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FOREWORD

This work was completed as part of interagency work order
F3361567M5010, amendment P002, dated September 13, 1968, for the
United States Air Force (AFSC), Loran Programs Office (ASD), Wright-
Patterson AF Base, Ohio 45433, It represents part of the theoretical

work performed under this order.

It should be emphasized that numerical examples given in this
report are cases of extreme roughness over the entire propagation path,
intended to give physically possible bounds. These results are not
necessarily appropriate to data obtained in the flight test program, In
fact, the latter data are to be analyzed in separate reports, based on

both the exact approach given in ESSA Technical Report ERL 121-ITS 85 and

and the approximate methods outlined in ESSA Technical Report ERL 116-

ITS 63 and in this report.
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ABSTRACT

Radio navigation systems such as Loran C,D operate on ground
waves over distances up to 3000 or 4000 km from the transmitters. If
the ground is inhomogeneous and irregular, the wave propagation may
be considerably different from the classical smooth, spherical ground
behavior. In addition to local perturbations in the field resulting from
mountains and ground geological structure, an excess phase accumula -
tion as a function of distance from the transmitter can be theoretically
demonstrated. In this paper, the effect of a surface wave, excited by
uniform roughness of the ground, on the navigation coordinate calcula-
tion is used to calculate large but physically possible excess phase
accummulations. A computer program based on simplified and more
general rough ground concepts is presented. Time differences, grad-
ients, latitude, longitude,and distances along a geodetic line can be
calculated with this program. Various indexes of roughness can be

introduced for each propagation path calculated.

Key Words: Ground impedance, ground wave, ground wave propaga-

tion, LF ground wave, Loran , Loran C, Loran D, low

frequencies, propagation, propagation over rough terrain,

radio navigation,




RADIO NAVIGATION COORDINATE CORRECTIONS FOR
EXCESS PHASE ACCUMULATION OVER IRREGULAR,
INHOMOGENEOUS TERRAIN

J. Ralph Johler and Duane C. Hyovalti

1, INTRODUCTION

In a previous paper (Johler and Berry, 1967),the procedure for
calculating the effects of arbitrary two-dimensional rough terrain on
the radio navigation signal was presented. More recently (Johler,
1969b), a theory based on simplified and more general impedance
concepts was introduced as a computer program for calculating phase
corrections, While calculations with this technique ordinarily pertain
to uniformly rough surfaces, considerable generalization of the imped-
ance conecept to almost any type of geological structure seems to be
possible, Calculations of the phase corrections over almost any type
of terrain can then be made within the framework of classical theory.
This greatly simplifies the computer program, compared with the
tedious numerical integration required in the more rigorous integral
equation solution (Johler and Berry, 1967).

Previously (Johler, 1969b), it was found that a surface wave

could be excited over uniformly rough terrain at 100 kHz, Under such

circumstances an excess phase accumulation as a function of distance
from the transmitter was noted. Thus, the phase lag was considerably
greater than the phase lag possible over smooth, spherical ground.
This phase accumulation was also noted by Johler and Berry (1967),
since the phase perturbations caused by a2 single ridge or hill caused an
apparent permanent phase offset after the hill was passed, This paper
demonstrates the effect of excess phase accumulation on a Loran C,D

coordinate calculation.




A radio navigation fix is usually obtained as the intersection of

two hyperbolic lines of position. These hyperbolic lines are synthe-

sized (fig. 1) from a set of three transmitters comprising a master (M)

and two slaves (S; and S;) separated by convenient baseline lengths,
d_b and db2 . The radio navigator's line of position is expressed as
%

a constant time difference,

At = constant , (1)

where

Be=ld, +d -d ]+t ()4t (d) -t (4)+C, . (2)

In (2),

My = index of refraction of air, 7; = 1.0001 to 1, 0003,
¢ = speed of light, ¢~ 2,997925(10%) m/ s.

d, = length of a geodetic line from the master to a slave,
i,e., the baseline.

d, = length of a geodetic line from an observation point
to the master transmitter.

d, = length of 2 geodetic line from an observation point to
a slave transmitter,

C, = coding delay or the retransmission time of the slave
signal,

t, = phase correction for propagation over a path of length
d=d, , d¢ , dy , seconds. This correction is usually
expressed in microseconds,



GEODETIC LINE

A

Figure 1, Loran C,D system configuration for calculating time-
difference at the point O on a geodetic line AB.

All distances are calculated as the shortest distance on the
Clarke spheroid of 1866 (Clarke, 1880). Methods for calculating
geodetic lines have been given by Clarke (1880), U. S. Coast and
Geodetic Survey (1933), and Lewis (1963). A computer program devel-
oped by Crary (1965) is based on the Lewis (1963) method for the geo-
desic curve. This method was adapted to the analysis presented in this
paper.

Two hyperbolic lines of position Aty and Aty defined by (1)
determine a radio navigation fix at the intersection point. If the lati-
tude and longitude of the master and slave transmitters are known, the
latitude and longitude of the intersection point can be calculated with a
computer. The phase corrections t, given in (2) must be known to
accomplish this calculation with the precision required by modern

navigation systems., The first order correction involves the classical




propagation theory over smooth, spherical ground of finite conductivity,
0 mhos/ m,and delectric constant, €, . Such corrections have been
presented in previous papers (Johler et al, 1956; Johler and Berry,
1967). In this paper corrections in excess of the smooth, spherical
ground corrections are postulated to take into account irregular, in-
homogeneous terrain, Numerical values of phase correction for
extreme cases are obtained so that the natural terrain can be bracketed

between these extreme values and smooth, homogeneous ground values.

2. THEORY

If 11 satisfies the wave equation,
(vt jn=9, (3)

where k is the wave number, we concluded in a2 previous paper
(Johler and Berry, 1967) that inhomogeneous, irregular ground effects
at a point O can be found from an evaluation of [1(O) and a set of
points [1(Q) - where the set (Q) exist on the surface S, of the

irregular, inhomogeneous ground - to satisfy the integral equation

I(0) = 2 exp [ -ika 1,1/ 7,

+—2]'.!T j [H(Q)a—an- (el’CP[-il(J.rz]/I‘QD-(exp[-i_klrzjjr2>
So

>
X = n(Q)]dA / (4)




The normal derivative -5-;1 is the derivative normal to the surface
So. The integration dummy dA is the differential area on the surface.
The distance between the electrical point source (S) and the observa-
tion point (O) is r,. The distance to O from a scattering point on
the surface of integration is rz. The propagation occurs in air with

a wave number k; = w/c, where @ is the angular frequency and ¢

is the speed of light in air. Equation (2) is usually solved by intro-

ducing the boundary condition
all
5= ia All» (5)
n

where
A = Z/Z, A (6)

the local surface impedance relative to free space (Z, = 377 ohms) at

the point Q. For vertically polarized waves,

2
a=‘1§—;— T e (7)
kez
where
w e
ke == [ e e i (8)

and where €, is the dielectric constant, O the conductivity, mhos/ m,
and €, the permittivity of space. If the medium were homogeneous,
except for the boundary S, over which the integration is performed,

0 would be adequately described by the d-c conductivity measure-
ment of the medium kp . In general, the natural ground is not

homogeneous, and a radio frequency value for 0 must be found locally




by measurements of the type described by Frishknecht (1967), Johler
Lilley (1961), and Johler (1969a). In the presence of such inhomogene-
ities as ground stratification, 0 may be a complex number. If in the
measurement of 0, for example, the mutal impedance of loop antennas
(Wait, 1953, 1955, 1956) near the ground is used, the impedance
measurement in general depends upon the entire surface S,. How~-
ever, only local conditions affect the mutual impedance (not to be con-
fused with the ground impedance) of the two loops to any significant
extent when the loops consisting of a transmitter and a receiver are
close together and close to the ground. The loop technique described in
a previous paper (Johler, 1969b) therefore determines the quantity O
or indeed the complex conductivity

