV .NEs O} N = 16
IOVFLO = 0
IFIXPRINT JNE., 0O} CALL R COLS
. THIRD = 1.0/3.0
CatL INIT S
JAY
JRK
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H1 = HTS(1)
CALL S MTRX
caLt INITL R

CALL XFER (RyXy8)
831 FCRMAY ('O")
ITUXFRINT oNEs O) CALL Polinv? R

NRAML = NR A=)
NG 79 J=1,NRAML
JAY = 4
30 CALL XFER(KyR SAVE,N)
HT = RKH1S(JRK)
CALL XFER {RyXe8)
21 DELH = {(RRHTSIJEK+1)-RKHTS({JRK) 1*0.5
I1F (ABS(CFLH) +LT. DHMIN) GU TO 30
DH = DELF*WAVE NK/2.0
HOH C.o%0H
T(’T‘ 2 DC*QH

BEGIN FIRST RUNGE=-KUTTA STEP OF THE PAIR -AND
CALL R DERIV
1F {JOVFLC oNEe J) GO T0 o0

DL 3z 1l=14N

POCI} = RUI)

HDELKO(I) = DROMH(T) %ADH
32 R{I} = ROLI)I+HDELROLI)

DO 33 I=1lyb

X{1) = x(1l

HOCELXS(T) = HDELRI(T)%2.0
33 X(I1) = xCUI)+HDELXO(D)

HT = HY+C.5%DELLH

CALL S MTKX

CALL R (ERIV

IFCIOVFLE oNFe Q) GG TU o0

DO 34 1=14N
CDELRL(T) = DROHUII*DH
34 P{1) = RKO{1)+D.5%DELRLI(I)

CALL R DER]V
TR IUVFLLD «NEe 0) GO TU 60

DO 35 I=14N
DELR2(TI) = DRDH{I1)*DH
35 R(I) = RCLII+DELRZ2LT)

HT = HT+CJ.o%DELH
CALL § MIRX

174

THE COMPARLSON STEP.
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CALL R DERLV
CatL X DFRIV
IFLICVRLC «NE. O) GO TO 60

- 0O 30 1=14N

HNELR3 = DROH(I }*HOH

DELR4 = (HDELRO(I)+DELRL(1)+DELR2(I)+HDELR3)I*THIRD
R 36 R{1) = RCUI)+DELRA

C BEGIN SECUNC KUNGE-KUTTA STEP OF THE PAIR.
DO 37 1=148
DELXILE) = OXDHUT)*TDH
37 X(1) = XO(I)+0.5%DELAL(I)

CALL R DERILV
caLL X CERIV
TE(ICVFLC oNEe 0) GO TO 60

DU 4c¢ I=1l¢N

RO(I) = R{IL)

HDELFO(1) = DRDH(1)*HDH
42 R(1) = KO(I)+HDELRO(I)

DO 43 I=1,48
DELXZ(TI) = DXDH(I)*TDH
43 X(1) = xCLI)+DELX2(])

HT = HT+C.5#DELH

CALL S MIRX

CALL R DERIV

IF( IUVFLC oNE. 0) GO TO 60

DC 44 1=14N
DELRLI(TI) = DROH(1)*DH
44 R{I) = RO(I}+0.5%DELRL(])

CALL R DERIV
Me(IOVFLC oNE. 0) GC TU 60

DO 45 1=14N
DELR2{1) = DRDH{1)*DH
4% R{1) = RCII)+DELR2(I)

HT = HT+C.5%DELH

CALL § MTIRX

CALL R DERIV

CALL X DERIV

IF(ICVFLC «NE. 0) GO TO 0

* DG 4¢ 1=14N
HDELR3 = DRDALI)*HDH
DELRg = {HDELRO (1} +CELRL(1)+#DELR2( [ J#4HDELKR3)*THIRD
46 R{1) = RO{I)+DELR4
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DO 47 1=1,8

HUELX3 = OXODH{L)%DH

PELX4 = (MDELXI(ID+DELXLOI)+DEL X2 J+HOELAB)I®THIRD
47 X(1) = XQ(I)+DELX4

C ESTIMATE TRUNCATION ERROR AND CUT STEP SIZF IF APPROPRIATE,
IF(XPRINT JNEs O) CALL PRINT R
DG 51 1219742 *
i ERKRSL = (RUI)J=X{I))#R2+(RUT4L)=X(141)) %2
RSQ = R{DI*¥24R([+])2%Q
IF (PSQ +GTe leo0) ERPSQ = ERRSW/RSQ
IF (FRRSQC «GT. RTOL*%2) GO 7O 61
51 CONTINUE
GO 70 70

P
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60 I+ (XPRINT «NE. 0) CALL PRINT R
ol IF (XPRINT .NE. 0) PRINT 960
960 FORMAT (' 1,¢0VKFLOY)

IF (NK RK «GEe MAX NR) GO TO 9%

IOVFLO = 0

CALL XFER(R SAVEsRyN)

CALL XFER (R SAVEX,8)

HT = RRHTS(JRK)

CALL § MTRX

et

A

=]
g

&

&

(]
IS BTy

NRRKM]1 = NR RKK-1
DC 62 JCCUNT=JRKyNRRKMIL N

I ‘2
JJ = NRRKM1-JCOUNT#+JRK . “
62 RKHTS(JJ+2) = RKHTS({JJ+1) 2
RKHTS (JRK+1) = (RKHTS{JRK)I+RKHTS{JRK+2))*0.5 . k|
NR RK = AR RK+1 8
GO TO 31 k|
c _ .8
70 JRR = JrK+l .
IF (ABS(RKHTS(JRK)=HTS{J+1)) 5T« 0.,001) G3 TO 30 v
79 CGNTINUE : %
g RETURN 2
3 y L
: C RESET THE INTEGRATION STEP PAIRS TO BE THE INPUT PROFILE SEGMENTS. i 3
: ENTRY SET RK ' %
: DG 8L J=L1yNR A | 3
31 RKHTS(J) = HTS(J) W,
NR RK = NR A -
RETURN Es
A 90 PRINT 990
N 990 FORMAT (00 ,'5TEP TOO SMALL IN INTEGY)
f STaP
| C

35 PRINT 995
995 FCRMATY ('0'y'TOO MANY STEPS IN INTEGY)
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SUBROUTINE EN NU 3
£ FIR M§ y
. C COMPUTATION OF ELECTRON DENSITY AnD COLLISIUN FREWUENGY (AND IGN 4
3 c DENSTITY IF APPRUPRIATE) AS 2 FUNCTION OF HEIGHT. %
: c IF PROCILE WAS INPUT FROM FORMATTED CARDS, LOGARITHMIC
3 c INTERPOLATION IS USED. SEE ALSO NOTES LN SUBROUTINE
: ‘ PRELIN, |
i ¢ o
) CUMMCN/NR CF AS/NR & ‘ : “3
COMMGN/1CN COM/IONS £
COMMON/JAY CUM/J 4
CUMMCN/HTS COM/HTS{101) :

COMMON/HTLOGN/NK NUHTS NU(50),ALCNU(50,3) :
COMMON/ALOGN C/ALOGEN(101,43) 3

® i

F : COMMOIN/EXPNU C/COEFNUL3 )y EXPNUL3) ¥
i ! CUMMDN(EN COLL/HT yEN(3) 4CNUL3) k|
i’; i C : 1
g DATA JNU/L/ 3
¢ .
FACTR = 1,0/(HTS({J)=-HTS(J+1)}) 2
Nk SPEC = 1} %
1f (IONS «NE. 0) NR SPEC = 3 3
FL = (HY-HTS{J+1))%FACTR
F2 = (HTS(J)=HT)*FACTR

D0 11 K=1yNR SPEC
L1 EN(K) = EXPIALCGEN(JyK)*FL+ALOGENI J+1,K)%F2)

IF(CUEFNU(L) «LT. 0.0) GU TO 15

OC 12 K=1yNR SPEC .
12 CNULK) = CUEFNUIK)*EXP{EXPNUIK)*HT)

RETURN

N Lo Ny, e AN .
i Thoe 2B, N e A S o R

Ld

15 TF{JUNU LCT. NR NU=-1) JNU=]
lo IF {(HT JLE. HTS NUIJUNU) ORe JUNU +EQe 1) GO TO 117
JNU = JNU<l
GO TO 1le¢
L7 IF (HT oGEo. HTS NUGJINU+L) JORe JUNU +EQse NR NU=1) GJ TO' 18
JNU = INL+] :
GC 10 17
18 DU 19 K = 1, NR SPEC
ALN = ALCNUGJINU K+ (ALCNULJINU+L,K)=ALCNU(JNU,K) ) '
$ *(HT=HTS NUCJUNUII/(HTS NUCJINU+L)-HTS NU(JINU))
19 CNUIK) = EXP(ALN)
RETURN

END
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SUBROUTINE R OUT

C FOR MS
C OUTPUT UF RUNGE-KUTTA INTEGRATION VARIABLES, USED ONLY FOR DEBUGGING.
¢ i
R CUMMONYZ INTEGR/ZR(B) ‘
CUMMON/X INTGR/X(8) ﬁ
COMMON/ZEN COLL/HTYLEC OMIT(2) §
¢ |
. c ;;
ENTRY R COLS i
PRINT 90C ;
900 FORMATU 'S yBX o HT Y, JOXy YLARLIL* p 16Xy *AARLY yLEX P LRLLY HyLTXy IR]LY) ¢
RETURN :
c
c
ENTRY PRINT R 3
PRINT 9O0L1yHT(X{1)el=1,8) E
PRINT 901,FTy({R(I),y1=1,5) ?
901 FORMAT(! ', Fl0e209{2KyFYe59F9.5)) i
PRINT 902 ‘
902 FORMAT ('0*) d
RETURN i
C 4
END
\

N AR

H TR




c
C

c
¢

SUBRCUTINE XFER (AyByNJ
C FOR MS

ROUTINE FOR TRANSFERRING ONE ARRAY INTO ANOTHER,

DIMENSION A(l)ysb(1)

B0 11 J=14N
11 8td) = 21d)
-RFTURN

END
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SUBRUUT INE INITL R
C FOR ¥S
C CUMPUTAYION OF (R+1,0)/C FOR REFLECTION FROM A SHARPLY BOUNLED
¢ ANTSOTROPIC [UNUSPMEKE OF SEMI-INFINITE =XTEnT
. c WHERE R IS THE RKEFLECTION COEFFICIENT MATRIX AS DEFINED
C 8Y BUDDENS SULUTION IS USED AS INITIAL CONDITION
' FOR RUNGE=KUTTA INTEGRATION. THF SOLUTION IS BASED
C OGN RADIO SCIENCE PAPER VOLe 39 AUG. L1908, PeTH2,
* C CE/IVATIVES wWRT (=CC3(THETA) ARF ALSU CCAPUTED IF
C IDERIV IS SET NUN-ZEROD,.
¢
CUMMLNZTHOTA C/THETA(Z2)
COMMON/ XPRNT/XPRINT
CUOMMON/M MTX/MLLIM2L9M3 i gML294M22/M32,ML3yM23,M33
COUMMON/ INTEGR/RLL yR2L21RL29RE2sDRLLIDC, DR21IDCyDRL2DC y DK 220C
COMMON/LC CCM/C
CUNMON/S CIM/S
CCMMUN/ICERY €/ 1IDER1V
CUMPL EX
$ C'CSQQSO .
» NLLoMZL oM3loMic e M229M329M13,4M23,M33,
$ RLL9R219yR12yR2cyORLLIDC,DOR21DC,DR1IZ2DC,DR220C,
$ QTEMP{4),EIPLI04,Q(2),
$ B4sB3,82:B14R0,
$ Cl1s0129D13,03400324D33,
$ P{2)+T(2),
s DEN,FACTOR,
- $ DSDL,0Q0C(2) y LUENDC
$ DB3DC,08207 yUBLDCyDBODC,
$ tD11DC,00130C,L0310C,D0P330DC,
. $ LPDC(2),0TDC(2)
INTEGER XPRINT
DATA EIPIC4/(UTUTLOTyuaTOTLOT)/
C
C
€S = C*%2
c
C BOOKER GUAKTIC COEFFICIENTS ANU ITS FOUR ROOTS,
B4 = 1404M33
B3 = S%x(M134M3])
B2 = <(CSQ#M33)%(L.0¢MLL)#+ML13%M31~( 1], 0*"333*(C80+H£23*H23*”32
Ba = SHk{MLZEM23+M21¥M32=1(SQA+M22)*(M13+M3 1))
BC = (LoCHMLLI*(CSQ#M22)*(CSQ+M33) $ML2%M23%M5H L+ ML3I%M2 1 ¥M32
$ “Mi3%x{CSQM22)*M31~{1.,0¢M]11)*M23EM32-M]ckM21*{( SQeM33)
C B
CALL QUARTC{B4+B594324519BO,QTEMP)
* c
C SELPCTIUN LF TAE Twd ROOTS CORRESFUNDING TO UPRARD TRAVELLING
(o WAVES AS BEING THOSE OF ANGLE LESS THAN 45 BUT
. C GREATER THAN =13o DEGREES IN THE COMPLEX PLANE.
K =20
DO 21 KTI=l44

IF (REALIEIPIDA*QTEMPIKT]) JLT. 0.0) GO TO <1
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K =2 K¢l

IF (K «GEs 3) GO TO 90
UK} = CTEMP(KT)
f 21 CONTINUE

CRIEER W AE e e 0 g

IF(XPRINT oNE. O) PRINT GOL,THETA,{QtJ) ,J=1,42)
901 FORMAT('C*y*THETA = 94 2Fba3¢5Ke'Q = *y2{ELl5.49t13.4)4/)

v G REMAINDER OF THE SOLUTION ANU ITS DERIVATIVES.
DO 31 J=1l,2
DLl = 1.CeMll=Q(J)*x2
Ml2 4
M134Q(J)%S ) .
M31+Q(J)=%S H
M3 2 :
CSC+Mi3
DEN = ,D11*C33-D13%D31
PtJd) = (=C12%D35+D13*D3¢)/70EN ki
31 THJ) = WlJ)*P{J)=S*{~Di1eD32¢D12%D3]1)/DEN @;

|-

O
. -
LN I TN TR ]

IF (IDERIV +EQ. 0) GO TO 50 _
DSDC = -C/S A
DE3DC = CSDCH(ML3¢M31) ;
DB2D = =2.0%C*(1,0¢M11+140+M33)

DELDC = (DSDC/SI*BL-S*co0%C*(ML3+M31)

DBODC = 2,0%C*( (L O#MLL)*(CSQ+M224C SQ+M33)~ML3I*M3 LML 2%M21)

LU S )

ot
L g1 o e e

DO 41 K=1,2 ' N
DADC(K) = =(( (DB3DC*QIK ) +DB2DC ) *Q(K 1408 10C 1#Q (K ) +UBODC) E

$ /04, 0%B4%Q(KI+3,0%83)1%Q(K)+2.0%B2)*Q(K)+B1) . 1
COLIDC = ~2.,0%Q(K)I*DQDC(K) : H
DUL13DC = Q{K)*DSDC '
ND3LDC = Q(K)*DSNC ' b -
OD33DC = 2.,0%C E:
DDENDC = D11%*DD33DC+DD11DC*D33-D15%DD310C-D0130C*D31 - y
DEDC(K) = -DDENDC*P{K)/DLN+(~D12*DD33DC+DD13DC*V32) /DEN .

41 DIDC(K) = Q(N)*DPDC(K)+DQDC(K)*P(K) E
$ ~(=D11%D324D12%D31 ) *{DSLC~S*DDENDC/DEN) /DEN i

$ ~$%{-DD11DC*032+D12%0D310DC ) /DEN R

wohon o

50 DEN = (T(LI*C4PLL))*(C+QU2IN=LT(21%C+P(2))+(C+Q(1))
FACTOR = 2,0/DEN 4
RIL = (TA1)%(C+Q(2))=-T(21#(C+Q(1)))#FACTOR b,
R22 = ((T{LIXC+P(1))-(T(2)*C+P(2) ) ) $FACTOR : . .
RI2Z = =(T(1)%P{2)=T{2)*%P(1))*FACTOR 2
Rel = =(C(1)=~Gl2) ) *FACTOK .8

t n ¥ N0

IF (IDERIV +EQ. O) RETURN -
DDENIC = (T(L)*C+#P(1))%4{1.,04¢DQDC(2)) 3
$ +{T(LI+DTOC(LI*C+UPDC (L)) *(C+QL2) ) s
! $ ~(T(2)%C+P(2)1%(1.04DQOC{ 1))
$ ~(T(2)+DTDC {2 )*C+DPOC(2) ) R(C+Q( 1)) ’ ( d
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OF11DC = =RL11*DDENDC/DEN
$ +{TUL)*(1.040GUC(2))+DTOC (L) *1C+QL2))
$ ~T(2)*{1.0+DQOC(1) I=DTDC(2)*(C+Q (1) )} *FATTQR
DReahDC = =re2*CCENDC/DEN
. $ +{ITLL)SDTOC(L)*C+DPDCLL))
$ -~{T(2)+DTOC(2)%C+DPDC(2) ) I*FACTOR
DrI2DC = =-R12*DOENDC/DEN
, $ =-{TLL)*OPOCL2)+DTOC( L )*P( 2)
E ' 4 “T(2)*DPDC(L)=CTDC(2)*P (1)) *FACTOR
OR21LC = -F21*DDENDC/DeN
g $ © =(DQDCI1)-DQDCL L) ) *FACTOR
RETURN .
c
G0 PRINT 9LC
930 FORMAT(*G?,*PROBLEM [N SORTING Q VALUES®)
PRINT 995, THETA,QTEMP
995 FURMAT ('0','THETA = ", F8,395X9%Q0 = *,4(1PFE1343,1PELLe3))
sSTOP
¢
END
I ~
13
o
12
HE
5 .
183




SUBRUUTINE QUARTC(B4,FOUF B3,5IX B2,FOUR R1,ONE BQ,Q)
C FNOR M§ .
€ SCLUTION FOR THE RCGITS GF A FUURTH=ORDER POLYNUMIAL (QUARTIC
C EWUAT TUN) TAKEN FRUM BURNSIDE AND PANTUN (1904) THE
c THEGRY OF EQUATIONS. A SUMMARY OF PERTINENT EQUATIUNS
¢ IS GIVEN IN RADIO SUIENCE VOL. 2y AUGe LY0b09PPT94=795.
c

COMPLEX FJOLR P3,SIX R2Z2,FOUR 25i,0NE BO,Q,84,
Hel oGl PRIME,C 2R IME, * 1
SG ROCT P POSPHLLG Py '
Cud RTOyCUB KT1oCUB KRT2,0MEGAL,OMEGAL,
ROOT PHROOT QoAUOT Ry
TWLY B3,ThilV t2+FyDFUQIDEL Q,FB4

CUMPLEX*lo B3,82481,50,85 S0

REAL MAG PUSsMAG NEG

L K N

T ST AR At N rh ST L S s TS Len Bk A B i SR TAHES S Ak Wit

IF(CABS(G) +LT. 1.0E=50) GO TU 21
SIGN = ~ROOT PxROOT Q*ROGT R*2.0/G
IF(SIGN +LTe 0.0) ROOT R = =RGOT R

DIMENSICN C(4) P RI{2) 4
DATA OMEGAL/{=0.590.8600254058)/,0MEGA2/{=0.5+~0eB80602540U36)/ %
: EQUIVALENCE(P,P RI(L) ) 1
c P
c 4
B3 = FOUF B3/(4.0%84) }
B2 = SIX B2/(640%B4) B
] Bl = FOUR B1/1{4.0%*B4) %
: BU = ONE BG/B4 3
E B3 SQ = R3#RZ 5
5 H = B2=-82 SQ p:
. 1 = B0=-4,0%83%81+3,0%B2%42 : g
4 G, = R1483%(=3,0%32+2,0%83 SQ) 5
S H PRIME = =1/12.0 £
§ G PRIME = ~G*%2/4,0-H*(H*%2+3,0%H PRIME) N
5 c 4
- SQ RGOT = CSURT(G PRIME*#2#4,0%H PRIME**3) 3
3 P = (=G PRIME+4SuY ROOTI*0.H i
. MAG PUS = ABS{P RI{1))+AbS(P RI(2)) d
2 P POS = P <
- P = (=6 FRIMF=SQ RUOT)*0.5 3
# MAG NEG = ABS(P RI(L))I+ABSIP kI(2)) q
1 IF(MAG PCS «5T. MA5 NEG) P = P POS =
4 LOG P = CLUGIP) ‘£
3 CUB RTO = CEXP({LOG P/3,0) i
3 CUB RT1 = GMEGAL%*CUB RTOQ i
- CUB kT2 = OMEGAZ2%CUB RTV J
: C &
3 ROOT P = CSQRT(CUR RTO~H PRIME/CUB RTO~-HI) :
a8 RGOT Q = CSWRT(CUB RT1=H PRIME/CUB RT1-H)
1! RODT R = CSQRT(CUB RT2-H PRIME/CUB RT2-H)

21 Q(1) = +ROCT P+ROOT J+ROCT R~-B3
Q(2) = +RCUT P=-ROUT Q-ROCGT R=-B3
G{3) = =-RCOT P+RDOT Q-ROOT R~B3
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3 SUBRUUTINE QUARTC(B4,FOUF B3,SIX B2oFOUR B1,ONE B80,Q)

, FOR M§ , .

SCLUTION FOR THE RGITS GF A FUURTH=ORDER POLYNUMIAL (QUARTIC
EWUATTUN) TAKEN FROM BURMSIDE AND PANTUN (1934) THE
THEORY OF EQUATIONS. A SUMMARY OF PERTINENT ECUATIUNS |
IS GIVEN IN RADIJ SUIENCE VOL. 29 AUG. LY0b9PPeT94=795.

C
C
C
c
C
c

COMPLEX FUOLR P3,SIX R2,FOUR Bi,0NE BO,QsR4,
HelsGoli PRIMEZL ORIME, *
SC ROCT P POSHPHLLG Py
Cud RTO,CUR RT1,CUB RT2,0MEGAL,OMEGA,
ROUT PHROAT & AUOT Ry
TWLY B3,ThlV £2+F,0FDQ,DEL Q,FB4
CUMPLEX*lL B39B2+81900yB5> SO
REAL MAG PUS.MAG NEG
DIMENSICN Q(4) P RI(2)
DATA OMEGAL/{=0.5910.8600254058)/40MEGA2/(=0¢5+~0s800602H4036)/
EQUIVALENCE(P,P RILL) )

™y YA T Tty ik

o Y Y L B

L L 3 O

weon ey

[a Xl

B3
B2
81
BU

FOUF 83/(4.0%84)
SIX 82/(6.0#%84)
FOUR BLl/{4.0*B4%)
ONE BG/34

Hu
R O P T

L]
PR P .

SC = PR3k
= p2=-u2 SQ
= B0=4,0%83%B1+3,0%Bo*%2
R1+R3%(=3,0%32¢2.0%B3 SQ)
PRIME = -1/12.0
PRIME = ~(%%2/4,0~H*{H*%2+43,0%H PRIME) .

L

L]
AR S L AN e T L

-

N e e

@ RGOT = CSGRT(G PRIMEX#2#4.0%H PRIME*%3)
(=G PPIME+SUY ROOTI®0.5
PUS = ABS(P RI(1))+AbS(P RI{2))
0$ = P
(=G FRIME=SQ ROOT)I*Q.5
MAG NEG = ABS(P RI(1))I+ABS(P KI(2))
IFIMAG PCS +5T. MA5 NEG) P = P POS

ot I

TvUMmMTOON SO IT T W

>
h OO

LOG P =
CUB RT0
CuB RT1
CuB kT2

ROOT P
ROOT Q
ROOT R
1F(CABS
SIGN =

LU . 1

cLULP)

CEXP(LOG P/3.0)
GMEGA 1*CUB RTO
CMEGAZ2%CUB RTY

(LI I ]

CSQRT(CUE RTO=-H PRIME/CUB
CSURT{CUB RT1-H PRIME/CUB
CSQRT(CUB RT2-H PRIME/CLB
~RCOT P*ROOT Q*ROLGT R%2,0/G

21 Q(1) = #ROCT P+RNOT J+ROCT R~B3
Q(2) = +RCUT P-ROOT 9=ROCT R=-B3
G(3) = =RCOT P+ROOT Q~ROOT R=-B3

RT70-H)
RT1-H)
RT2-H)
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SUBRCUTINE T NMTRX

FOR MS .

COMFUTAT ION OF M MATRIX ELEMENTS AS OEFINED bY BUDDEN IN PROC.
ROYe SOCe (LUNDONYy AZZTy PPo5LE=537 (Llyn5)e THUSE
(OMRINATIUNS OF M 4ATRIX ELEMENTS USED IN THE
T MATRIX WHICH OU NOT INCLUDE USE OF THETA ARE ThE
FINAL QUTPUT OF THIS ROUTINE. THE DUMMY INDEXING
ON L IS USED IN vIEw OF POSSIBLE STORAULE (AS FUNCTIONS
GF HEIGHT} ANU RE-=USE OF THESE COMKINATIUNS fOk
DIFFERENT VALUES UF THETA.

CIMMUN/FRG CUM/ZFRER

CUMMON/ELD COM/ZALIMCODIPMAG FLD

CUMMON/H CCM/H

COMMUN/ZICN CUM/IUNS 4MRATIO(3)

COMMON/WN/ WAVE NR

COMMUN/EN COLL/ZHTLZENC3),CNUL3)

COMMUN/M MTX/MLL19MZ219M3 L, ML29M224M320M134M239M33

CUMMON/STORE X/ XLL{001) ¢ X44(001 )9 X12(001) 9X34(0UL)X14(U0L),

3 X3L(0C1) o X42(C0L) o X32(001)eX4l(021)

COMPL EX
UsUSQ Dy IUD,
USQDy TA,TH,
O TEMP,CPLX 1 ,UUTEMP,
M13D,M31D,M23D4M320,
Me3320,ML3310D,M233109M32135D,
MLLoM2L g M3LoML24ME29M329M13,4M239M33,
X1l 9 X449 X129 X349 X149X31 9 X429X32 99X+l

REAL MAG FLD LY MYSNY»IUD PRT,MRATIO,

$ L3QYSQ,MSQYSQaNSQYSQyLMYSQy LNYSQaMHYSQ

DATA CPLX 1/(Ce041.0)/

CATA PI/2.141592653/

PATA DTR/D.01745329252/

DATA COEFF X/3.i8235TFG3/,COCFF Y/1.758790F11/

DATA VEBEL LT/2.9%7928E05/

DATA RE/€3069.427/

DIMENSIUN U PARTS{2},USQ PRT(2) 4D PAKTS(2),1UD PRT(2])

FQUIVALFNCE (U, U PARTS(L1) o (USGQIUSQ PRT{1) ) (DyD PARTS(1)),

$ (luD,1UD PRT(L)

Lo IR R A

“CALL EN NU

TFCICNS oNEo O) GO TO 20
X = [UZF ENX*EN(1)
L = CNU(L)%*0V IMGA

U PAKTS(1i = 1.0

U PARTS(Z2) = -1

USQ PRT(1) = le0=2%%2

usQ FPRTI(2) = =1~

D = =¥ /'UxiUSQ-YSA))

Tud PRi(1) 2% PARTS(1)-D PARTS(2)

H

Ul PRT(2) D PARTS(L)+2%D PARTS(2)
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30

8LD=0.C
fun={.0

Nty 22

L=k

K=1'3
EARENAK}/MRATIO(K)

2=2CNUK) /UMEGA
eleU=CFLX IX7
USD=U*%2

DIEvP

= =X/ U LS =YSU/MRATIO(K)%%2))

C=UHUTEMEP/MRATILNK) %2
GLTEMP=UALTEMP/MRATIONK)
IF(K +Ede ¢) UUTEMP==ULTEMP

Iuh =

22 utin =

33 fLvTRY

Mil
Me2
Mo3
TA
T
Mel
Mlg
Th
T3
M3 =
w31 =

w

13
W32 =
v23 =

TUC +CPLX T*UDTFMP
LSQP+US)*LTEMP

= 2.0%(HT=H)/YE
JECU-LSQYSO*D+CRVTRM

JSCU-MSCY SQ*D+CRVTRM
USCD-NSEY SI*D+CRVTRM

NY®TUD
LMYSC*D

+TA-18

-TL=TL
MY®1UD
LNYSJ*D

+TA-TB

-TA-T8
TE = LY%*TUD

= MANYSQ*D
+7TA-T8

-T4-TB

= 140/(1.0¢M33)