€1

Coge ~ iWE, [ A: - €3 ] . (9)

where €; and €; are the assumed dielectric constants of air and the
ground. If the transmitter and receiver are far apart, as is ordinarily
the case in Loran C,D phase measurements, the entire surface Sg
determines the effective complex impedance at any point O. This is a
consequence of contributions from (Q), the set of local points spread
over the surface S,. Each point Q scatters a field to O. The most
important values of Q might be expected to lie on the geodetic line
connecting S to O (transmitter to receiver) on a reference sphere with
a radius of ~ 6360 km. Such a conclusion can be reached by applying
Kelvin's principle of stationary phase. Then the off-path points would
be expected to make a contribution that would be expected to diminish
as the distance of Q from the geodetic line is increased. Nevertheless,
in the case of natural ground, strong off-path scatterers can be found
that may contribute to the impedance or a point on the geodetic line.
The question naturally arises: Can we ascribe an impedance A

to describe the field, [I(O) within the framework of classical theory?

s




In a previous paper (Johler and Berry, 1967) it was established theo-
retically and numerically that classical theory could be recovered by
evaluating (2) for a smooth, homogeneous sphere, In the notation of
this paper, & = A,

In another paper (Johler, 1969b), an impedance A =0; was
described to represent uniformly rough terrain of finite conductivity in
the context of classical theory. The transverse magnetic or vertical
electric ordinarily dominates as a propagated field because the trans-
verse electric field or the vertical magnetic field is usually attenuated
severely over finitely conducting ground. Thus, if we assume |8, |>>1
and \Ag \ <<1, where 0, is the impedance for the transverse electric
or TE -propagation mode and 0z is the impedance for the transverse
magnetic or TM-propagation mode, we can neglect the TE -propagation
mode Hm(O). Then the TM-mode, l'ie(O) as an attenuation function
We(O), is given by

° (O) (10)

w°(0) = il o~ (0) B

or

o=

expl -i(ky2a) S 3

; % d
W* (0)= -2mi(k;a)® = P) (11)
( ) [ 1Ky a 2 Z'TB + (k_la)ZIS Ag

s=0

where T =T, are the roots of

48 _s827+1=0, (12)

aT
and

"o, NS, (13)

A4
(kya)® b

and (14)

n..(0) = expl ~ikirol/ 1o -

S




The phase correction @, is the quantity of importance to Loran C,D

navigation:
d
@y ~ (kla)% To 3 ’ (15)
where the first and dominant term of the series (11) is used, s = 0.

Suppose the measured value of the phase correction is cpc' . Over

smooth spherical ground, cpc' = .. Butas a result of inhomogeneous,

irregular ground,

9. =918, (16)

where £ is the excess phase accumulation. From Johler et al.(1959)

and Johler et 2l.(1956),
(17)

where

To,w=0.808exp[—i%] 4

provided &, »® or 0-*, Using (13), (16), and (17),and noticing that

1
EEG____+ g LT = (_lﬂ'_?'..).f ﬂe
ia 9y, ® Zi"l'm,|ch
(kya)® —
a
and iy
©, i ) (kya)®
% d -5 2iT°r°’ :
(kia)® —
a
we can conclude that
4 5
=
< Bl
TN e
AB = cpﬂ (d) (‘Pcl(dc)l & 1 (18)
Ta o (kla)g =
S =

¥, (d)




Similarly, for 6,—-0, 0-0 or &, large,

1 rro 30 (kla)—jg
b a2 i b (19)
i Bl . Toso (aa)” 2
¢, (d) ¥, (d)

where A (7) is the smooth, homogeneous impedance for average ground

and where

1

The time correction in microseconds for the radio navigation system is

To,o = 1.856 exp i_—i

w|=H

given by
(20)

o+
1]

= (10°)

2

or, at 100 kHz,

1

t, = 1.592 @, & (21)

It is, of course, obvious that this solution can be accomplished

in 2 more exact manner by using (11), which gives

@, =Argl® (O) . (22)

This implies that 0p is calculated with the approximate formula (17)

and iterated until

i 7

ORI SRR S S (23)

with inclusion of all the terms, s =0, 1, 2, 3 -++ of the series (11)
necessary to obtain the required accuracy. This can be accomplished,

for example, by using the Miller (1956) iterative procedure to solve (23).

~G




Usually three approximations are required to start the iterations. For
this purpose (18), (19),and (7) can be used. Measurement of cpc'(d)
uniquely determines an impedance and a field amplitude because the set
0. (d1), 9, (da), cpc'(d@) ... are known, i.e.,the phase is known as a
function of distance. In effect, then, the cpc'(d) measurement has
provided a numerical evaluation of the integral equation (4) for each
point O, with account taken of scatter fields arising from the set (Q),
the latter of which is spread over the surface S, . The impedance 0&;
is then a generalized impedance and will be different as the point O is

moved, which implies that

by = By(d) . (24)

This means that we could find a different A; at each distance d from

the transmitter. Only in the case of a smooth, homogeneous spherical

ground would J&; be constant and equal to A. As pointed out in the

previous paper, b0 belongs to the set
‘IT m
-E $arg1525§- . (2'5)

Also, the magnitude |A; | belongs to a set:

g VIO T (U

where at 100 kHz the upper bound M~ 10~ can be applied. Clearly,
M is bounded at worst by the right half of the complex plane, since nega-
tive real Az are physically impossible. Quite naturally the analysis
given above suggests mapping an area by reconnaissance. The maps
would be impedance maps instead of topographic maps, showing the
amplitude and phase of the impedance 0L; or the complex conductivity

O,r¢ (9). Once such data are generated for an area, the behavior of

L30ZL



the Loran C,D system can be calculated with the aid of simplified
computer programs of the type given in the appendix for arbitrary
flight plans over the area.

The loss into the TE -mode can be treated in a more exact
mathematical form. In a previous paper (Johler, 1969b), the vertical
electric field E_ of a source dipole current moment I.£ ampere-
meters is given by
& z[ mu, Vs (% - 3B, _ 1(-cos O), (b, (bo)

]L D] ’

cos (V, ) [

2 -bB
(26)

where |, is the permeability of space, and

[ ()i [ 4w (2)+i ]} »
r=a

and V =V, is a solution of

D =0 . (28)
The abbreviations
(1:3) & g('-‘-s )(kg a) = J 11;1_3 (;_’_) (kya) (29)

2
are used with n =V - 3. The well-known Hankel functions H, )(z)

are of order n, argument z,and may be of the first or second kind.

The logarithmic derivative 4n' is defined at r=a:

(13

Ln(C, 2)> (1’3) ]rza s (30)

where
Bl

e =kyr) . (31)

=11=




The function F,(z) is a Legendre function of order n and argument

(z). The height gain functions are given by

0 )
()4, (o) = =322 (r> 1) (32)
Cll la
where b=a+h;, r=a+ h;,and hy and h; are the altitude of the
transmitter and receiver above the ground level, r = a.
After making the usual approximations to (26), one can deduce

an attenuation function similar to (11),

Vi ’ o M
s " ; Jﬁ'é exp[-l(kla) e T ]
We (o) = J -211i(kya) = z TR )2/3 Fy 3 (33)
s=0
where F, =F,(s) and can be written
(1)
F, = (C.la) +ib ; (34)

(C.(g)) + il

If ‘f.\ll - el e PR ThJ.s, of course, was assumed in (11).
The TE -~ mode does not propagate as readily as the TM-mode,

but a similar attenuation function, W®(0O), can be written for the TE-

mode:
. £d o7
Stislemp dicllkoa)® =10
W (0) = [ —2mi(iua)s & [ IS F, , (35)
a 2/3
e Rka) T A
s=0
where F, =F,(s) and can be written
-4n’ m()yflég
Fu - . (36)
ta’ (CVhein