MiL3D
LS
M23D

oo H

¥MZ331D
M3213D

L =1
XaltL)
Xa4 (L)
Xi2{L)
X34(L)
rie{l)}
X31{(L)

Mls*D
M21%D

pM22%D

M32%xM23D
M31%M]1 3D
M31%M23D
M32%M]1 30

[LI T [ ]

~-M31D
~M15D

Ms2h

M220

D
Mc331D-M2)

[ [ LS S N | S | I
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M3213D-M12
Me=M23320
1.0¢M] 1=M13310

Xez2 (L)
X32(L)
Xai{t)
RFTURN

COMPUTATION COF QUANTITIES khICH ARE NOT FUNCTICNS OF AEIGHT
GR OF THETA,
ENTRY INIT T
UMEGA = 2.0*%PI*FREQ#]1JJ0.0

WAVE NF = UMEGA/VEL LT

CUEF EN = COLFF X*¥] «0FJO/UMEGA*XQ
OV OMGA = 1.0/0MEGA

SIN C1P = SINICCOIP*DTR)

DIR €S L = SIN DIP*COSIALIM%*DTR)
DIR CS M = SIN PIP*SIN(AZIMXDTR)
NPIRK CS N = =C0S(CO DIP*DTR)

Y = =COcFF Y®*MAG FLC/OMEGA
YSO = Y¥2

LYy = DIR CS L=*Y

MY = DIR CS M=*y

NY = DIR CS N=»xY

LSQYSQ = DIR CS L**2%YSQ
MSGYSQ = DIR CS M**k2%YSQ
NSQYSQ = DIR CS N#**2%YSy
LMYSQ = CIR CS L*DIR CS M*YSQ
thYS? = CIR CS L*DIR CS N*VYSQ
MNYSY = CIR CS M*DIR CS N*YSQ
RETURN

END
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¢ SURRLUTINE S MTex
% C FOR m$
3 C COVMPUTATICN DF COEFFICIFNTS USES IN THE DIFFERENTIAL EQUATIONS
, c PO (keled)/Ce  THESE ARE STORED IN COMMIN AKEA 'S MTX!
. o ANG AKE ANALOOGUUS TU S MATRIX ELEMENTS LIVEN EY
c BUCDEN (1955)s DIRIVATIVES OF THESE CUEFFICIENTS
r WRT (=COS(THETA) ARE ALSC COMPUTED IFf IDERIV
. o 1S SET NON~ZERO,
c
g COMMUN/THETA C/THETA
~ COMMGN/C CLM/C
3 COMMUON/S CTLM/S
H CUMMNIN/STORE X/XL1{001) 1 X44(001)9X12€301) yX32(U0L) » X1 48001~y
4 Y A30(J0L1) ¢ X42100L)9X32(001)sX41{J01)
: CUMMON/S MTX/ALL1¢A2coRLLs6L29B220C110C219C22,D0iLyDeLyDL2902¢
s F110C, DB 220C 4 OCLINC,NC220C, DOLLNC,DL2LDC »UD12DC
1 COMMON/ICERY C/1UERTV
; CUMPLEX
: Y THETA,
. $ Ced5eC5Q,4CSy
B $ LSOC, CCSHC,
3 4 3 XLl oX449X129X349X149X3L9XGcyX329X41,
1 & $ TEMP, TWOC »
1 £ s ALigAC2 B 1lsB1ey8229CLL9C2L9C22¢D114L219J120D22
S s CBLIDCsNBZNC,DCLLIUC,DC220C, DDLLDC, DD2LIC,HDL2DC
; DITA RID/5T.29570/ '
4 . o
i 2 c
: CALL T MTRX
1 ¢ c
i i - L =1 !
1 3 TEMP = Xx4l(L)+X4l(L)
1 All = TeNP+TEMP
1 3 A22 = 4.C
E R TEMP = SX44{L)-Cxn&l(L)
4 ¢ BLl = TEMP+TEMP
1 & Rlé = =Xx42(L)=-Xa2(L)
1 & ThOC = C+C
4 £ Bz2 = =Tw0C
108 TEMP = -S#X11(L)=-C*Xxal(L)
1 & Cll = TEMP+TEMP
1 Cel = XsLL)+X31{L)
£ (22 = =TwOC
g g PLL = CS#{X4LEL)=X44(L) ) =(1eD=X144L)I+CSQ*(X4L(L)=X14(L))
i & Del = =CHX3L{L)+5%X34(L)
o N12 = S*X12{L)+C*X42(L)
x Nzz = =-Xx22(L)
3 c
E IF (IDEKIV LEQ. O) RETURN
& TENMP = [SDC*X44(L)-Xak(L)
PG DELLIDC = TEMP+TEMP
1R LBe2DC = =240
,;. TEMP = ~CSDC*XL1{L)-X4l(L)
=Am
':
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DCLILC = TEMP+TEMP
DC220C = =2.0
NOLLICC = DCSDC*(XLLIL)-X44(L))

+2.,0%Tx(Xal(L)=Xla(L))

Ch210C = =x31{L1+DSDCAX34(L)
DLL2CC = DSDC*X1lc(L )+Xa2(L)
RETURN

INITIGLIZATION FOR GIVEN VALUE OF THETA,

ENTRY INIT S

C = CCOS(THETA/PTD)
CSG = C*%2

S = CSIN(THETA/RTD)
Cs = C*S§

If (IDERIV +£Qe. 0) KETURN

ospC = =C/S
LCSPC = S=CSQ/5
RETURN

END
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SUBRUUTINF GIFF FQ
MS

CIVEN BY RUNDEN N

FPe51le=537 (1ubb),

IS MATF SG THAT THE
FITHER THE MAIN SET
nlTH THE COMPAR] SON
FUR THE ODTRIVATIVES
2LSO USEu IF LDERLV
VARTABLE CALLEL 'R?
(kelev)/Ce

CUOMMUN

COMBUNZ INT T o~ 22016} yDRIR( L)
CUMMUNIN INTORZX{8) yiix(y)

{kelo0)/C WHEKE
MAETRLX AS PEF LNt BY 8JDDEN.
LerIVED FROM THE CIFFERENTIAL

MULTIVLICATION BY -]
APPROFRIATE TRANSHEk OF VALUES FROM
AREA VAKIABLES.,

R IS THE ReFLECTIUN
THE EQUATIUNS Akt
EQUATIUNS FOR R

OCe RCY., SUC. (LONDUN)s AT,
STORAGE INTC THE ARRAY ‘R MTRX?
SQUATICNS MAY RE USEU wlITH
UF INTEGRATION VARIAZLES, OR
JETy Xs DIFFERENTIAL FQUATIONS
OF (R+1,0)/7C WET C=CUS{THETA) ARE
IS SET NOGN=ZER(:s NUTE THAT THE
IN THIS ROUTINE 1S ACTUALLY
IS EFFECTED BY
*Deklv! TO

COMMON/S YTIXZALL AC 2980090812 eBcl9CLl1aC214C224DLL9021e0L290Uc2y
CBLLDC,yUBL20C LCLLDC,DC2DLyUDLINC,DO2L1LC y0DL2TC

COMMON/EXTFAI/RLLYR2L9R129R2290DRLLOC, DR2LIDOCyDRLZOCY DR £2DC
URLLIUHyDR21IDH DRL2UH, UK 22DH)y
[RI1CH,DRICH)DRL2CH,DR22CH

CuMMON/ITERY C/IDERTV
COMMON/T CCM/N
COMMON/CVREL U/ TLVELD
CuMPLEX

FLLyRELIRI2ZyR2EPURLIVCYDR2IDC,DR1ELC,DRL2DC
CRLLINDHy DRZEDHy OR1I2DH)DR22DH
RLICHyDRELICH DR L2CH,DR22CH,y
LlioAclosBllooleed22eC11eC219C22+01010912190129022
CRLIDCY L2200 CCLIDC yDC2eNCHDDLLDC, DL2LDC,DD12D0,
JILRLL,yDL2R2LD2LIR12,N22P 22

FlIR2¢9yR12R21L

GLIRL19GL2R219GelR]ld,

LELRLLyDLEPLL DLIIRZL,D22R2L1N11IR129D22R12/D2LREZ2yD1cR22

MMENSTON Kk ATHX(1o) +DERIVILG)
EWUIVALEACE(RLILy % MTIRX( L)

ENTRY P CERIV
ALl XEEF (RyR
IXHLAG = C

$O 21 I=1lyb
TF{A3SIR MTIRX(1))
CONTINUE

MTRAWN)

e GT,

OLIRLLl = DL1*R11
JleRel = D12%R21]
D12 e = [E1ER1g
Dicied = Ged*RiLe
R1IRZ22 = R1L*Re2

) (URLLIDHWDERIVIL)

1.0€4) GU TO 90

A D e T D £l i SR e S P S 0 L 0 A 1 B b RN 3 T T 17 T B A £ A A SR bl VB ..m»wa‘zd
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:

PL2R21 = R12%P21
o
URLLDH = Asle(BLL+CLLeDLLIRLLI+DACRZI+DALIR12)%RLL
» +RL2¥RCL+Cz LR L+D2e*R 2R 2]
ke lDH = (BE2+CLLI+0D1LRLLI+ULLR21+D24R22)kE )
$ +CCL¥R22+D2L*RLLIR22 :
: NEL2NH = (Bil+Cc2+DLIRL1+D21R12+D22RZ2Z)*R]12 3
‘ $ +B12%R22+4D12*Rk11R22 3
: DEZ2NH = Acet(B2¢C22+D12Rc1+D21R12+D22R22)*R 2L A
g » +D11%RL2RZ] g
. IF (IXFLAG «NEs 0) GU TO 40 fx
: c 4
3 IF (1DERIV +EQe 0) 60 TOU <& 3
i GLIRLL = (F11DC#*R11 4
¥ Gl2R21 = [UlcDC*Kk21 E
s G21R12 = DU2LDC*R12 74
K c g
; NELRLL = D21%*R11 - ;
i NI2RLL = D12*R11
] DLIREL = DLli*Rel
E Dz2R21 = D22*R21 k-
P DILRLZ = DIL*R12 4
£ D22R12 = D22%R}2 E:
: DclRe2 = Del*R22 M
1) Di12R22 = D1e¢*R22 -
C
= DRLILCH = (LRLIDC+DCLLOC+514RiL4512R21451R12) %Rl E
=) $ +{BLL+CLL+DLILR11+D11RL1+012R21+D2IF L) *DR1LDC 3
g $ +(D12Kk11+Bl2+Ue2R12)*DR21DC 3
» +(D21R11+C21+D22R21)*DR120C E
o DRSLICH = (£B22DC+DCLILDC+GLIRL1+GL2R2L)*R21+DND21DC*R LLR22 . 9
= $ +{D11R21+D21R22)%DR11DC e
& $ +(B224C1L4DLLIR11I+D12R214D12R21+D22R2¢) *0UR21DC .
$ +(D22Kk214C214D21R11)*DR22DC 3
DRL2CH = (LBLL1OC+DC22DC+GLIRLLI452LR12)*R1240D120C*R1LIR22 E
$ +{D11R124D12R22)*DR110OC ko
4 +(B114C22+D1 1Lk 14+DIR1E+DELR12+4D22F 22 ) *DR 12DC 3
£ $ +(D22R12+#RB12+D12RL1)*DR2Z2DC 3
%‘ DR22CH = (L[B22DC+DC2ZDC+GLeR21+4G21R12)*RZ2+DDLIDC*R12R21 3
L $ +(D12R22+D11k 12)*DR21DC e
$ +({D21R22+D11K21)*DR120DC 3
s +(8224C22+D12R2L+D2iR12+D22R224D22R 2. ) *¥DR220C k
s 4
22 ND 24 1=14Ny2
DRDH(1) = DERIVII+1) 4
24 DROM{I#1) = -DERIV(I) E
RETURN ¢ A
C E
c : 5
- ENTRY X CERIV .
i CALL XFEF (XyR MIRX,8) 4]
1 IXFLAG = L
GG T{ 20
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SUBRIUTINE KuARS

C FOR MS
C  THIS SURRGUIINE CIONPUTES VALUES UF VAR[ABLES WHICH MAY B3E USED TO
W FUrM THE SLEMENTS WP THE RBAR MATRIX, nwhcki RBAR
C KEPREHENTS REFLECTIUN OF AN ELM WAVE FRGM ThHE EARTHOS
C SUPFACE. NAMELY, RBARLLI=DENL1L1/(CkNUMLL=VENLL ),
C OR (L O/RBARLLI+L.0)/C=NUMLL/DENL],
c AND RRARZZ2=DENCZ/{C*NUM22=-DFEN22)
c C2 (Lle/RBARCZ+1L4U)/C=NUM22/NENL2. UERIVATIVES «
C wikT C=COS(THETA) AKRE ALSO COMPUTED IF [ULERILV .
c 1S SET NUN-2tRU. NUTE THAT THE
c EQUATIONS ARE FURMULATED IN SUCH A wWAY THAT A SMUUTH
¢ TRANSITION IS MADE FROM THE 'CURVED tLARTH' FORM 1O
¢ THE *FLAT SAKTH' FURM, SEE ALSO NOTES IN SUBRGUTINE
C MUHNKL RESARDING DEFINITIONS OF HANKEL FUNCTION )
C PARAMETERS, THE VALUE UF EARTH®S RADIUS IS SUCH AS i
C TO MAKE 2.0/RE=3.14E-4. COMPUTATIUN AT THETA=90 ;
C IS NOT EXCLUDED.
C
COMMUON/RTALT/ TALTRALT
CUMMUN/THETA C/THETA
COMMUON/C CEM/C
CUMMON/RB COM/ZNUMLL JNUMZ29OENLLYDENZ2yDNMLODC ¢ DNM2UC yDDNLDC, ODN2DC
COMMON/FLFZ C/FLyF23 G FLLTyFLLR F2LTHF2ZR,H,GFLLT
CCMMCN/FRC CUM/FREWQ :
COMMOUN/H CUM/H :
CUMMUN/D CCM/D .
COMMON/GND COM/EPSREL 9»SIGMA .
COMMON/ ICERYV C/ IDERITY
COMPLEX
$ LIWRZ, .
s CTHETA +C y
$ NUMLL oNUM22 s DENLLDENZZ
$ CNMEDC, INM2DC , ODNLOC yDON2DC o
b FiloFloHGoHG FCTRGFLITHFLLRYFLLTyFRIRLDFLLTOGFLLT, )
$ CSQ935Qy :
$ NGSQy 1y ’ E
$ SQf
$ LIZNC, 3
) HLyHLPyHLPP, 5
$ HeoHZPH2PP i
$ E1£0y EXPON, :
b KK KXy :
X $ ALyA2,A29A49B14B2yB3yByy ;
j $ CALOC ¢DA2DC, DA3DC,DA4DC,DBL1DC,5B20C »LB3DC yDB4DC p
f PEAL KVRANDTZKVRATT  NOSGNDSQ )
i DATA RTL/57.25578/ .
] DATA 1/(C.0y140)/ - : :
5 NDATA EPSLNC/8+85434E-1¢/ ’
3 DATA VEL LT/2.997923€E5/ .
i DATA P1/3.141533/ :
DATA RE/E369.427/ N
C
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1 §)

{ = CCLSITRETA/RTD)
8y = (CaaQ

')D.d = 10:-\.b£;

HE Lol GEIN FOR (=0
SQGR = CCQRTINGSE=-SSA)

NUMILL = 1.0

RLICLL = (C=33R/NGSQI/IZ2 60

NUM e = 140/8QR

IF (IDERIV +fQe J) 5N TO LY

DRMLILE = N0 .