S



The order of the spherical wave functions VvV has been approximated
by

=
Vel gt (kya)” T ; (37)

where TJ*® is evaluated as the root 7°?% = 7;°° of

—-d—fr'-‘--zéf,nw+1=0 ) (38)
and
-1
A e e e (39)

1
(ky2a) 2 '52, 1

The following are typical values of F, and F, together with by  and
A, at f = 100 kHz for various modes, s =0, 1, PR TS o)

Pyl ArgF, |F, | Arg F, Boh ocitmbs | Bohs Im b,
0.9996  -3.08(107*) 222.4 -2.18(10%) -0.216 -9.107 8.19(107%) -6.20(107%)
0.9980  -4.17(10™*) 456.0  3.03(10) -0.216 =-9.107 8.19(10~%) =-6.20(107%)
0.9960  -5.59(107%) 236.3  4.44(107*) -0.216 -9.107 8,19(107°) =-6.20(107%)
0.9946  -6.54(107*) 143.7 5.12(107') -0.216 -9.107 8.19(10=) =-6.20(107%)

W N = O |n

Here 0, and A, are impedances for a bossy surface of the type des-
cribed by Johler (1969b); uniform roughness of 300-m bosses with
3(10~7) bosses per square meter are used. This is a highly reactive
impedance surface that excites a surface wave. It is apparent that the
assumptions F,=1 and 0, >> b are excellent assumptions at 100 kHz.
Of course, the vertical electric field E; is of primary concern;
hence (33) should be used for Loran C,D, unless the equipment is not
measuring a strictly vertically polarized field (vertical transmitting

and receiving antenna).

2 -




3. EXCESS PHASE ACCUMULATION

The application of the concepts of section 2 to field measure-
ments of Loran C,D signals is complicated,and this task is reserved for
future work. In this section we shall demonstrate the principle of ex-
cess phase accumulation (positive or negative) by introducing uniform
roughness, and we shall describe the effect of such uniform roughness
as though the actual ground wave over natural terrain gave the charact-
eristic behavior to be discussed. We shall describe a hypothetical
case that will give physically possible numerical values for natural
ground that are not necessarily appropriate to the region described by
the geographical coordinates. Extreme or very high values of rough-
ness were selected, so that ultimately natural roughness could be brack-
eted between these values of roughness and smooth ground, Thus, the
natural terrain values of impedance and phase correction will be
bracketed between such extremes when data become available.

Consider navigating along the geodetic line AB, i.e., the
shortest distance from A to B in figure 1. Suppose the area of con-
cern could be represented by a rough surface that included departures
from the sea-level spheroid for all propagation paths to the arbitrary
point O on the geodetic line. It is a2 comparatively simple matter with
the aid of the computer program presented in the appendix to calculate
the Loran C,D time differences when the geodetic line AB corresponds
to a radial from the transmitter (M) in figure 1, for example. Instead
of calculating the time difference between the master (M) and slave
(S1,2) signals, the time difference between the master (M) and a stable
oscillator carried by the observer can be made. This will give the
phase accumulation as a function of distance along the geodesic over a
single propagation path., In the presence of smooth, spherical ground

an impedance A given in (7) is used. The phase accumulation as a

=¥4.



function of distance along the geodesic is obtained if the impedance for
rough terrain, 05 ,is used. The corresponding calculated phase cor-
rection would be ¢, and ©.,'. The excess phase accumulation £ caused

by the rough terrain would then be § = ®,' - 9. If we represent the
surface with bosses of radii ae = 300 m and number density N = 3(1077)m™2,
we can excite a surface wave on the ground and cause considerable

excess phase accumulation (Johler, 1969b). Thus, in the computer
programs (see appendix) we use numbers N = ANN, a, = BORA.

If the conductivity of the ground ¢ = 0.005 and the dielectric
constant €z = 15, the impedance |A| = 0.03336 and Argh = 0.7765
over smooth ground, while over rough terrain lbg\ = 0.06258 and
Argh =1,440. The roughness has caused the surface impedance to
become more reactive, i,e., the phase angle of bz is closer to % .
Figure 2 illustrates the excess phase accumulation € as a function of
distance. The direction of increasing distance is toward the trans-
mitter (located at 662 km or 77° 54' W longitude). Thus & goes to
zero at the transmitter. The computer graphical presentation is
specific,and the actual geographical path in the North Carolina -
Tennessee area displayed by the computer is also shown. In the
absence of measured data we have of course made no attempt to simulate
an actual measurement over this area, since this task is reserved for
future work.

To improve our quantitative physical understanding of this
matter, the conductivity is increased to very highly conducting ground,

0 = 5, In the presence of identical roughness and identical geodetic
line, the excess phase accumulation has increased (fig. 2), Thus at
662 km from the transmitter the phase £ has increased from 3.2 to
4,5us. Note that we have expressed £ in microseconds in (19) and
(20), instead of radians. Figures 2, 3,and 4 show the excess phase

accumulation for other geodetic lines with similar results, as might be

s e
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expected since the roughness was not changed. The geographic locations
of the receiver were changed,and the use of the computer to change
transmitter or receiver coordinates theoretically is therefore demon-
strated by this exercise. If however, we had changed the roughness,

the quantity €& would change accordingly.

To further demonstrate this point and to show the effect on a
complete navigation coordinate calculation illustrated in figure 1, the
geographical path given in figure 2 was varied in degree of roughness,
again with the assumption that the entire area was uniformly rough. The
time differences Aty and Aty in (2) are referred to as TDI1 and TD2
in the computer graphs, figs. 5, 6, 7, 8, and 9.

The excess time-difference accumulation caused by a small
amount of uniform roughness of average conductivity on a highly con-
ducting spherical ground as a function of distance along the specific
geodetic line is shown in figure 5. The boss radius a, = 300 m, and
the number density N = 3(10°) m™ . Only a small variation with dis-
tance exists relative to a smooth, spherical earth of conductivity 0 = 5,
If the boss size is reduced (fig. 9) so that L7 0.01 m, the variation
with distance in the excess phase accumulation relative to highly con-
ducting ground, O = 5,is nil, Figures 7 and 8 illustrate the same cases
as figures 5 and 6 respectively, normalized to average ground, 0 = 0.005.
The variation in the apparent excess with distance is almost entirely due
to the difference between smooth spherical earth of infinite conductivity
and smooth spherical earth of finite conductivity, since the degree of
roughness in either case is insufficient to excite a surface wave and the
propagation is controlled by the assumed highly conducting background
matrix rather than the finitely conducting bosses. In figure 9, however,
the boss size is 300 m and the number density is 3(1077). Under these
circumstances, the surface wave is launched, and a drastic change in
the excess phase accumulation with distance exists. This produces the

large corrections in TDl and TD2 shown in figure 9.
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In view of the generalization of 0,, (26) can be used to evaluate
the field over irregular, inhomogeneous terrain in which the roughness
is not specified. Thus, with approximations for 4., such as those
given by (18) and (19), together with measured values of «.(d) and/or
lEr l, an iterative procedure on 0; can be used until the measured
values of o, (d) are recovered. A test of this procedure was made
with the bosses described above, and the iteration was found to converge
rapidly to the desired value of 0z;. The approximation A, << 4; and
F, ~1 were used. Note that the general impedance 0, takes into
account losses of energy into the TE propagation mode to a degree of
precision indicated by the table on p. 13. Thus, we can account for such
losses through the impedance A, without changing the classical analytical

framework.