DERLIDC = (1e0=C/USQF®XNGSGIN/240
ENM2NC = ~C/SQR**3

LOLM2DC = = (CH%2/SUR*#3+1,0/759R) /2.0

= KVRATTH{CSQ4EM))

CELL SOBRARL (LdohlotidyHIP yH2P,F

A, Ckb e {KKEHLP+KAXHL ) /NOSW

Pe ChhZ24 (KKXH2P+K X2H ¢ ) /NOSQ

33 CEpL+RKEHLP

B4 CRBZ+KKEH2F

Al NUMLL1%31~2,0%ENLL%H1

A2 NUNMLL®B2~2,0%DENL i*HZ

A> NUM e #xBI=20%DENZxH]

Ag NUV2*B=2 ,0%DENZZ*Ne

IF (IDERIV .EQe J) G TO 20

cL0C KVRATT*2 ,O0%C

HiPP -l*H]

HZPP AV

DaLnc FLE(CRHLIP+{RKEXHLPP+KX*H 1P ) /NOSQ)I*DZDC

NEeNL Fet {CHHIP+( KXEHZPP#KXRHZIP ) /NUSQI*DZDC

6220 FLE{C*H 1P ek K%xHLPP)*uZIDC

Lt.40C FSe{CRH2P +KKXH2PP ) %DZDC

SaldC NUMLL%DR1IDC+DNMLDC*8 ] - &.L*(DENLI*HLP*DLDC+OONLDC*H1}
k200 NUMLL®*DBZDC+#ONMIDC%¥B2=2,0%{ DENL1=H2P*DLDC+DDNLIDC*H2)
pARNg NUM2ERDBANC+DNMLUC*B3=2 0% ( CEN22%HLIP%*DLDC+IDN 20C%H1 )
DA4DC AUN2Z2%0BADC +ONMMLDC%RG=2 J0% ( DEN22%H2P*D2ZDC+IDNZUC%H2Z)
HG FLTR = (Ac%Al-ALl*HZ)/{~KK)

(LR U I N TR T T2 ]

LI ]

o H Dy oo R

"HEIGHT GAINS FOR ELEVATED TRANSMITTER AND ELFVATED RECEIVER

L = KVREATTH{CSQ+EMZT)

CALL MDPNKL(Z yHLIR2 yHLPH2P,EZ)

EXPON = CEXP(EI~ED)

Ml = H1/5XPON

e = H2REXPONM

HiP=H1P/EXPON

HoP=H2P*EXPAON

FLLT = (Ag*Hi-AL%H2)/{-KK)*EXP({TALT~D)}/RE)
C2LT = (A4¥HL=A3%H2 )%{ -SQAK/KK)

PART L+ THE EQUATION OF THe DERIVATIVE OF HEIGHT GAIN FOR
FPERAL AT HEIGHT 2

s s S e = = S 5.
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DFLZT = (A2%HLIP-AL*MH2P)/(=KK)*EXP{(TALT=[)/RE)

Tni GERIVATIVE OF THE HEIGHT GAIN FOR FPEFL AT HEISHT 2
£XCUL ISIVE OF THE DLl TERM

G 14T= =TR2LAVRRKUTRIFLITHARGERELLT/ 24000

L = NVRATT*(CSQ+FMLR)

CALL MDHAKL{ZoH1yH2HLP 4H2P 4 E2)

EXPON = CEXP(EZ=-EO)

ML = H1/EXPON

HZ = H2%EXPON

F12P = (A2*#Hl=AL*H2)/(-KK)*EXP({(RALT=D)/RE)
FEZR = (Aq#Hl=A3%H2 )%(=SQR/KK)

HEIGHT CAINS AT /=D

7 = KVRATT*(CSJI+EMD)

CALL MDHNKL (ZyHLoHZ2yHLPyH2P,E)
ExPON = CEXPLE-EOD)

Hi = HLI/EXPON

He = HZ®EXPUN

H1P = HLF/EXPON

HeP = H2F*EXPON

Bl = C*hle(KK*H]LIP+KX*H]L ) /NDSQ

Be = C*F2+(KK*¥H2P +K X*H2 ) /NDSH

B3 = C¥kL+KK*H]P

B4 = CRH2+KK®H2P

CeMlL = 22%31l=~AL*B2

DEN2Z = A4%B3-As*B4

NUMLL = Z.0%(A2%H1-Al%*H2)

NUM22 = Z2,0%(A4*%H]1=A3%H2)

If (IDEFIV oEQe J) RETURN

HIPP = =7%H]

HePP = =71%H2

UBLDC = FL4(C*HLP+(KK*XHLIPP+KX*HL1P)/NDSQI*D2DC
DE2DL = F2+{CRHP +IKK*H2PP +K X% 2P ) /NDSQ)I*DZDC
DE3N. = FL+{C*HLIP+KK*HLPP)*DZOC

DBADC = F2+{C%*H2IP +KK*HZPP ) *D2DC

DONIDC = AZ2*LBLCC+DA2DC*E1-A1*DB2DC-DALIDI*B2
NON2DC = A4*(:B3UC+UAGL*B5-A3%DB4DC~0ASDL*B4
DMMIDC = 2.0%(A2*HLP*DZDC+DA20C *H1-ALl #H2P*DZDC-UALOC*H2)
DMM2DC = 2.,0%(A4*%HLP*DZDC +DA4DC*H1-A3 *H2P *DZDC-DASOC*H2)

FOLLCW ING FCUK STATEMENTS NEEDED UNLY FOR COMPUTING EXCITATION

FALTORS .
HEIGHT GAIN FOR FPERL AT /=D
FL = (A2#H1-AL%H2)/(-KK)
HEIGHT GAIin FGR FPERP AT (=D
Fo = (A4%hl=A3%H2 )% (~SQR/KK)
MEIGHT GAIN FOR FPERL AT 2=0 DIVIDED BY
HEIGAT GAIN FOR FPERL AT (=D
MG = EXP(-D/RE)*HG FCTR/FL
KETUFN

e b R e, it v SR A
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CLYPUTAL
ENTRY
I GR
wWoyf
NGSWY

Ab(p =

AVRKD
KVRA(

KVRAT
Kk =
kX =

EMIN
EMZIT

EMl =
NSy
gy =
NOSQ

TN wHICH 15 TNUEPENDENT

IMIT
2 CeOFPINERE IR IULY
NF = (MEGA/VEL LT

F THETA.

= [PSREL-1%SIGMA/UMELA/EPSLNG

dec/{naVE NR%KE)
TXPLALGH ARG 23400
1 1« J/AVEKOT

T 1l e J/AVRKUT %%2
I*AVILKTT

I/(wAVE NR%RE)

T

H

2e0%({KALT-H)/RE
deC*¥(TALT=H) /RE

2.0 B=-H) /RE
= 1.0+EMD
-2 QO*H/RE

= | JU=240%H/R[

FETURN

END
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; 3

*
4 ;
5, F»yﬁ,ﬁ

L 3
: SUBR( UTINE MDHNKL (ZyHLohesHIPyH2P, E) &
’ € FOR ™S 3

C THIS SURRQUTINE COMPUTES VALUES UF VARIABLES wolCh MAY BE CCMBINED 3
y TO FIKM MODIFIEL HANKEL FUNCTIOMS AS CeSCRIBED Z
o IN 'TARLE> OF THE MODIFIED HANKEL FUNCTIUNS OF ORDER R £
c UNE THIRD ANL UF THEIR DERIVATIVES!, BY THE STAFF OF 3
c THE CUMPUTATIUGN LABURATORY, HAKVARL (NIVERSITY E
c PRESSy 1Je5e THE NOTATICON IS SUCH ThAT THC 3
c ACTUAL HL=M12EXP(=E), THE ACTUAL HZ=h¢*EXP(E). * [
c ACTUAL DERIVATIVES WwRT AKGUMENT, Z, 4RE HIP*EXP(-L) o
c AND HZPXEXP(ED. 2
. k
COMPLEX 2yhleH2 JHLP JH2P 4 E, 2
$ R, :
$ 1,PARTS, E
$ ZPUWER) TERM, E
$ SUMAy SUMB ,SUMC y SUMD 5
) MZ3, 3
$ FoGaFPIGP T 1P, E
$ IPIl16T, I2THRO 4 IPISLZ, ¢
$ SUMLy SUM2 4 SUMLP , SUM2ZP, E
$ RTL9NYRZyOVRM4L 9Z3H9M3HOV Zy IRTZyMIZ3H,MLOVL 3y 3
$ C'SUMy ESUM,OSUMP 4 ESUMP 4 g
$ EDIFF ?
DIMENSICN A(cl) 48422) 4CAP(14)4PART(2) :
EQUIVALENCE (PART(1),PARTS) ¢
DATA AQ/Ca93043c11693/ b
CETA BO/Ca6TB290T514/ s
DATA CAP/ 3
$ le041€6€6606666TD=01084355034722222220~02414282265745553270~01 2
$  2.915450204541400-01,6.81627267443758D0-01,3.321+406281862770 00y . E
i 1.49957629868626D 0147.992301301156700 01+4.744015368660900 02, :
$  342071490091000000 05y2¢408654960000000 0491+939523120000000D 05, 3
5 1. 791602000000 00D Ovyle748437760COLO0D 07/ 3
DATA I/(CaCylad)/ 3
DATA ROCT5/1.73205380750608/ i3
DATA ALPFA/U.B53001218338951/ 3
DATA P1/2.14159265358979/ e
DATA 11ST/1/ £
DATA IFIRST/L/ 7
c s
LMAG=CAL S L) i
I+ (ZMAG .GT. 4.2) GO TU 50 i
c =
€ MACLAURIN'S SFRIES FORM FOK MAGNITUDE(Z) NOT GREATER THAN 4.2 =
IF (11ST .EQ. O) GO TO 12 B
A{1) = 1.0/6.0 i3
DL L1 M=gye2 .
A(Y) = A(M=1)%(3.0%¥M=2,00/7((S30%¥MI¥(C0%M=1,0)%(3,)¥M=2.0))
Q(4) = BIM=L)%{3,0%M=1.0)/((3.0%M¢1oC)*(3,0%M)%(3,0%M~1.0))
11 CONTINUE
198
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C ASYMFTATIC SELRIES FIOR MAGNITJDE(ZI SREATER THAN 3.¢

1187
SUMA
Suul
Suvg
SuM)
1P0wh
MZ3 =

P ol o )
TGO

.
*
*

[&]

rTn o o wonon

n C

13

AL

DL: LY ¥=1yc¢

ZPCAFR = [PUWER¥MZ3

THEM A (M)l P(IakR

suva SUMA+TERM

SuMg SUMC+YMSTERM

PARTS = TERM

It (ABSUPART(L) ) +ASSIPAKT(Z))
TERM F(M)*ZPOWER

SUMB SLFE+TERM

Suv) SLML+M T RM

PAKTS "= TreMm

IT {ARS{PFART(L)I+ARS(PaRT (L))
CONTINUEL

F = LO¥SUMA

G = {»BU*SUMR

FP 3.C%A0%SUMC/ L

GP (3 G%>5UMD+SUMR %R 4
T = | ¥(G=F~F)/RLOTI ;
% (EP=FP=FP)/RIIT3
G+T

GP+TP

L'

x)
. . . L ;. N gt | RN T T3
& B Rt TR, SR I Bt B 0 ond on SR S e A R i H:r‘

Iou o

olTe 1e0F=102 GO TD 10

n n 9

Al % e SR SN

-

LT 1o0CI-10) GO Tu Lo

w b

bt

TE
H1
HLF =
He G-T

H4Z2P = GP=-TP ]
E = Ua0 ;
RETUFN :

non

I+ (TFTxET
IPI1eT
12THED
IrPisl12
ALPHS
IFIRST
RTZ = CSCRT(Z)

vkl = 1.0/1

OVRMG L = ~0.25%0vR.