4, TRANSFORMATION OF TRANSMITTER COORDINATES

The impedance 0 = 0;(d), where d is *the distance from the
transmitter along a spherical earth, is an integrated impedance that is
a function of the location of the transmitter. To change the location of
the transmitter, a transformation must be made so that the area under
consideration can be remapped without further gathering of data. If
this is to be accomplished without reconnaissance, the local impedance,
A in (6) - which is independent of the transmitter location - must be

determined. Rewrite (4) in terms of the attenuation function:

Il
= 40
A\ 2N oo p) (40)

where the primary field

Mg =exp [-ikyr,1/2, (41)
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and r, is the direct distance between transmitter and receiver. Then,

Wits(0)] = {1+ 22 [ Wi (@] expl-iku(r + ra - x.)]
BO

R ) 2] s,

where

lifQiSOffSo’

£

r,; is the distance from the transmitter to the scatterpoint, and r; is

1if Q ison S, ,

the distance from the scatterpoint to the receiver. Since A;(Q) and

bz (O) are known from reconnaissance and analysis of the phase data
described in sections 2 and 3, W[A2(Q)] and W[A;(O)] can be calculated
from (11), Hence, (42) can be solved for the set [A(Q)] instead of the
set [W(Q), W(O)]. Suppose Az(d) were determined by reconnaissance
along a geodetic line or a radial from the transmitter. Then a numeri-

cal integration of the two-dimensional form of (41) can be used, i.e.,

X
WLas(0)] = {1 - exln(i%)%J% j Wbz ()] expl-iky (r1 + 12 - 7,)]
(o]
1 drs 7 X
X [A(S) +<1 + m -a—n'a;'_‘l ————S(X-S) ds } A ’ (43)

where x is the integration surface total distance, and the integration
procedure outlined in a previous paper (Johler and Berry, 1967) can be

followed with some modifications.




Thus, at the surface, A =1, and

X
Wtz (0)] = 1-B | Wita(s)] [Fals) bls) + Ea(s) | ds, (44

(o]

where

Ty T k,
= Hod, ol - —
5 e"P(14> x N 4m °
X
i \/ s(x~-s) s

1 arz
=R ) E;
F ( +ik1 Ts dn -

If we suppose A (x,) is known for k =1 through i-1, then
i-1

Wita 0501 =1-B ) b Wik ()1 [Rilxy 5 300 80x) + Bolx, 5 %) |
k=1

'BP;_ W[AE(xi)] [Fl (Xi s X1) A(xi) + FE(X-i ’ Xl)] b1 (45)

where p, is the weight assigned to the Gaussian quadrature formula.
Upon solving for the only unknown, A4(x,), we find

i-1
b6 ) ={1-B )y Wlha (o)1 [Blxy 5 x,) Bl + Bolxy 5 x,) |

k=1

-Bp, Wl (x)] Ea(x, , %) - Wi, (x;)] }

-1
x{Bp: Wltate)1 Filx, , %)} . (46)
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Thus, if the first few values of A(x,) are known, the solution can be
extended step by step. By assuming an initial smooth, average ground
as in (7), the first few points can be calculated near the transmitter.
Otherwise the iteration procedure is identical to the earlier method

(Johler and Berry, 1967).

The physical meaning of the set of points A(d) is an important
consideration. This is the local impedance relative to free space (6).
By '"local" we mean an infinitesimal or small segment of distance along
the propagation path over which the wave impedance 0;(d) is changing.
To solve for this point, the set of field measurements along the entire
path W[D2(Q)] is employed. This set yields greater computation
precision than a set of,say,only two points and indeed yields a large
number of local impedances over the propagation path between trans-
mitter and receiver. Since W[24,(R)] is measured and is in effecta
function of bs, we concluded that 0, is a measured impedance,the
numerical value of which takes into account losses into the TE -propaga-
tion mode and the effect of off-path irregularities and inhomogeneities.
The local impedance, 04(d), calculated from such data by means of (46)
therefore implies such losses into the TE -propagation mode and off-path
effects due to irregularities and inhomogeneities,notwithstanding the
fact that we have interpreted this impedance within the context of two-
dimensional theory, since it must by definition recover the original
measured fields W[Az(Q)], W[A;(O)] when substituted into (42).
Exploration of the full theoretical consequences of this assumption is
reserved for future work.

We therefore conclude that the available data on bA(d) can be
used to calculate W-functions for W[A.(0)] and W[A:(Q)] after the
transmitter has been moved along the radial to a new position. Obwvi-
ously, with the a2id of reconnaissance data over a large number of

radials, the transmitter could be relocated to any desired location in

i1l /i “28~




the area for which data are available, and in this manner we can side-
step the evaluation of the three-dimensional integral equation (42).
Thus, once measurements have been made in an area, the transmitter
can be relocated, and the hyperbolic grid (1) can be recalculated with-
out further reconnaissance.

The set [A(x;)] in (46) is interesting, since each member of
this set is the local impedance relative to free space (6). The equiva-
lent complex conductivity can now be calculated from (9). Equation (46)
thus determines a new value of complex conductivity, i.e., it replaces
the homogeneous impedance calculation (7), so that inhomogeneities
and irregularities in the ground are taken into account. Another impli-
cation of (46) is that irregular terrain can be modeled with smooth

terrain, in which the impedance is variable with location.

5. CONCLUSIONS

The presence of irregular, inhomogeneous terrain in the
vicinity of a Loran C,D navigation system may cause phase accumula-
tion as a function of distance in excess of the phase accumulation of

classical theory. A generalization of inhomogeneous, irregular terrain

to an impedance surface permits the use of the framework of classical
theory to predict excess phase accumulation. The surface impedance

can be mapped with reconnaissance over an area, and once such maps
are obtained, the Loran C,D navigation over an arbitrary path can be

calculated by simplified computer methods. The transmitter coordi-

nates can be transformed, if necessary, by retrieving numerically

from the data the local or nonintegrated impedance.
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APPENDIX

Computer Programs

Program LORANCD calculates the time difference (2) for two
pairs shown in figure 1, Aty and Otp . These are called TD1l and
TD2 in the program. Equation numbers in the computer program
refer to Johler (1969b). The program LORANR calculates the phase
accumulation over the radial from the transmitter discussed in
section 3. Subroutines necessary for the operation of these programs
are also given. The sample data with each program listing gave the
computer printout listed with each program. Several complete computer
runs discussed in section 3 are also given. The calculations shown use
the actual geographic coordinates of operational LORAN C transmitters.
Field strengths (dB relative to 1 v/m) as a function of distance are
given for an assumed radiated power of 400 kw. The decay of the field
with distance, however, is appropriate for the raodels discussed in
section 3. These models do not necessarily represent the geographical
area indicated by the geographical coordinates.

Some applications of the computer techniques based on the basic
ground wave theory have been discussed in this report. The numerical
output data used in the figures 2 through 9 is given in tables 1 through
15 for reference. Considerably more information is given by these
computer outputs than was used in the discussion in this report. Each
set of computer data is preceded by a listing of the basic parameter of
interest. Thus, for example, in table 1, KDEL 0 refers to the
smooth ground mode of operation of LORAN CD program. The para-
meters for DBl refer to the Cape Fear-Jupiter pair. The parameters
for DB2 refer to the Cape Fear-Dana pair. The parameters for DB

refer to baseline d_b (fig. 1) for the Cape Fear-Jupiter pair, with time

=32~




difference TDI1 = DELTA (T1). The parameters for DB2 refer to the
baseline db (fig. 1) for Cape Fear-Dana pair with time difference

TD2 = DELTA (T2). F = frequency, kHz = 100 kHz. The conductivity
of the ground 0 = SIGMA = 0,005 mhos/ m. The dielectric constant

€z = E2 = 15. The vertical lapse of the permittivity factor o =ALFA =1,
The index of refraction of air n = ETA = 1,0001., The roughness
criterion is A S BORA =0, and N = ANN = 0, means the ground is
assumed to be smooth. Finite values for BORA and ANN would intro-
duce roughness, provided KDEL = 1, The height (altitude) of the
receiver above the ground h; = H2 = 0. A finite value of H2 (kilo-
meters) would cause the calculation to account for elevated receivers.
The set of data labeled "PARAMETERS FOR HOMOGENEOUS CASE"
gives the corresponding data for the propagation paths other than the
baselines. Since in this report we considered only the uniformly inhomo-
geneous case, these propagation paths were not sorted out to assign
different impedances for the paths, ds; , dsz , dm;, and dmz. How-
ever, the program can be used to obtain this flexibility with minor
modification.

The beginning point of the propagation path A (fig. 1) is
specified as "NEW VA-WVA END POINT." The end point B is specified
as ""DANA.,'" The latitude and longitude of these points are then given.
Next, the location of the master "CAPE FEAR'" is given. This is the
point M in figure 1. The locations of the Slave 1 "JUPITER, " point
S:1, and the slave 2 "DANA, " point S; (fig. 1l),are then given, An
assumed coding delay for each of these slaves is also given. The
radiated power and dipole current moment for the determination of the
absolute field amplitude in DB relative to 1uV/m, columns 6, 7 and 8,
on the second page of table 1, are given. The path A,B under consid-

eration is divided into a specified number of segments, and the distance

i




to each such point and to the destination are calculated. These numbers
are tabulated in columns 1 and 2 on the second page of table 1. The
azimuth at each point to the destination is given in column 3. The lati-
tude and longitude of each point is given in columns 4 and 5 respectively.
The solution of the time differences in (2) for each pair Lty and b
are given in columns 9 and 10. The gradients along the geodetic line in
us/km are also given in columns 11 and 12. Table 1 therefore gives
the average smooth ground time difference and amplitude time differ--
ences for the path A to B (fig. 1), together with other pertinent informa -
tion. Table 2 gives time differences, etc., for another geodetic line,
AB (fig. 1),over smooth, homogeneous ground. Finally, the third
geodetic line is given in table 3. These geodetic lines are plotted as
latitude vs.longitude in figures 2, 3,and 4.
Data from program LORANR are given tables 4 though 15.
These data have been presented in figures 2 through 4. Thus, the
column marked "time difference, microseconds’, table 4 for
BORA = 3(10°), ANN = 3(1077),contains data that were normalized to
smooth, homogeneous terrain cases, BORA = 0., ANN = 0, to give
the curves shown in figure 4. The first 5 columns of these data are the
same as previous data in table 1. Since the observer is assumed to be
moving on a radial from or toward the transmitter, only the total phase
accumulation to each point on such a radial is given in column 7 and
the corresponding absolute amplitude in column 6. Since the line is a
geodetic line through the transmitter, the gradient along this line is
almost constant because the phase correction is almost, but not

exactly, a linear function of distance from the transmitter at large

distances.
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PROGRAM LORANCD
PROGRAM TO CALCULATE THE TIME DIFFERENCES FOR A LORAN C OR D PATH

DIMENSION LATBEG(3) »LONBEG(3)sSTART(4) sLATEND(3) sLONEND(3)»
1 FINISH(4) sLATXMT(3) sLONXMT(3)sLOCXMT(4)sLATSL1(3)sLONSL1(3))
2 LOCSL1(4)sLATSL2(3)sLONSL2(3)sLOCSL2(4)

DIMENSION XLAT(105)sXLON(105)9D(105)+BERXMT(105)+X(105)sRD(105)
1 BEREND(105)

DIMENSION DENTIF(4&)

DIMENSION IDENT(2)

COMMON DISsSIGMASE2sALFALETA

TYPE INTEGER DSTNCEsREGsSTARTH»FINISHsTYPATH

DSTNCE=6HDSTNCE

REG=4HNORM

C=2.997925E8

TWOP1=6.283185307

PI=3.141592654

CON=1+E9/C

CONST=1.E3/TWOPI

FORMAT (2(2(2A8+A151X)94A87/)3513510XsA5)

FORMAT (2(2A85A151X) 94A8)

FORMAT (8E1040)

FORMAT (I110/8E1040)

FORMAT (110!

FORMAT (4A8)

FORMAT (1H1%39Xs4A8)

FORMAT (30Xs4ABs* TO *44A8)

FORMAT ( 114Xs14HGRADIENT ALONG/

8Xs11HDISTANCE IN»7Xs10HAZIMUTH TOs 2X»

19HCOORDINATES OF PATHs6X920HFIELD STRENGTH IN DBs7Xs

15HTIME DIFFERENCE»7X917THTHE GEODETIC LINE/

7X»13HKILOMETERS TOs5Xs11HDESTINATIONs 2Xs8HLATITUDEs 2X»

9HLONGITUDE »3X s 25HRELATIVE TO 1 MICROVOLT/Ms7X»

12HMICROSECONDS 99X s 15HMICROSECONDS/KM/
5Xs6HORIGINs2Xs 11HDESTINATION3X s THDEGREES»

2(4X9 THDEGREES) 95X 9 6HMASTER 92X THSLAVE 192X THSLAVE 293X

9HDELTA(T1) s3Xs9HDELTA(T2) 92X s9HDELTA(T1) »1X»s9HDELTALT2))

11 FORMAT (1X92Flle4sF1l2e492F11e5 3F9e2 »1X92F124491X»2F10e5)

12 FORMAT (18Xs&4HLAT=2AB83A2+4HLON=2A8yA2+% TO *34HLAT=2A85A2»4HLON=
1 2ABsA2/)

13 FORMAT (2BXs4HLAT=2AB8sA2s4HLON=2A8+A212HLOCATION OF »4AB)

14 FORMAT (/)

16 FORMAT (64Xs6HMASTERs 7XsTHSLAVE 136X THSLAVE 2/
1 22X+27HCODING DELAY (MICROSECONDS) 22X92F13e2/
2 22Xs26HRADIATED POWER (KILOWATTS) »10X93F1343/
3 22X9s37HDIPOLE CURRENT MOMENT (AMPERE-METERS)s3E1344/)

17 FORMAT (1HOs*PARAMETERS FOR *32A8//2Xs5HKDEL=110/5X+2HF=E1649»
14H KHZ/1Xe6HSIGMA=E16¢9/4X93HE2=E1649/2Xs5HALFA=E1649/3Xs4HETA=
2 E169/2X95HBORA=E169/3Xs4HANN=EL649/4X93HH2=E1649)

18 FORMAT (F1l0e493F10e292F10e492F1045)

19 FORMAT (I10/F10e29F10e49F10s19F10e29F10e692E10425F1001)

21 FORMAT (1H192HJ=1595X9s5HDIFF=E15e6395X94HDST=E1546/
1 1Xs7THSDELT1=E15e695X96HDELT1=E15¢695Xs THSDELT2=E15635X>

VoO-owmEwNn -

Vo~ vEuwNn -
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2 6HDELT2=E156/
3 1XsTHPGRADLI=E154635X9s 6HGRAD1=E15e695X» THPGRAD2=E15+695X"

4 6HGRAD2=E15.6)

10

20

30

READ THE COORDINATES OF A GIVEN PATH

LATBEG = LATITUDE OF BEGINNING POINT

LONBEG = LONGITUDE OF BEGINNING POINT

START = IDENTIFICATION OF BEGINNING POINT

LATEND = LATITUDE OF END POINT

LONEND = LONGITUDE OF END POINT

FINISH = IDENTIFICATION OF END POINT

NOSEG = NUMBER OF SEGMENTS TO BREAK THE PATH INTO -- MAX OF 100

READ 19 LATBEGsLONBEGs»START»LATEND s LONEND »FINISHsNOSEGs TYPATH
IF (EOF»60) 200,20

READ IDENTIFICATION
READ 6s DENTIF

READ THE COORDINATES OF THE MASTERs SLAVE 1s AND SLAVE 2

LATXMT = LATITUDE OF MASTER

LONXMT = LONGITUDE OF MASTER
LOCXMT = IDENTIFICATION OF MASTER
LATSL1 = LATITUDE OF SLAVE 1
LONSL] = LONGITUDE OF SLAVE 1
LOCSL1 = IDENTIFICATION OF SLAVE 1
LATSL2 = LATITUDE OF SLAVE 2
LONSL2 = LONGITUDE OF SLAVE 2
LOCSL2 = IDENTIFICATION OF SLAVE 2