L3H = L%RT{ 3
MIHOVL = =1.5%0VRZ §
IkTZ = 1%RT1 :
MI/3H = -1%[3H

MIGVe 5 = -GVRZ¥¥3 :
F ~12THRD*Z3H+IPISL2 ;
R = CSWFT(ALPHSQ/RTZ)

«EQs V) GU TC 51
LLaU¥PI%*1/ 180
[%240/3.,0
HeOXPI%[/12.0
ALPHA% %2

0

N unn

asum =
QSUMF =

ol
.0

199
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70

ESUM = 3,0

ESUMP = 0.0

IPNWER = 1,0

DI} 5. M=2,14y2

IPLAER = IPOWER*ML0OVL3

TERM = CAP(M=-1)*ZPOWER
USUM = CSUNM+TERM

USUMP = CSUMP+({M~1)*TERM
TEEM = CAP(M)*ZPOWER
LSUM = ESUM+TERM

ESUMP = ESUMP+M%T ERM
PARTS = TFkM

IF (ABS(PART(L) )+ARSIPART(2)) oLT. 1.0F-3)
CONTINUE

CONTINUE

USUM = MIZ3H&0SUM

USUMP = NTZ3HXM3HOV *OSUMP

FSUMP = NM3HOVZ*ESUMP

SUML = 1.0-0SUM+ESUM

SUMZ2 = 1 40+USUM+FSUM

SUMIFP = =Q0SUMP+ESUMP

SUMZP = CSUMP+ESUMP

HL = SUMI

He = SUM?2

HIP = (CVRMGL+TKTZ)*SUML+SUMLP
HeP = (CVRM4GL=TKRT L) %SUM2+SUM2pP
PAKTS = £

IF (PART(l) 4GT. 0.0) GO TO 70

IF {(PAKT(2}) +GT. 0.0} GO TO 63
EOIFt = CEXP(E+E~IPIloT)

Hl = H1+EDIFF%H2

HIP = HIF+LDIFFxH2P

G0 TG 70

EDIFF = CEXP(-E~FE+1PlloT)

He = HZ+EDIFF%H]

HEP = HAF+EDIFF*HLP

HL = F%H1
H2 = Rxpg
H1P = R*HIP
112P = P%p2p
FFTURN
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SUERCUTINE FS INTG

Fuik MS

THIS SURRDULTINE PERFORMS AN INTEGRATION OF THE DIFFERENTIAL
FJUATTIINS Flin THE [ONOSPRERE ReFLECTION 4ATRIX
THROUGH A FREL SPACE REGION O'veR A CURVEUD EARTH.
ThE INTEGRATICN MAY 3F PERFURMED IN E£ITHTCRK A PCSITIVE
CR NEGATIVE HLIGHT DIRECTION, RuUT IN THIS PRUGRAM THE
INTESFATION IS ALWAYS UPWARDe TrE IMNTEGURATION VARIABLES
A¥t Tht ELEMENTS QF THE MATRIX (¥+l.0)/C wHERE k 1S THE
KEFLECTION MATRIX DESCRIRED BY PUDLENe THL SCLUTION
IS BASED ON BUDDEN, RACIU wAVES IN ThE 1UNCSPHERE,
In PAKTICULAR THE MATERIAL UN PF 1189367329,
330=338AND 343-345, [F IDERIV .
IS SET NON=-ZLRU, THE DER.VATIVES OF (R+1.0)/C ELEMENTS
WRT C=COS(THETA) ARE ALSO INTEGKATION VARIABLES.
COMPUTATION AT THETA=90 IS NOT FXCLUDLED. ALSD
THE EQUATIUONS ARE FURMULATED IN SUCH A wAY THAT A
SMOA0TH TRANSITION IS MADE FROM THE YCURVED EARTH! FURM
TG THE ‘FLAT FARTHY FURM FUR APPPOPRIATE VALUES CF
THETA., THE INITIAL AND FINAL VALUES OF
THE INTEGRAT]IOUN VARIABLES ARE STORED IN THE CUMMON
AREA YINTEGR?,

slelelelalelalaNelae Na¥e¥alala oY aXaEaaXse)

COMMON/ XFRNT/XPRINT

COMMOUN/ INTEGR/RLIL 9R2L o1l yRE2yDRLIDCDR2IDC,DR1cDC,OR22DC

COMMON/THETA C/THETA

COMMUON/C CCM/C

COCMMON/H CCM/H

COMMGN/ WA/ WAVE NR

CUMMON/IDEKY C/1DERIV

COMPLEX THETA.C,
RKLLeRZ1WR129RLZE
CRLIDCyDR2LDCyR1DCyDREZ DLy
IyKK' KX 'C SQ'
EXPUN
ZaHL o2 yH 1P gH2F 2EQEy
HLIPPyH2PP,C210C,
ALL:4124A219A22,
CALLIDC,DALZNC,LA2LDC,DA220DC,
FLoGLsALsBLIF21G29A2482,
CFL1DC ,DGLOCyLALDC,DBLOCDFZDC UG20C,LAZEC+0L32DC
EPLIEPLYWEYLEY2,
DEPLDCyDEP2NC,LikYLDC,CEY2DCy
DENsViIeV2,
DDENDC,yLVLIDC,DV20C

RFAL KVRATT,NOSG,NZSQ

INTESER XPRIMT

UDATA I/{(CaCyle0)/

DATA RE/€3b44421/

DATA RTE/57.26573/

PR PP PO Y e

IF (XPRINT oNEs O) PRINT 1004RLLyRZ21yR12,R22




S TR R TS e =
AR EY B T N e

- = e ey .

PR *?é
k.
) 2
100 FORMAT (200 ,PAT HT=20 R =,4(2Xy2F1245)) P
IF {1DERIV oNEo O <ANDe XPRINT oNE. 0) g
, $ PRINT L0L1,0RL1DCy0R2LOC ¢DR12DC, NR22DL E
101 FORMAT ('O, 'DERIVS ='y4Xe4l2Xy)LP281c45)) %g
¢ g
€ = LCOGSUTRETA/RTD) ‘ g
CSQ = C*%2 i
¢ g
C CUMPUTATION OF HETUMT=GAIN CUEFFICIENTS FoGoAsB FCR TwO CONDITIONS - &
¢ N THE UPGOING wAVE AT HEIGHT=20, NAMELY, ElL2i,LY=0 -
¢ AND E1Ll=03,£Y¥=1le EACH OF THE COEFFICLENTS FoGeAyB IS i
£ RIVINED BY C=COS(THETA), b
Z = KVRATT*(CSQ+EMO) &
CALL MDBAKL (ZoHLgH2oHLP yH2PEU) 3
All = Hl 2
Al2 = M2 Z
All = C*FL+(KK*HLP+KX*H1)/NOSQ i
A2l = CHR2+(RK*HZP+KX%H2) /NOSQ g
DEN = AL1%AL2=A2L%A12 3
Fl = (R11%A22-2.0%ALZ)/DEN &
Gl = (24C*A1)1-R11%A21)/DEN .
Fe = RL2*A22/DEN 2
Ge = ~R12%A21/7DEN g
C &
IF (1DERIV +EQe 0) GU TU &b P
DiDC = KVRATT®2,0%(C 3
HIPP = =Z%H] ]
: H2PP = =1%H2 -
. DALIDC = HL1P%DZDC
: [1AL20C = H2P*DZDC 3
i DA2INC = H1+(C*HLP+(KK*HLPP+KX®XHLP ) /NOSQ) *DZ0C . e
PA2ZUC = HZ4(CHH2P+(KK*HZPP+KX*H2P) /NOSQ) *2ZDC
DCENDC = AlI%0OAc2ODC+NALLIDC*A22~Ac1*DAL20C=DALLDC*A L2 3
CFLOC = (R11%DAc2DC+DR1LDC*XAZ22~-2.0%CAL2DC) /DEN=Fi%DDENDC/DEN k
BGLOC = (2.,0%DALLIDC-P1L%*DA21DC-NDR11DC*A21) /DEN-GiL*UDENDC/DEN E:
DF2DC = (R12¥DA¢ZDC+ORL2ZDC*A22) /DEN-F2%*DNENDC/DEN ' 3
UG20C = (=R12%¥DAZLDC-DR1.DC*A2L)/DEN=52*%DOENDC/ DEN
c iy
5 All = Ml P&
Al2 = H2 bog
AZl = CHFL14KK*HLP D=
A22 = C*F2+KK*HZP
DEN = ALL¥h22-Acl*A)2
p1 = R21%A22/DEN
gl = =R21*A21/DEN
Al = (R22%A22-2.,0%A12)/DEN
22 = (2.0%ALL-R22%A21)/DEN
c
IF (IDERIV .EQ. O) GO TO 30
PDALLIC = HLP*DZCC
NDEL20C = HZP*DZDC
CA2L10C = HI+(C*HLP+KK*H1PP)*0LDL
DA22CC = HE#(CHH2P+KK*1H2PP)%xDZ0OC
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C

[a R e

POENDC = AJL1%DA22DC+DALLUC*A22-A21%DAL12DC-DAZLLL*A42

DALDL = {R21*DAZ2DC#DR.IDC*A22)/DEN~AL*DLENDC ZDEN

PELDC = (=Rel*DALLIDC-Drz1DC*A 2L ) /DEN-BL¥DTENDC/DEN

DR20D 5 (K2enDALZOC#DR ccULFALZL~2.U*DALLDL ) /DEN=a2%9DENDC/DEN
-

PR (Z.U*DAlxDC-Q2£*DA410C-DRZZDC*A21)/DEN*bt*DDENDC)DEN

COMPUTATION OF UPGCING FIELLDS ElL AND EY AT HEIGHT= lt FOR THE TwO

3y

35

CUNDITIGNS DESCRIBED AbOVE.
7 = KVRATTH(CSQ+&MZ)
CALL MIHNKL (ZyHL yHZ HiP H2P4E)
FXPON = CEXPLE=-EO)
Hl = H1/FXPON
HZ = H2*EXPON

HIP = H1F/EXPUN
HEP = H2E®EXPON

Azl = C*FL+(KK®HLIP+KX%*r1)/N2SQ

Ac2 = CHF24(KKEHZPHKARHC)/NZSO

FPL = (FI*AZL#GI*ALL)/240

EPZ = (FZ*A2L+Gc*A?¢)/240

If (IDERIV JEQe 9) GO TO 25

HLPP = ={*H] .

H2PP = =I%H2

CAZICC = HI#(CHhiP+(KKXHIPPEKXXHLP) /NZSQ)*DZiC i .
PAZZLC = Hz4{Ckh2P+(KKR¥HZPP+KX*H2P ) /NZSQ) *D20C

DEPLEC = (FL¥DA2LDCH+NF LUCHAZL+GI*0DALDC+DGLDCRAZE) /240
DEP2DC = (F2#DAZLDC+UFDC*AZL+32%DA22DC+DG2LC™AZ2) /240
AZ1 = CHFL4KK*H1P

022 = CHE24KK*H2P

EYL = (AL®A21+B1%A22)/2.u

FYZ = (AZRAZ1482%A22)/2.0

It (IDEPIV LEQe J) GO TOU 4«0

Cazloc Hi+(C*HIP+KLK*H 1P ) *DZ0DC

Laz2:C H2+{CRH2P+#KK¥*H2PP)%DZ2DC

DEYLLC (AL¥DAZIDC+DALCU*A21+B1%DA2.DC+DBLILC*ALL)/ 2.0
DEY2DC (A2*DAZLOC+DAZ20C*A21+82%DA22DC+DB20(C*A22) /2.0 .

(LI T 1}

COMPUTATICN GF REFLECTION COEFFICIENTS AT HEIGHT=IZ.

40 V1

FL¥HL+G1l%*H2

F2xF1+G2*M2
EF1%EY2=-EP2%EY]
(VI*EYZ~V2%EY L} /DEN
{Ve*EPL=-V L*EP2) /DEN

"o

Ve

DEN
R11
ki2

"oun

IF (1DERIV +EQes O0) GO 7O 45

DVICC = (FLl%HLIP+Li*H2F ) *DZDC+DF 1DC*H1+DGLDC*H2

DV20C = (F2%¥H:2+G2%H2P ) *DZIDC+DF2DC *H14DG2DC*H 2

BRENDC EPL#OCY20C+NEPLOL*EY2~EP2*REY LDC~-DEP20CH*EYL
Dk 110C {VI*DEYZ0C+DVLDC #¥EY2-V2*DEYLUL=UVLUL*E Y1 i/ Ukiv

won

$ =R11*DDENCC/DEN

o

%
23
4
3y
=2
(5}
b2
ez
=
Erd
2

Py
il

N, 5 STk
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ffual i

il
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el i i

e
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T T

it

‘-d
1%

.

o
o L

f iRl

g

P
et

s
=
B
E
T




OO0

(]

42

§

$

$

ORL2LC = (V24DEPLOCH+IVLOCHEP L~V I3 DEPIRC~DVILC L P2 )/ DEN

<R12*CDENCC/LEN
Vi = Al»bienitnyg
V2 = A2%F14832%H2

Rel = (vi*CYe=VOREYL)/OEN
Red = (VZ2%EPL=-VI*EP2)/0EN

It (ICERTIV JtQe ) GC TC 50

TVLISr = (AL%ALP3L%*HP ) 2L ZUC #DA LUC*HL+UBLDC #H2

PV20C = (AZ¥HLP+B2XHZP ) *DL0OC +DALDCY HLI+DB2DC*K2
Pl = (VI*OEYZOC+DVLIDCREY c~VEXDEYLIDC-OV2DC %YL )/ DLN

~Re1*0DENCC/OEN

H

DELLEC
~R22*LDENDC/DEN

(VexDEPLOC+OVZLC*EPL=V]I*DEPZOC~-DVIDL*FPL)/DEN

Sv TF {XPRINT NEs J) PRINT 5004R11L9R214R1Z2yK22

$
531 FIRMAT ('0¢,*DERIVS =

SI0 FORMAT [P0, AT HT=2. k =4 ,4(2X92F12e0))
IF (INER IV WNEe ) o ANT. APKINT

ofiEe U)

PRINT oCLleyPRALUDCIORZLDC $DRLcUCyDRZZ2DL

RETURN

YeaXea(2X9LlP2ELC5))

" COMPUTATINN wHICH IS INDEPENDENT 0OF THETA. THE INTEGRATION will

PRUCEED FROM nElIGHT 20 TC HEIGHT L. whiN FSINTG 1S

CALLEC.
FINTRY InlT Fs{20+422)
ARG = 2,G/(wAVE NR%RE)
AVRKCT = EXPLALOGIARG)/3.0)
KVRATT = 1 OFZAVRROQT %%2
Ky 1A VEKOT
KX T/ CnAVE NK%RE)

EMO = 2.(%(Z0=H)/RE
NUSQ = 1.0+EMO

EML = ZoCR(ZL=H)/RE
NZSG = 1.04EMZ
RETUKN

END
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SUBRGUTINE FCT VAL (THLTAZWF) .
FOR MS.
ROUTINE IR CORPUT ING £ FUNCTIUN VALUES AT MESH PLINT S CALLED GN
PRINCIPALLY bY SUBROUTINES FLEFOS ANC Nu MESHe THIS
IS YHE MOOIFIED F FUNCTION hHlCH HAS NO POLES ANU WHICH
HAS NL ZEROS AT THETA=90,

€I Y OV

COMMONZ TCERY C/Z IDERILY
CUMMLNZ ITXACT C/IEXACTY
COMMPNZTRETA C/THETA
COMMON/ INTEGR/RL] pR24 4R 12,R22
CliiaC N/ RE uUh/NUMllvNUM2£oUENLl'DtN££
COMPLEX THETAZsFy
THETA
KLisR21yR129R2y
NUMLL oNUM22 9 DENLL »DEINZ2

o« »

G

THETA = THETALZ
IDERIV=0
IF(IEXACT oJEwe 0) GO TO 11
CaLl INTFG
CALL FS INTG
GL T2 le
Ll CLLL LAGENG
12 CALL PBARS
F = (NUMLL=RLL*DENLL)*(NUM22=R22*¥DEN22)
$ ~R12%RZL*DENLL¥DENZ2
RETURN .