READ 2y LATXMT 3LONXMT sLOCXMTsLATSL1sLONSL]1+LOCSL1sLATSLZ
1 LONSL2,L0CSL2

READ CODING DELAYS (TIME DELAY) IN MICROSECONDS FOR SLAVE 1 AND
SLAVE 2
READ 39 CS51+CS2

READ RADIATED POWER IN KILOWATTS OF MASTERs SLAVE 1s AND SLAVE 2
READ 3s PRMASsPRSL1sPRSL2

CHANGE COORDINATES (DEGREESsMINUTESsSECONDS) TO DEGREES
BEGLAT=CORDCONV{LATBEG»17)
BEGLON=CORDCONV (LONBEG»17)
ENDLAT=CORDCONV(LATEND»17)
ENDLON=CORDCONV (LONEND»17)
XMTLAT=CORDCONV(LATXMT17)
XMTLON=CORDCONV(LONXMT +17)
SLILAT=CORDCONV(LATSL1,17)
SLILON=CORDCONV(LONSL1+17)
SLZLAT=CORDCONVI(LATSLZ2+17)
SLZ2LON=CORDCONV(LONSL2+17)
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CALCULATES THE DISTANCE BETWEEN TWO POINTS

BETWEEN THE MASTER AND SLAVE 1 (DB1)

CALL PATH (XMTLAToXMTLONsSLILATSSLILONSDSTNCE 9XINT#DB1sXLAT+XLON>
1 DyBERATXsBERATRBERXMT sNMAX s TYPATH)

BETWEEN THE MASTER AND SLAVE 2 (DB2)

CALL PATH (XMTLAT oXMTLON3»SL2LATsSL2LONSDSTNCE sXINTsDB2sXLAT »XLON,
1 DsyBERATXsBERATRIBERXMT sNMAXs TYPATH)

BETWEEN THE TWO END POINTS OF A GIVEN PATH (DIST)

CALL PATH (BEGLAT +BEGLONsENDLAT s ENDLON sDSTNCE sXINTsDIST s XLAT »XLON >
1 DyBERATXsBERATRsBERXMT sNMAXsTYPATH)

SEG=NOSEG

XINT=DIST/SEG

CALCULATES THE LATITUDEs LONGITUDEs AND DISTANCE OF (NOSEG+1)
POINTS ALONG THE GIVEN PATH

CALL PATH (ENDLAT s ENDLON sBEGLAT s BEGLONsREGXINTsDISTsXLAT»XLONsRD:
1 BERATX+BERATR»BERENDsNMAXsTYPATH)

CALL PATH (BEGLAT sBEGLON»ENDLAT sENDLONsREGsXINTsDISTsXLATsXLONSD>
1 BERATXsBERATRsBERXMT sNMAX s TYPATH)

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
THE PATH BETWEEN THE MASTER AND SLAVE 1

EXPLANATION OF INPUT DATA TO CALCULATE THE PHASE CORRECTION

KDEL = KDEL NOT EQUAL TO ZERO PUTS PROGRAM IN ROUGH GROUND MODE
OF OPERATION

KDEL EQUAL TO ZERO OPERATES PROGRAM IN CLASSICAL GROUND WAVE
MODE OF OPERATION -- SMOOTH SPHERICAL GROUND

F = FREQUENCY IN KHZ

SIGMA = CONDUCTIVITY IN MHOS/METER

E2 = DIELECTRIC CONSTANT

ALFA = VERTICAL LAPSE FACTOR OF THE ATMOSPHERE ACCORDING TO NBS
CIRCULAR 573,

ETA = INDEX OF REFRACTION OF AIR AT THE GROUND LEVEL

BORA = RADIUS OF HEMISPHERICAL SURFACE PROTUBERANCE.

ANN = NUMBER OF HEMISPHERICAL BOSSES PER SQUARE METER.

H2 = ALTITUDE OF RECEIVER IN KILOMETERS

60 READ 4y KDELsFsSIGMASE2sALFASETAsBORASANNSH2
IDENT(1)=8HDB1
IDENT{2)=8H
PRINT 17» IDENT sKDEL sF s SIGMA»E2 sALFASETA»BORA»ANNsH2
65 DIS=DB1
FAZCOR=P]
IF (DISeLEeOs) GO TO 66
CALL GROUND (F%1000e3sAMPsFAZCORsKDEL sBORA»ANN»H2)
66 CONTINUE
RESGLUTION OF TWO PI1 AMBIGUITY OF THE GROUND WAVE PHASE
GOOD ONLY FOR 100 KHZ —-- MUST BE MODIFIED FOR ANY OTHER FREQUENCY
THE SAME TEST 1S USED AFTER EVERY CALL TO GROUND WAVE SUBROUTINE
THE DISTANCE SHOULD NOT BE MUCH GREATER THAN 2000 KM
IF (FAZCOReGE«Q.) GO TO 70
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70

75

80

83

85

88

880

881

882

883

884

885

40

50

FAZCOR=FAZCOR+TWOPI

IF (DISeLE«1000,) GO TO 75
IF (SIGMA«GT«0051) GO TO 75
IF (FAZCORsGT.PI) B0 'TQ =15
FAZCOR=FAZCOR+TWOPI
TCDB1=FAZCOR*CONST/F

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR

THE PATH BETWEEN THE MASTER AND SLAVE 2

READ 43 KDELsF+sSIGMASE29ALFASETAsBORASANNIH2
IDENT(1)=8HDB2

IDENT(2)=8H

PRINT 17» IDENT sKDEL 9F s SIGMASE2 s ALFASETAsBORAsANNH2
DIS=DB2

FAZCOR=PI

IF (DISeLE«Qe) GO TO 84

CALL GROUND (F%1000,3sAMPsFAZCOR'KDEL sBORASANNsH2)
CONTINUE

RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
IF (FAZCOR.GE«0Q.) GO TO 85
FAZCOR=FAZCOR+TWOPI

IF (DISeLE«10004) GO TO 88

IF (SIGMA«GTee0051) GO TO 88

IF (FAZCOR«GT«PI) GO TO 88
FAZCOR=FAZCOR+TWOPI

TCOB2=FAZCOR®CONST/F
CONS=1+E6/ (2 *TWOPI#F ) #SQRTF(3767304)

IF (PRMAS.EQeQs) GO TO 880

DIPMAS=CONS*SQRTF (PRMAS)
DBMAS=20.*ALOG10(DIPMAS)

GO TO 881

DIPMAS=1.0

DBMAS=0,

IF (PRSL1+EQeQe) GO TO 882

DIPSL1=CONS*SQRTF (PRSL1)
DBSL1=20.*#ALOG10(DIPSL1)

GO TO 883

DIPSL1=1.0

DBSL1=0e

IF (PRSL2eEQe0s) GO TO 884

DIPSL2=CONS*SQRTF (PRSL2)
DBSL2=20*ALOG10(DIPSL2)

GO TO 885

DIPSL2=1.0

DBSL2=0s

CONT INUE

IHOM NOT EQUAL TO ZERO GIVES INHOMOGENEOUS CASE

READ 59 IHOM
IF (IHOMsNE«O) GO TO 886

READ NECESSARY PARAMETERS TO CALCULATE THE PHASE CORRECTION FOR

THE HOMOGENEOUS CASE
READ 49 KDELsF9SIGMASE2sALFASETA»BORASANNSH2
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886

90

901

91

9%

IDENT (1) =8HHOMOGENE
IDENT (2)=8HOUS CASE

PRINT 17, IDENTsKDEL yFsSIGMASE2 yALFASETASBORASANNsH2
PUNCH 19+KDEL »FsSIGMAE2»ALFASETASBORASANNSH2

CONT INUE

PRINT 7» DENTIF

PRINT 8o STARTSFINISH

PRINT 12 LATBEGsLONBEGsLATEND s LONEND

PRINT 13, LATXMT s LONXMT s LOCXMT s LATSL1sLONSL1sLOCSL1sLATSLZ
1 LONSL2sLOCSL2

PRINT 16» CS1+CS2»PRMAS sPRSL19PRSL2sDIPMAS,DIPSL1»DIPSL2
PRINT 9

PRINT 14

NS=NOSEG+1

PUNCH 6sDENTIF
PUNCH 2sLATBEGsLONBEGsSTARTsLATEND sLONENDsFINISHsLATXMT » LONXMT »

1 LOCXMT sLATSL1»LONSL19LOCSL19LATSL2LONSL25LOCSL2
PUNCH 5sNS

NP=0

NNP=0

GRAD1=0e

GRAD2=0.

CALCULATE DISTANCES AND PHASE CORRECTIONS FOR EACH POINT ON THE
GIVEN PATH

DO 150 I=1sNS

CALCULATE DISTANCE FROM GIVEN POINT TO MASTER (DM)

CALL PATH (XLAT(I)sXLON(I)sXMTLATsXMTLONSDSTNCEsXINT9DMsXsXsX0YsYs
1 XsNMAXsTYPATH)

IF (IHOM.EQ+0Q) GO TO 90

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
THE ABOVE PATH

READ 3, KDELsF +sSIGMASE2 sALFASETAsBORASANNsH2

DIS=DM

AMP=1.0

FAZCOR=P1

IF (DISeLE«Os) GO To 901

CALL GROUND (F¥1000« sAMP sFAZCOR »KDEL s BORA s ANN yH2)
FSMAS=20*ALOG10(AMP }+DBMAS+120.

RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
IF (FAZCOReGEe«Qe) GO T0 91

FAZCOR=FAZCOR+TWOPI

IF (DISeLE«1000s) GO TO 95
IF (SIGMA«GT#0051) GO TO 95
IF (FAZCOR«GTsPI) GO TO 95
FAZCOR=FAZCOR+TWOPI

TCDM=FAZCOR®CONST/F

CALCULATE DISTANCE FROM GIVEN POINT TO SLAVE 1 (DS1)

CALL PATH (XLAT(I)sXLON(I)sSLILATsSLILONSDSTNCEsXINTsDS1sXsXsXsY>
1 YsXsNMAXsTYPATH!

IF (IHOM.EQ.O! GO TO 100
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100

1001

101

105

110

1101

11

1%

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
THE ABOVE PATH

READ 39 KDELsF+sSIGMASEZ2sALFASETAsBORAYANN»HZ

DIS=DS1

AMP=1.0

FAZCOR=PI

IF (DISeLE«Qe) GO TO 1001

CALL GROUND (F#100U,9sAMP sFAZCORYKDEL »SBORAsANN»H2)
FSSL1=20+*ALOG10(AMP)+DBSL1+120,

RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
IF (FAZCOR«GE«O4) GO T0O 101

FAZCOR=FAZCOR+TWOPI

IF (DISeLE«1000,) GO TO 105

IF (SIGMA«GT«+0051) GO TO 105

IF (FAZCORsGTePI) GO TO 105

FAZCOR=FAZCOR+TWOPI

TCDS1=FAZCOR®CONST/F

CALCULATE THE TIME DIFFERENCE FOR SLAVE 1 (TDX)
DELT1=ETA*CON*(DB1+DS1-DM)+TCDB1+TCDS1-TCDM+CS1

CALCULATE DISTANCE FROM GIVEN POINT TO SLAVE 2 (DS2)

CALL PATH (XLAT(I)sXLON(I)sSL2LATsSL2LONSDSTNCEsXINTsDS2sX9X XYy
1 YsXsNMAX»TYPATH)

IF (IHOM.EQ+0) GO TO 110

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
THE ABOVE PATH

READ 39 KDEL sF»sSIGMASE2 s ALFAYETA+BORASANN H2

DIS=DS2

AMP=1,0

FAZCOR=PI

IF (DISeLEeQs) GO TO 1101

CALL GROUND (F%#1000+¢sAMPsFAZCORsKDEL +BORASANNH2)
FSSL2=20+*ALOG10(AMP }+DBSL2+120.

RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
IF (FAZCOR«GE«OQ,) GO TO 111

FAZCOR=FAZCOR+TWOPI

IF (DISeLE«1000s) G0 TO 115

IF (SIGMA«GTe20051) GO 10 115

IF (FAZCOR«GTePI) GO TO 115

FAZCOR=FAZCOR+TWOPI

TCDS2=FAZCOR®CONST/F

CALCULATE THE TIME DIFFERENCE FOR SLAVE 2 (TDY)
DELT2=ETA*CON¥*(DB2+DS2-DM)+TCDB2+TCDS2-TCDM+CS2
IF (IeEQel) GO TO 140

DST=D(1)-D(I-1)

GRAD1=(DELT1-SDELT1)/DST
GRAD2=(DELT2-SDELT2)/DST

IF (NNPeNE«30) GO TOo 120

PRINT 7» DENTIF

PRINT 8, START+FINISH

PRINT 12» LATBEGsLONBEGsLATEND s LONEND

PRINT 13, LATXMT 9 LONXMT s LOCXMT s LATSL1sLONSL1»LOCSL1sLATSLZ
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1 LONSL2+LOCSL2
PRINT 16> CS19CS2sPRMAS»PRSL]1sPRSL2sDIPMASsDIPSL1+DIPSL2
PRINT 9
NNP =0
120 NNP=NNP+1
IF (NPeNE«10) GO TO 130
PRINT 14
NP=0
130 NP=NP+1
II=1~-1
N=NS+1~-11
IF (I1lsLEe2) GO TO 139
IF (NsLE«2) GO TO 139
J=0
131 DIFF=PGRAD1-GRAD1
IF (ABS(DIFF)elLEee2) GO TO 135

IF (JeGTa3) GO TO 190
IF (PGRAD1.GT.GRAD1) GO TO 132
J=J+1
DELT1=DELT1-1.E3/F
GO TO 133
132 J=J+1

DELT1=DELT1+1.E3/F
133 GRAD1=(DELT1-SDELT1)/DST
GO TO 131
135 J=0
136 DIFF=PGRAD2-GRAD2
IF (ABS(DIFF)elLEee2) GO TO 139
IF (JoGT.3) GO TO 190
IF (PGRADZ+GT+GRAD2) GO TO 137
J=J+1
DELT2=DELT2-1E3/F
GO TO 138
137 J=J+1
DELT2=DELT2+1+E3/F
138 GRAD2=(DELT2-SDELT2)/DST
GO TO 136
139 CONTINUE
PRINT 11» D(IT)sRD(N) sBEREND(N) sXLAT(II)sXLON(II)9sSFSMAS
1 SFSSL1sSFSSL2+SDELT1sSDELT2sGRAD1sGRADZ
PUNCH 18sD(I1)sSFSMASsSFSSL1sSFSSL2+SDELT19SDELT2sGRAD1 »GRAD2
140 XLON(I)==XLONI(1)
SFSMAS=FSMAS
SFSSL1=FSSL1
SFSSL2=FSSL2
SDELT1=DELT1
SDELT2=DELT2
PGRAD1=GRAD1
PGRAD2=GRAD2
IF (I«LTeNS) GO TO 150
IF (NPsNE«10) GO TO 145
PRINT 14
145 GRAD1=0.
GRAD2=0.
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PRINT 11> D(IlvRD(ll9BEREND(llnXLATlIl-XL0NIIJ-SFSMASv