END

i
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i A G
d SUBRCUTINE F OFLT (THETAZF,0FDT) ) E
S € E®QOR NS 2
" r "ROUTINE FGR COMPUTING F FUNCTION VALUES AND THEIR DERIVATIVES §
;- c wRT THETA AT AKBITRARY VALUES OF THETA., CALLED ON 4
; [ PRINCIPALLY #Y SUBRUUTINES NO MESH AND FINAL. THIS E
- ¢ 1S THE MODIFLED F FUNCTION WHICH HAS NO POLES AND wHICH * |3
f c HAS NO LZERDS AT ThETA=90. K
c ¢ g
s CLMMON/ICERV €/ IDERIV . |E
CUMMUN/ IRACT C/TEXACT &
COMMON/KXACT T/ KEXACT %
COMMON/ THETA C/THETA E
COMMONJ INTEGR/R1LyR214R129R22y %
) DRL1DCyDR21DC,DR12DC,DRcDC 2
CCMMGN/RB COM/NUMLL NUM224DENL:+DEN22, g
s CNM1DC, DNM2DC » DDNLDC o DON2DC %
COMPLEX ' &
$ THETAZ,F,DFDT, ¥
$ THETA P
$ DFUC, Sy E
s RLLoRZL9R12¢R22s -
$ LR11DCyDR21DC,OR12DC,DR220C 3
$ NUMLL ,NUM22,DENLL¢DEN22y %
$ DNM1DC , DNM2DC » DUNL1DC » DONZDC g
s FACTR1yFACTR2,R12R<1yUNLDN2Z, k
) DFORL1yDFCR21,0FDR12,DFDR 22, - g
$ OFUNM1yDF ONM2 , LFBDNL o DFDDN2 g
CATA RTC/57.295 / S
THETA = THETAZ ‘ i
IDERI V=] B
IF(KEXACT JEQe O +ANDe IEXACT .EQe 0) 30 TO 11 %
CALL INTEG g
CALL FS INTG &
GG TO 12
11 CALL LAG DER
1¢ CALL RBARS
c
FACTRL = NUML1-Ri1*DENLL
FACTR2 = NUMZ2Z-K22%DENe2 .
RI2R21 = Ri2%R21
DNLDN2 = DENLLI%*DEN22
F = FACTRL*¥FACTR2~R12R2 1*UNLDNZ
c .
LFONML = FACTR2
DFLNMZ = FACTRL
DFODNL = ~RLI*FACTR2-R12R21%*DEN22
DFODN2 = =R22*FACTR1-R12R21*DENIL1
DFORLL = ~DENLL*FACTR2
DFOR21 = ~RL2*DNLDN2
DFORL2 = ~RZLI*DNLIDN2Z
DFDRZ2 = ~DEN22xFACTR1




DFDC = DFDRLL*unllEC+DFUCRe4*DRZLDC
+OFNR 1L#ORL2IC+UFDRE2*DRZ20C

+OF DML ®ONML UC +DEDNM2XDNM20C

+UFDINLEDOVL L+ uF GONEGRDDN2LC

ofs 4

o= 0
Srel.
SETUEN

SIN(THETA/RID)’
= «SEDFRC/RTD

Edu

IR

g

e

i, % )

i
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 SUBRUUTINE LAGRNG

FOR NS

RUUTINE #0R PLRILAMING LAGRANGE INTEKPOLATION OF wEFLECTIUN
COEFFICIENTS Ih THE (OS(THETA) FLANE.

COMMUNZTHETA C/THETA

3 CLMMEM/ZINTEGR /R (4 ) 9 DROC L 4)

: COMPLEX THETAG(L) oR GIVEN(asl)dy

{ $ Tt TA ok 9 DRDC

$ CoPROLySUMI4) o CLEFL45100)3C3L100)4DENLIVI)
DATA RTEZ/57.29578/

- C  LAGLRAMGL INTERPULATION,
C = CCOS{THETA/RTD)
21 00 22 =144
22 SUMIT) = 0.0
DU 24 JG=LoNG
PEUD = 1.0
DG 22 J=liNG
IF tJ +JEQs JO) GU TC 25
PROD = PROAG*(C-CG(J))
23 CUNTINUE
DG ¢4 1=1,4
24 SUM{L) = SUMUI)+COEFL],JG)*PROD
LC 25 1=144
25 RE1) = SLM(!)
RETUEN

R A

INETIALIZATION OF LAGRANGE INTERPOLATION USING INFORMATION ON
LOCATION OF GIVEN VALUES IN CNOS(THETA) PLANE.
ENTRY INIT LS (THETAGNU)
Uit 31 JG=1yNG )
31 CGLIG) = CLUS{THFTAGLJSI/KTD)

2 XaXzXs

LO 34 JG=1,NG

PROL = 1.0

DU 32 J=14NG

If (J +EQe JG)} GU TO 33

PRFOLC = PROL*(CG(IGI=-CG(J))
33 CONTINUE
34 DEN(JG) = PROD

RETURN

k]

Sy et S TR Aty

FURTHER INTTIALIZATIUN OF LAGRANGE INTERPCLATIGMN USINs IKRFORMATION
0N GIVEN VALUES.,
ENTRY SFET LAG (NGsR GIVEN)
NC 4l JL=1y4NG
DC 41 l=144
41 COEF{T144G) = R GIVEN(]9JG)/UEN{JG)
RETURN .

IOYO O
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SCARUTATICN CF DERIVATIVES Ub INTERPOLATEDR VALUES wri CUS(THLTA).
NO EXACT VALULES OF DKOC ARE USED,
THE LAGRANGE INTERPOLATION FORMULA [JTSELF
IS DIFFERENTIATED WwRT COS(THETA).
C =2 CCUSITRETA/ZRTD) ’
N o I=sls4
be SUM‘!’ = 0.0
NGML = NG={
OL oe JAxl,NGML
JEPL = JA+l
DG 64 JK=JAPL NG
PROD = 1,0
DG 03 J=14NG )
1t (J eFls JA JORA J oEQ. JB) GO TO 63
PR3D = PRCL*(C=C5(J))
23 CuLhTINUF
DG o4 I=ly4 ~
ok SUV(L) = SUM(I)+PROD=(COEF(T JA)I+COEFL1,J48))
OC 605 1=1l44
65 ORLCLTI) = SuM(T)
oy TC )

© END
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- SUBRUUTINE FZEROS (TLEFT, TRIGHT.TBUTyT!OP'TMESH,TUL MPR!NY.
$ LERQOS ¢NR  2)
| FOR &UOT =FINCER
féi FZEFCS IS A RCUTINE FOR FINUING THE ZERCS OF A COMPLEX FUNCTIUN, Fo
- wHICH LIE WwWITHIN A SPECIFIED RECTANGULAR RESION OF ThE
CUMPLEX (THETA) PLANE, PROVIDED THE FUNCTIGN HAS NO
POLES IN THE VICINITY OF THE RECTANGL&.
EXPLANATION OF PARAMETERS-=-
TLEFT = VALUE OF REAL PART UF THETA Af LEFT EDGE CF RECTANGLE,.
TEIGHT = VALUY 0OF REAL PARY OF THETA AT RT EDGE OF RECTANGLE.
TBOYT - VALUE OF IMAG PART UF THETA AT B0TTOM EDSE OF RECIANGLE;
TTOP - VALUE OF IMAG PART OF THEYA AT TOP EDGE UF RECTANGLE.
TMESH = SET EQUAL Tu ABOUT HALF THE AVERAGE SPACING BETwEEN
ZEROS WITHIN THt RECTANGLE, A SMALLER VALUE MAY BE USE
AS A SAFETY MEASURE, BUT TOO SMALL A VALUE WILL RESULT
IN EXCESSIVE RUN TIME.
TOL - TOLERANCE TO wHICH ZEROS ARF TO BE FOUND. IF TwO
2EROS ARE CLUSER THAN 'TOL', THE ROOT-FINDER wiLl STGP
v ITH AN ERROP MESSAGE.
MPRINT - NORMALLY SET TO ZERO. A MON-ZERO VALUE LEADS TU
PRINT~0UT FOR DESUGGING.
ZEROS - OQUTPUT LIST OF (COMPLEX) VALUES OF THETA AT WHICH
LEROS ARE FCUND.
Nk ¢ = THE NUMBER OF ZERUS FOUND.
SUBRCUTINES TC bF FROVIDED=-~
FCT VAL (THETA,F) - TO RETURN THE VALUE OF THE FUNCTION, F,
AT THE POINT IN THE COMPLEX PLANE SPECIFIED 8Y *'THETA' %
F DFDY (THETAFyUFDT) - SAME AS 'FCT VAL' EXCEFT THAT THE
CERIVATIVES, U'FDT, OF THE FUNCTICN WRT THETA MUST ALSO
BE RETURNED.

MRS 2 af b ., 3

RN e SRR

rm?.wim ShTERRRAT & e B KA bRt AT

OO O ON'D N

CUMMCN/ZLS COM/NR ZT,NR ZLS( 100}

COMMGN/TMC COM/TMESHC

NIMENSICN ZEROS(241)

COMPLEX FyPRFV FyFOOsFLOsFOULIFLLyPARTS

CIMENSICN PAKTLZ) »SOLLZ)THETAL2)

DIMENSICN K EDGEL{50),K EDLE2(50)4K EDGE3(50),K EDuE4(50)
EQUIVALENCE (PART(1),PAKTS)

IF (MPRINT JNE. 0} PRINT 9006
906 FURMAT (*'11')

LW S g Pt - . : i
# 0 M o N it gy e » . v T
e BT A M T B I oS B B it

C
TMESHC = TMESH
C
C SIGFS OF RECTANGLE IN TMESH UNITS
JLT = TLEFT/TMESH A
IF (TLEFT JGEs 0a0) JLT = JLT-1 P
IF (TLEFT 4LTe 0.0) JLT = JLT-¢ i
¢ E
JRT = THIGHT/TMESH E
IF (TRPIGKT «GToe 040) JRT = JRT42 ;
IF (TRIGHT oLE. 0.0) JRT = JRT+1 7
4
E
i
210 &
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N .
“ JsUT = TROUT/TMESH
It (TRUT JGE. 040) JBOT = Ja0T-1
IF1B0LT LT, ue0) JBOT .= JBOT=2 Ll o3
- C “v;‘ ‘;;%
JTLP = TTOP/TMESH I
IE ATTOP JGTe Je0) JTOP = JTOP+2 E
. [P (TTUP JLEs De0) JTGH = JTOP+) &
C 2
C  INIVIALIZATION UF PARAMETERS, ;-
Kl = JYGF :
Kk = JLT ¥
KELGE = | 3
i o C4LL FIND F (KRyKIyF) i
: Nt EL = O £
A ‘NR B2 = C =
M3 = C
Mo B4 = C
NE 2T = €
i Nk ZL = ¢
3 ‘NE L = ¢
: L0 I (R 2L EQs 0) G0 TU 20 ,
NR ZLSINR Z) = NR ZL E
NR 2L = 0 3
20 PREV F = F k.
. IF {MNk LL «GTe 1) PKINT GeOoNR 4L Z
%20 FOPMAT ('0%,13,1X,'MIDES FOUND ON SAME PHASE LINE') |
N 2L = € =
GO TG (21926431 +36) yKEUGE z
. C ' =
C SEARCH ALCNC LEFT EDGE OF RELTANGLE FGR SIGN CHANGES IN IMAG(F). E
¢l 1k (k1 JEGe JBIT) KEDSE = 2 g
IF (FEGCD oEG. <) GO TO 20 =
KI = KI=1 3
CALL FINC F {(KRyK[,F) i
IF ({LAIMAGIPREV F) 6T 040 +AND. AIMAGIF) ,GT. Q49) .
¢ s0ike (AIMAGIPREV F) oLTs 0.0 JANDs AIMAG(F) LT, 0.0)) s
3 $ 50 10 20 E
; IF (MR F1 oEQe O) GO TO 23 :
DL éz K=1y¢NR El

If (K] +fQe K ERGEL(K)) GU TO 20
-2¢ CONTINUE
25 FO1 = PREV F

FOO = F

L1 = K1
I Le = JLT
é - 6L TO 43

I C SEARCH ALCMNG BOTTOM EOGE OF RECTANGLE FOR SIGN .CHANGES IN IMAG(F),
1 26 IF (K% oFU. JRT) KEDGE = 3 ]
g . 1F (KELGE oFwe 3) 50 TO 51

; KF = KR+l
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CALL FIAND F (KR ¢K1yF)
It ((ATMAGIPREV F) o6Te Vsl +ANDe AIMAGIF) GTs UoU)

$ oURs (AIMAGIPREV F) oLTe 040 +AND. ALMAGIF) oLT. 0.0))
$ 66 T 20
IF (ANk £z oBQe 0) GO TU 29
DO 27 K=iyMR E2
IF (kR ,FQ, K ECGE2(K)) GO TO 20
27 CONTINUE
2 F0O = PREV F
FIO = F
L1 o= JBC1
Lk KR=1
GL TO 48

SEARCH ALONC KIGHT EDGE OF ReCTANGLE FOR SIGN CHANGES IN [MAG(FI).

31 IF (K] JEQ. JTOP) KEDGE = &
1F (KERLE JEQe 4) GU TUO 3¢
KI = KI+}l

CALL FINEL & (K yK14F)
TE (LATMASIPREY F) «GTs UeD «ANDse AIMAGIF) 4GTa QW)
«ORs (AIMAGIPREV F) oLT. 0.0 +AND. AIMAG(F) +LT. 0.0))

$
$ GO 7O 20
IF (MR 3 +EQ. 0) GU TO 33
DG 32 K=1yNR E3J
I+ (KD «fQ. K ELGE3(K)) GG TO 20
32 (ENTINUE
33 F10 = PFEV F
Fll = F
L1 Ki-1i
LR JRT-1
GG TO 53

SCARCE ALGNC TOP EOGE OF RECTANGLE FOk SIGN CHANGES In IMAG(F).
36 I (KR JEQe JLT) GU TO 80
Kk = Kk=}
CALL FINL F (KRoKIyoF)
IF ((ATMAGIPREV F) 4GT,. 040 AND. AIMAGIF) .GT. 0.9}
$ oORs (AIMAG(PREV F) oLTe 0.0 oANDs AIMAGIF) «LT. 0.0))
$ GO 13 20
IfF (NR E4 .EQ. O) GO TO 38
DO 37 K=1yNR E4
IF (KR fQ. K ECGE4(K)) GU TO 20
37 CONTINUF
38 FL1 = PPEV ¢

Ful = F

L1 = JTCP-}
Lk = KR

GL TG 58

FNTER MESH SQUARE FRCM LEFT SIDE OR EXIT RECTANGLE AT RIGHT EDGE.

41 Lk = LR+}
IF (LR «LEe JRT=1) GU TO 42

N £2 = NR ES+]
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K FOGF2INR £3) = LI+l
IF (MPRINT oNEe Q) PRINT 440
GO YO 10

4. fCl 7 Tl1

w3 (ALL FIMNG B O (LR41 LI+L,FLL)
Catt FINC F (LR+1+LI4F10)
Lfvot =1

’ INTEE R = u,e0
FNTER T = -A(MAGIFCU)/ZAIMAGLFOL=F.0)
G T 60 ‘
c .

: C ENTEK MFSH SGWUARE “R0M BOTTOM SIDE Uh EXIT RECTANGLE AT TOP EDGE.
o 4u L1 = LI+l
B 1F (L1 oLE. JTOP=1) GO TU 47
B Nk E4 = NR E4+1
’ K EDGE4(NR E4) = LR
- 1F (FPRINT WNEo Q) PRINT w30

Gu TC 19

4 47 FUC = FOI

= FI0 = Fl1

3 48 CALL FINC F (LR,LI+1,FOL)
CALL FINE F (LR+l4LI#1,FL])
LEOGF = 2

Y I R . s . A
N L e IR e T e e SN QR PG AVl P

ENTEF R = =AIMAC(FOO)/AIMAG({FLU~FO00)

ENTSE | = Qv E
e, GL TO 60 E
. z

ENRTFR ME SH SQUARE FROM RIGLHT SIDE UR EXIT RECTANGLE AT LEFT EDGE.
5L Lk = LR«]l~
. IF (Lk 4GFe JLT)} GO TO 52
Mk El = AR El+}
K EDGEL(AR ELl) = LI
If (MPRIANT JME. O) PRINT 99¢
Gu T¢ 10
b FLlL = Ul
Fit = FCQ
53 CALL FINC F (LR,LI*#1,FOL1)
CALL FINC F (LRsL1,FO0)
LEDGE = 3
ENTER R
FNTER 1
GG TG 60

<y Oy

T R N O v o
A A R

L

1.0
~ATMAGIFLO) /AIMAG(FLL=F10)

e Net

ENIEr MESH SHUARE FROM TOP SI1DF OR EXIT RECTANGLE AT 30TTOM EDGE.
S5 LI = L1~}

IF (L1 (€. JBOTSY GU TO b7

Nk FZ2 = NR E2+1

K EDGEZ(NR EZ2) = LR+]

TF (MPKINT oNFs 0) PRINT 990

S50 TD 10
5T FOl FCC

Fll F1lcC

L SR T R R
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58 CAtL FINC F {LR,yLI,FOO0)
CALL FINC F (LR+iyLI,F10)
LEDGE = 4
FRTER R =z =p
ENTER 1 = 1.
Gl. T0 &

:»
hond
k3
5
y
£
¥
s
£
P

MAC(FOL)/AIMAG(FLL=-FOL)

o bt ey o

<

et

Fow OEBUGGING ONLY, PRINT CU=-GROINATE OF LOWFR LEFT CURNER
OF CUKRENT MzSH SQUARE. RESULTING SET OF PRINTED .
CO=-NRCINATES GIVES TRACE OF EACH LINt ALUNG WHICH
IMAG({F)=0.,0 FKkOM ITS ENTRY UN THE EDGE Gk THE
RECTANGLE TO ITS EXIT AT ANOTHER 0INT OiN THE
RECTANGLE,
b0 IF (MPRINT .NE. O) PRINT Y60,LRylL1
960 FORMAT (' *,20x,215) 5
TEST FOR THERE BEING TWO (HYPERBOLIC) LINES ENTERING AND LEAVING 3
THC MESH SQUARE ALONG EACH OF WHICH IMAG(F)=0.0
IF S0y SET L Twu' NON-ZEROD. g
LTwd = & i
IF ((AIMAGIFO0) «5Te 0o0 oANUDe AIMAG(FLIL) o376 040 3
+AND, AIMAG(FLO) oLT. 0¢0 JAND. AIMAG(FOL) oLT. C.0)
«ORe (AIMAG(FOO) oLTe 060 o+AND. AIMAGIFLL) LT, 0.0
«AND. AIMAG(FLO) oGTa. 0.0 +AND, AIMAG(FOL) +GTes 0.0))
LTWO = 1
TEST FOk THERE BEING AT LEAST ONE (HYPEREBCLIC) LINE ENTERING AND
LEAVING THE MESH SQUARE ALCNG WHICH REAL(F)=0.0
IF NOT, SET *190* TO ZERO.
190 = 1 .
IF ((REALIFOD) +GTe UeO +AND. REAL(FLO) oGT. 0.0
«AND. REAL(FOL) +GTe 0.0 +ANDe REAL(FLL) «GTe 0.0)
«ORe (REAL(FUO) oLTe 0e0 oANDs REAL(FLO) +LT. CeO .
«AND. REAL(FUL) +LTe 0.0 +ANDe REAL(FLL} oLTs Q.0))
190 = 0
IF {1l TWC «EQe O +ANCs 190 .EQe 0) GO TQ 70

OO0

WG AT i eatte, i,

G

(NNl

® o n

OO

AL O v by TR Sl

TS 2 B A A 2 T T S

L K

COMPUTATICN OF COEFFICIENTS TO 8t USED IN DESCRIBING THE VARJATION
OF THE FUNCTION WITHIN A MESH SQUARE GIVEN THE
VALUES AT THE CORNERS OF THE SQUARE AND LINEAR
VARTATION ALONG ITS EDGES. ALSOs THE PUSITION OF
CRUSSING OF THE HYPERBOLIC ASYMPTOTES (wHICH ARE
PARKALLEL TO THE SIDES UF THE SQUARE) FOR THE LINES
IMAG(F)=0.0 ARE COMPUTED IF BOTH LINES (BRANCHES)
ENTER AND LEAVE THE SQUARE,

aEesEeNeNeNeleNeXal

PARTS = FQO
AR = PART(1)
Al = PART(Z)
PARTS = FO1-FGO *
BR = PART(1)
Bl = PART(2)

PARTS = FLlG~-FJO

Ck = PAFT(1)

L1 = PAPTLR2)

PAPTS = FQO+#FLl1-FOL-F1O

‘

214 -
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DRk« PALTLL) b

ol = PARTLL) 55_

It (Eimt Wbe D) 6OV TO 61 i

! . CEMTR R = =B1/D] =
/ CENTH 1 = =CI/DI 2
4 IF (190 «Eue 0) GU TO T0 3
5 ¢ 2
4 ’ 61 At = AR%Pl-Al#pk 3
- M. = ARSCI-AI*CR £
t~ AD = AR®Cl=AI*DR 3
: ] EC = BR2CI=-BI*CF 3
: BU = BR*CI-BI*DR 3
A c CD = CR*CI=CI%*DR 4
IF (ABS(RD) .LT. ABS{CD)) GO TO 64 &

C  SULUTTON FCR Twd PUSSIBLE PUINTS AT WHICH THERE MAY BE CROSSINGS k

c CF THE (HYPFRACLIC) LINES REAL(F)=(.0 ANU IMAG(F)=0.0,

c A CRISSING PUINT IS CHOSEN TU BF A ZERO uUF THE %

C rUNCTION IF IT LIES wITHIN THE CURRENT MESH SQUARE %

c ANC [F IT LIES ON THE BRANCH OF IMAG(F)=J.0 CURRENTLY £

o BEING FOLLOWED. MULTIPLE CROSSINGS ALUNG THIS BRANCH =

c (ACTUALLY A SEKIES GF CONNECTING HYPERBULIC BRANCHES) F

c IN THE SAME UR IN OIFFERENT SQUARES ARE JUTED SINCE £

¢ THESE MUST LATER BE RESOLVED. %

& =2CD 3

. b = (AC-8C)*0.5 i

C = AB E

[REY S

CALL QUAC (AsByCyeSOLINR SUL)
IF (iNR SCL +&Qe ) GU TO 70
. DG 63 N=1lyhR SOL
UKEAL = SCLIN)
IF (UREAL oLTe D0 oJRs UKEAL 6T, 1l.0) GO TO ¢3
01 = BR+CKEURFAL
Lz = BI+CI*UREAL
IF (ABSICY) «GE. ABS{DZ)) UIMAG = =~ (AR+CR*UREAL) /DL
If (ABS(C2) «GE. ABS{DLl)) UIMAG = ~(AT+CI*®UREAL) /D2
IF (UIMAG oLTs UeD olIRe UIMAG oGT. 1,0) GO TO o3
If (LTWC IEQ. 0’ GU T0 02
IF ({ENTER R=CENTR R)¥(U REAL=CENTR R) oLTe 0.0
s eORe (ENTER I=CENTR 1)*(U IMAG-CENTR 1) LT, 0.0)
s GO TO o3
02 ThETA(1) = (LR+U REAL)*TMESH
THETA(2) = (LI+U IMAS)%TMESH
IF (MPPINT JNEs O) PRINT 962,LRyLI,THETA(LL) ,THETA(2)
96¢ FURMAT (' *421443Xs'THETA =142F9.4)
MEOZT = NR ZT+4
IERDS{1,NR 2T) = THETA(1)
' ZERUS(24NR LT) = THETA(2)
. IF (MR ZL JE4e 0 NR 2 = NR Z+1
MR OZL = MR OZL+L
03 CUNMTINUE
GL TN 67
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c
C ALTEFNATE SCLUTION FOR THE ABOVE. Tw(O FORMS ARE NEROED SINCE,
C IN ANY GIVEN CASE, EITHER FORM (BUT NUT BUTH FORMS)
f MAY 2t INDETERMINATE,
o4 A = 8p
3 = (AG+BC)%*045
C = AC

CALL QUAL (AyB,CySOLWNR SL

IF (NR SCL .€Q. O) GU TG 7V

DC €6 N=1,NR SOL

UIMAL = SCLIN)

IF (UIMAG JLTe 0.0 «ORe UIMAG +GTe 1leG) GO TOQ we

DI = CR+CR*UIMAG

D = CI+CI*UIMAG

1# (ABS(CLl) «GE. A3SID2)) UREAL = -(AR+BR*UIMAG)/DI
1F {(ABS(C2) .GE. ARS(D1)) UREAL = =(AI+BI1*UIMAL)/D2
1F (UREFAL JLTs 0.0 oOR. URFAL «GT. 140) GO TO 60

[F (LTWC +EQs O) GO TO ob

IF ({ENTER R=CENTR R)*{U REAL-CENTR R) oLT. 0O4u
$ oORe (ENTER I=CENTR I1)%{U IMAG-CENTR [} LT, 8.0}
s GO TO 66 i

65 TRETA{L) = (LR+U REAL)*TMESH
THETA(2) = (LI+U IMAG)*TMESH

: IF IMPRINT NEo J) PRINT S65,LRyLI,THETA{L1) THETAL2)
\ L5 FURMAT (' 1027443 Xy'THETA =4 (FY.4)
Nk 27T = NR 21T+l
LEROS{LNF 2T) THETA{ L)
! ZERDS{2)NR 2T THETA(Z)
IF (AR ZL .EQe. 0) NR Z = NR Z+1
e ZL = NP ZL+]
66 CONTINUE
67 CONTINUE

#Hou

TR WIS Lt A 1

e e W

70 CONTINUE
TEST FOR EXIT FROM LEFT EOGE OF MESH SQUARE,
IF (LECGE LEQ. 1) GO TO 72
IF {(AIMAG(FOO) +GTe 0.0 +AND. AIMAGIFOLl) .GV, 0.0}
$ «ORs (AIMAGIFOU) oLTe Va0 +AND. AIMAGIFUGL) «LTe 04001}
$ 60 10 72
IF (LTwQ +EQs. 0) GU TO 51
EXIT R = 0,0
EYIT I = -AIMAG(FOO)/AIMAG(FO1-FUO)
IF ((ENTERP R=CENTR R)I*({EXIT R=CENTR R} 4LT. 0.0
$ oOR. (ENTER [-CENTR I)*(EXIT [=-CENTR J) «LT. 0.0}
$ GO 10 72
GC TU 51

TeST £0R EXIT FROM BOTTOM EDGE OF MESH SQUARE.
7¢ 1F (LEDGE +EQ. 2) GG TO 7o ‘
I1F ((AIMAGIFNO) oGTe DeU o4NUe AIMAGIFL0) o3Te Do)
t Re (AIMAGIFIU) oLTe VO JAND, AIMAG(FIV) oLTe U.0})
GO TD 75
Tt {LTWE oFGe 0) GI) T 50

H

i
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Al

=AIMAG (FOO)/AIMAGIFLU=FU0)
0e0

IF (LENTER R-CENTR RI®{EXIT R-CENTR K) 4LT. 3.0
% eORe {=NTrk I=CENTS T)*(EXIT I-CFNTR I) +LT. Cal)
$ G0 TJ 73

Gt T 5¢

EXIT R
Exil !

H n

TEST bUk EXIT FROM RISHT EDGE NOF MESH SGUARE.
T2 If (LEDGE +EQe 3) 5 TCQ Te
Ir (CAIMAGIELS) oGTe 000 oANUs AIMAGIFLL) +GTe 0.0
§ +ORe {(AIMAGIFLU) oLTe 0e0 JAND, AIMAG(FLL) +LT. UON)
» GU T0 74
IF LLTWO oEde O} G TO 41
EXIiT R = 1.0
EXIT 1 = =AIMAG(FLI)/AIMAG(FL1~F10)
[F ((ENTER R~CENTR R)*(EXIT R-CENTR R) LT, 0.0
$ eURe LENTER [-CENTR [}*{EXIT I-CENTR ]} JLTs 0.0)
$ GO T 74
L T 41

TEST FIR EXIT FROM TOP EDGE OF MESH SQUARE.
T4 IF (LEDGE .EQ. 4} 50 7O 90
IF ({AIMACIFOLl) +GTe Ue0 +AND. AIMAG(FLL) «GTe CoU)

$ oOKe (AIMAG(FOL) oLTe 00 oANDs AIMAG(Fli) oLTe 0.0))
$ Gu T) 90

IF (LTwl +EQe Q) GU TH 46

EXIT R = -AIMAG(FOL)/AIMAGIFLL-FOL)

FXIT 1 = 1.0

IF ({ENTER R<«CENTR KI®{EXIT R=CENTR R} o4LT. G.0
3 «ORs (ENTER [=-CENTR I)*(EXITY I-CENTR 1) .LT. 0.0)
$ GU T0 30

Gr TC 4¢

30 IF {NK Z oNEe 0) CALL Nu MESH (TMESH.TOLWMPRINT 4 2ERUSNF 2)
FETURN

32 PRINT 9CGG,LR,LI
GJG FORMAT (*Q*','ND EXIT FROM MESH SQUARE?,216)
sTOP

30 FORMAT(*0')

END
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> SUBROUT INE QUAD (A48,C,SO0LsNR SOL ) ‘
r Fpa RONT =F INDER

i FEHEY

By

SGLUTIO: FOA THE REAL &OUIS UF A QUADRATIC EBQUATIUN LF THE
FURM AxX%%2+ . 0%B%X+(=0.0y WHERE X IS CALLED 'SOL? "
IN THIS ROUTINE. THt NUMBER 7TF REAL KQUTS FOUND IS
GIVEN 3Y *NR SUL'se A VALUE OF 1 FOR 'NR SOL' RESULTS
FROM THE QUADRATIC EQUATICN APPROACHING LINEARITY.
USFD &Y SUBRGUTINES FZFROS AND NO MESH,.

i dn Pl

OO OOONCGODO

CLAENSTCN SOLL2)

Oy

ot R A A E A AR SR i et 1t 9.

- ALCBSO = A*C/Bx%2

AN IF tABS(ACCBSQ) +LT. 0.3) GO TO 20

N C

s ARG = Ba*#2-a%(C 3

Ne SOL = 0

I1F (ARG oL Te {).0) RETUKN E
Nk SOL = 2 E
RCOT = SGRT(ARG) 3
SGL(1) = (-B+ROCTI/A B
SCL(2) = (-B=ROOT)/A ;

RETURN

END

heid bbbt bne A

} c .
g 20 TEFM = 1,0 3
] SUM = 1.C :
| DU 21 K=1y50 Y
| TERM = TERM*((K=045)/{K+1.0))*ACOBSQ 3
; SUM = SUM+TERM g
; IF (ABS{TERM) .LT. l.0E~lU} GU TO 22 . 3
: 21 CONTINUE i
g 22 SULIL) = =C/(2.0%8)%SUM 4
3 NR SPL = 1 3
1 1 (ABS{A/(2.0%06)) oLT. L.OE=30) RETURN 4
] NR SOL = 2 1
: SGL{Z) = =2.0%8/A-SOL(1)

; RETURN

: c ;

E

1
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SUBRUUTINE FIND F (JRyJIHF)
FCk kNOT=FINDER

CUMMUNZING COM/ THESH
DIMENSICN PART(2)
CUMPLEX FoTHETALPARTS
EGUIVALENCE (PART,PARTS)

PAKT( 1) = JRK*TMESH
PART(2) = JI*TMESH
THETL = PAFRTS

CALL FCT VAL (THETA,F)
PETURM

END
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SUBRCUTINE NO MESH (TMESHTOL+MPRINT,ZERGSWNR £)
FO~ FODY -F IADER
ROUTINE FOR FINDING EXACT (IN THL SENSE GF NO MESH APPRUXIMATION)
LOCATI WS UF ZEROS UF THE FUNCTIONy, Fy FUR aHICH
A COMPLETE, BUT APPRAXIMATE, SET wAS FUUND IN
SUBRUUTINE FZERUS.
Tw(l DEFICIENCIES REMAIN IN THIS ROUTINE. ONE IS
THAT ZFRYS CLOUSER THAN ThE FINITE VALUE *TuL' CANNOY
& RESOLVED. ThIS HAS CAUSED A PROBLEM A FEW TIMES .
IN USASE TJ DATEs SUT HAS ALWAYS HEEN RELULVED BY
USING A SNMALLER VALUE UF *TOLY's THE SEVIND PRUBLEM
[S THAT THE RESULUTION UF *MULTIPLE ChOSH>INGS?,

4

SR Cer b B L T ot B

b

+

f

WHICH OCCUR BECAUSE OF THE NON=-ANALITICITY OF THE 3
MESH APPROXIMATIUN, S SUCH THAT IN PRINCIPLE A &
LERQ CAN RE MISSED. THERE IS NO EVIDENCE THIS HAS ;f%

EVER OCCURKED IN PRACTICE. IT MAY OF MAY NUT BE
COST EFFECTIVE TO DEVELCP THE PROGRAM FURTHER TO
CORRECT THESE Tw( PROBLEMS.

COMMON/ZZLS COM/NR LTHyNR ZLS(109)
DIMENSIUN PART(2),50L(¢2)
COMPLEX ZEKOS(1l)y

THETA,

9 OFDT, DELT,

PARTS,

LEROSO(10LO) » TMIN,

ATEMP yBTEMPyLTEMP,DTEMP,

FARKRAY(494) 9y FOUFOLyF10sFLL i
EQUIVALENCE (PART(1),PARTS) E

it i s Rt S i,

L B S N 4

I[F (MPRINT JNE. 3) PRINT 900
900 FOUPMAT (*1°,'ITERATIONS TO RFEMOVE MESH')

NS = 1

NFWTCN=-RAPHSON (FIRST-0RDER) ITERATION TC FIND EXACT LOUCATICNS
CF THE ZERDS OF F.
DL 29 JZ=14NR ZT7
ZEKOSG(JZ) = ZeROS(JZ)
IF (MPKINT .NEs 0) PRINT 901,42
231 FGRMAT (' ',18)
21 IF (MPRINT oNEs O) PRINT 902,LEROSCEJZ)
992 FURMAT (' '4,10X42(F9.4))
THETA = (EROS(JZ)
CALL F DFDT (THETA,F,DFCT)
DELT = =F/DFDT
LERDSUJL) = LERGSUJZ)+DELT
IF (CABS(LELT) «6T. Jo3*TOL) GO TO 21
29 COUNTINUF

duMstl CF UNIGUE ZERCS COMPARED TO TOTAL NUMBER MINUS
MULTIPLICITY DUE TO MULTIPLE CROSSINCS,

220
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2¢ IF (Np Y oFive 1) RETURN *
J2 =1 . 5
DO 33 4
MATOE =
v JML = =
’ 00 e Ju=1,y4M1
1+ (LARS(ZEROS(JI=ZEROS(JJI) oGTe TOL) GO TO 3.
IF (MPRINT JNEe J) PRINT 405,Jy9Jdd
905 FURMAT (YO Y ZER)IS NK®yIo9LXs "ANDY» I3 41X,
$ YARE THE SAME®Y)
MATCH = ]
52 CUNTINUF
I+ (MATCH JNEos Q) GO TO 35
JZ = Ji+)
LEROS (L) = LERGSLJ)
33 CUNTINUL

2¢yNR 2T

=3 M

Y

1F (JZ +FQe NR /) RETURN
12 (U «LTe NR ¢) GU TU 50
PRIRT 94T7+JZeNR £
947 FURMAT (10! )" WARNING=="413,1Xy?ZEROS FOUND ON'y 341X,
] ¢PHASE LINES?Y)
MROZ o3 J2
RETURN

W

‘e
PR
ol i o e B

THE FOLLCOWING LOGEC IS NMEEUED ONLY SCCASIONALLY, NAMELY. WHEN
TEST INDICATES THAT A cERO HAS BEEN MISScD IN THE
INITIAL NEWTUN=-RAPHSUN [TERATICN. IT ALLUWS FOK
STEP=WISE CHANGE IN THE FORM OF THF FUNCTIGN FROM
THE MESH APPROXIMATION TO THE EXACT FORM.

b s o~ ¢

IO OO

g

» 50 MS = NS%2
TE (NS «GTs 163 GO TO 90

<y
A s g oy

00 3% JI=1,NR ZT7
IF (MPRENT oNEs 0) PRINT 901,44
2EROS(JL) = LERAQSOUJL)
DO 58 K=1ly4NS
Fh FRCT = FLOAT(K)/FLOATINSI
F¥ FRCT = 1.0-FN FRCT

51 THETA = ZEROS(J2)
IF (MFRINT oNEe 0) PRINT 902,ZERCS(JIZ) i
CALL F DFDT (THETA,F,DFODT) ' e
IF (n «EQe -NS) GO TO 50 : &

£
&
£
]

5 :

5

A

r

5

21

=

-

it o

AR~

2

o e

JRO = REAL(THETA)/TMESH
. IF (REAL(THETA} «LTe 0.0) JRO = JRO-1
* JIO = AIMAGITHETA)/TMESH
IF (AIMAG(THETA) LT, GeQ) JIO = J10-1
DC 52 JRLOCP=14+4
. DC »z JILOCP=1,4
Ji = JEZ+#JRLOOP -2
JI = J10+J1L0OP=2
52 CALL FINC F (JR,JI.FARRAY(JRLUDPoJILUGP))
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DVMIN = G.5E9
DU 6T JRLCCP=1,
LC o7 JILiP=1,3

P R i . ~b‘
PR Pl B e s st i e d M\ﬁ

i
§
i
i
i
!
!
)

; FUO = FARRAY(JRLIUP,JILOCP) v

; FOL = FARFAY(JRLIOP,JILGLP#L) k

’ FlO = FARRAY(JRLUGP+1,J1L00P) %

FLl = FLFRAY(JRLOGP+LyylLULP L) o

ho= JROJFLOOP =2 :

J1 = Jr1o4J1LL0P=2 ;

KEFKk = KREAL(ZERGS(JZ))/TMESH=JR 5

REF1 = AIMAGIZERIS(JZ))/TMESH=JI p:

ATEMP = FOO ;

BTEMP = FO1=FJ0 :

; CTEMP = F1GC~FOO y
: DIEMP = FUO+FLi=FOL=-F10 3
3 PARTS = (ATEMP+ETEMPHREFI+CTIMPHREFREDTEMFXREFR*REFT)*FM FKCT :
i b +F&FN FRCT k
) AF = PART(1) E
Al = PART(2) 4

PARTS = (BTEMP+DTCMPHREFK)&FM FRCT+DFDT*{ 0091, 0)*¥TMESH*FN FRCT k.

Bh = PART(1) .4

Bl = PART(2) ¥

PARTS = (CTEMP+LTEMP*REFI)*FM FRCT+DFDT*TMFSH®EN FRCT y

. Lk = PART(1) 3

(1 = PART(2) ;

PLRTS = CTEMPRFM FRCT 2

Ol = PART(2) 2

¢ :

AB = ARKET-AT*Bk -3

AC = AR¥CI-AI*CR :

AM = AR*CI-AI*DR :

tC = BRACI-BI*CK £

BL = BR*CI-BI*DR E

L = CR*CI=CI%OR 1

c E

It (£LBS(BD) LT ABSICU)) GU TO w4 g

A= (D g

; £ = (AD-BC)*0.5 g

‘ C = 8b é

| CALL QUAL (A,B+CySOLINR SOL) r

i IF (LR SOL Qs 0) GD TU 67 2

NC 6e N=z1,hR SOL
UKEAL = SCLIN)
[t (UREAL4REFR oL Te -04020 +ORse UREAL+REFR oGT. Lleuv30) GO TO 62
Gl = BR+[KR*UREAL

De = B8I+C1*UREAL

If (ABS(Cl) «GE. ABSIDZ)) UIMAG - (4R +CR*UREAL)/DI
IF (2ES{CZ) CEe A3SIDL)) UIMAG ~{Al+CI*UREAL /D2
IF (UIMAGHRERT oL Te =DeU03 «ORe UIMAGLHREFT oGTe 169030 GU TU &2
PARTLL) = (JRAUREALSREFE ) *TMESH ’
PART(Z2) = (JI+UIMAGHREF])*TMESH

b

222
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od

64

66
67

S5¢

THETA = PARTS

UIST = CABS{THETA«ZELRQUSLJILY)
IF (I 1ST JGTe ONIN) 60 TO 62
fimiN = [IST :
TMIN = TEETA

CUNTINUE

6O TO 61

A= gD

B = (AD+BC)*045

C = AC

CALL QUAC (AyByCySOLyNR SUL)
I (NR SCL +EQe J) GI TU o7
D0 66 N=l,NR SOL

UIMAG = SOL(IN)

IF (UIMAG#REFT oLT, =0.030 +ORs UIMAGHREFI oGT. 1.930) GG TU 66
Dl = CReCR*YIMAG

D2 = CY+CI*UIMAG

IF (ABSICL) oGE. AAS(DZ)) UREAL = ~(ARBREUIMAG) /UL

IF (ABS(C2) «GE. ABS(DL)) URFAL = ={A1+3I%UIMAG) /D2

IF (UREAL#KEFR oLT. -0.0U03 +ORe UREALHREFR +5T. 1.003) GC TO oo

PART(1) = (JREUREAL+REFR)*TMESH
PART(2) = (JI+UIMAG+REFI)*TMESH
THETA = PARTS

DIST = CAbS(THETA-ZEROS(JL))

IF (DIST 4GTe DMIN) G0 TO 06
OMIN = CIST

TMIN = THETA

COCNTINUE

CONTINUE

IF (DMIN .GY. 9.0E9)
CELY = TNMIN=LEROS(J2)
ZEFQS(JZ) = THIN

IF (CABS{DeLT) LT,
6 TO 51

DELT = -F/DFDT
LEROS(JZ) = ZERGLS(JZ)4DELT

IF (CABS(DELT) +LT. Q.3*TuUL) GO TO 57
6G Y0 51

IF (MPRINY .NE. U)
FCRMAT (%0*%)
CONTINUE

CONTINUE

GO 70 30

GO TO 95
D 03%TMESH) GO TO 57

PRINT 907

PFINT 950+JZyNR 2
FORMAT (*C%,'ONLY'y1391X,"ZERUS FOUND ON*,1351X,'PHASE LINES*)
sTCP

P INT 695
EURMAT (%0','PRUBLEMS IN SUBROUTINE NO MESH?')
sTOP '
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