1 SFSSLIhSFSSLZiSDELTl!SDELTZ’GRADI9GRA02
PUNCH 18,D(1) ’SFSMAS-SFSSLIoSFSSLZvSDELTl:SDELTZ;GRADltGRADZ

150 CONTINUE
GO TO 10
190 CONTINUE
PRINT 21anDlFF-DST9SDELT1’DELTl|SDELT2!DELT2'PGRADI'GRADIv
1 PGRAD2sGRAD2
200 CALL EXIT
END

SUBROUTINE GROUND (F yAMP s PHASE sKDEL s BORA s ANN yH2 )
GROUND CALCULATES AMPLITUDE AND PHASE CORRECTION OF THE GROUND WAVE

A NEGATIVE TIME FUNCTION IS ASSUMED
DIST=KMs F=CYCLES
COMMON DISTsSIGMASE2sALFASETA
COMMON /INFQO/ DELT2AsDELT2PsD1A»D1P
A=6+36T39E6
C=2+997925E8
PI=34141592654
E1=ETA*ETA

300 ERROR=4,.,E-6
OMEGA=2.*P *F
CONVERTS DISTANCE TO STATUTE MILES
DST=DIST/1.6093472
AK1=A*OMEGA/C*ETA
AK15Q=AK1%*AK1
AK13R=CUBERT(AK1)
AK16R=SQRTF(AK13R)
ALF13=CUBERT (ALFA)
ALF23=ALF13*ALF13
ALF56=ALF13*SQRTF (ALFA)
THETA=1.E3*DIST/A
DK1=AK1*THETA
IF (KDELeNE«O) GO TO 50

OLD DELTA SUB E
X1=(SIGMA*4eE~T*P [*#C*C) /OMEGA

X2=CUBERT ( (C*ALFA)/ (A*OMEGA*EL1*E1))
CALL ZSQRT (E2~E1sX1sCE»sD)

CALL ZDIV (=X1%#X2,E2%X2+CE+DsDRsDI)
DR2=DR*DR-DI*DI

DI2=2.#DR#*DI

CALL ZDIV (0esALF13/AK13RsDRsDI+DELT2RDELTZI)
CALL POLR (DELT2RsDELT2IsDELT2A+DELT2P)
CALL POLR (DRsDI»D1AsD1P)

IF (DST-30e) 350»310»310

NEW DELTA SUB E

50 EPS0=8.85419E-12
FR=E2
FI=SIGMA/ (EPSO*OMEGA)
CALL ZSQRT(-FRe=FIsFXsFY)
GR= (FX*OMEGA /C) *BORA

e
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310

350

GI=(FY®OMEGA/C) *BORA
VB=2,%#P ] #ANNT (BORA®#®3) /3,

CALL ZEXP(GRsGIsFXsFYsMAGT1)

CALL ZEXP(—-GRs—=GI +GX9GY s MAGTZ)
EMAG=MAGT2-MAGT1

CALL ZDIV (FX+GX*EXPF(EMAG ) s FY+GY®EXPF (EMAG )
1 FX-GX®*EXPF (EMAG )9 FY=GY*EXPF (EMAG )9COTRCOTI])
CALL ZMPY (GRsGIsGRsGIsFXsFY)

CALL ZMPY (GRsGIsCOTR»COTI*GXsGY)

CALL ZDIV (FXsFYsle=GXe=GYesFXeFY)

SEE EQUATION (2.6)

AGR=FX+1e

AGI=FY

SEE EQUATION (2.4)

CALL ZDIV (FR+0¢5%AGRsFI+0¢5*AGI sFR-AGRsFI-AGI +GAMR » GAMI )
SEE EQUATION (2.2)

ALPBR=3 o *YB¥*GAMR

ALPBI=3,%VB¥*GAMI

CALL ZDIV (le+0.5%AGR»0+5*AGIs]le— AGR s~ AGIsFX»FY)
SEE EQUATION (2.5)

GGGR=-2+%FX

GGG I=~-2.%FY

SEE EQUATION (2.3)

AAAR=3 ¢ *VB*GGGR

AAAI=3,#VB*G6GI

CALL ZDIV (AAARsAAAI yALPBR*2 ¢ yALPBI*2¢ sFXsFY)
GX=(OMEGA/C) *ALPBR*2,

GY=(OMEGA/C) ®*ALPBI*2.

CALL ZMPY (GXsGYsGX9GYsGXeGY)

CALL ZMPY (FXsFYsGXsGYsFX9FY)

FX=GX-FX

FY=GY-FY

CALL ZSQRT (le—FXs—FYsFXsFY)

FXX==FY $ FY==1e+FX $ FX=FXX

CALL ZMPY (2.%OMEGA/Cs04 9ALPBRIALPBI +GX9GY)
SEE EQUATION (2.19)

CALL ZDIV (FXsFY»sGXsGYsDELT2RDELT2I}

CALL POLR(DELTZ2RsDELT2]1+sDELT2A+DELT2P)
X2=CUBERT({C*ALFA)/ (AXOMEGA*ETA))

SEE EQUATION (2.28)

CALL ZDIV (OesX2+DELT2RsDELT2IsDR DI )

CALL POLR(DR+DIsD1AsD1P)

CALL ZMPY (DRsDIsDRsDIsDR2+DI2)

IF({DST-30.) 35093109310
IF(1e/CUBERTI(F/10004)-DST/100s) 40094009350

PLANE EARTH THEORY

NBS CIRCULAR 573

AA = -AK13R¥THETA®ALF23

DENOM= 2,*(DI2#DI12+DR2*DR2)
RHOR=AA*DI2/DENOM

RHOI= AA®#DRZ/DENOM

CALL POLR(RHORsRHOI sRHOPHIRHO)
IF(RHO-12¢) 35543554365
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C PLANE EARTH THEORY —-- CONVERGENT SERIES

355 AA=SQRTF(RHO)
BB=EXPF ( -RHGR)
CALL ZNPY(AA*CUSF(PH[RHO/Z.)OAA'SINF(PHIRHOIZ.}01-7724539*35451NF(
IRHOII011772“539*BB'C05F(RH01|’SU"R’SUMI}
SUMR=SUMR+1e
==1le
DEN=1.
PTHR=-2+*RHOR/DEN
PTHI=-2+#RHOI/DEN
370 CALL POLR(SUNR’SU"I!FSUBROSUMPHI)
CALL POLRIPTHROPTHIlPTH'PHIPTH)
IF (PTH/FSUBR-ERROR) 38093801360
380 ESUBR=FSUBR*12-5663706E-10*FIDIST
GO TO 900
360 SUMR=SUMR+PTHR
SUMI=SUMI+PTHI

DEN=DEN+2.
CALL ZMPY tPTHR.PTHI--2.*RH0R/DEN,—2.*RH01/DEN,PTHR-PTHI:
GO TO 370
o
& PLANE EARTH THEORY -— ASYMPTOTIC SERIES

365 CALL ZDIV(lesQes2e*RHOR32e*RHOIsRHOR,RHOIL)
PTHR=RHOR
PTHI=RHOI
PTH=5/RHO
S==2,
SUMR=0e
SUMI=0e
ENUM=3.

352 SUMR=SUMR+PTHR
SUMI=SUMI+PTHI
CALL POLR(-SUMRj~-SUMI sFSUBR»SUMPHI )
CALL ZMPY(ENUMs0Os sRHORsRHOI »PPORsPPOT)
CALL ZMPY(PTHRsPTHI sPPOR,PPOI sPPOR,PPOI)
CALL POLR(PPORsPPQI s PPOMOD s PHIPPO)
IF(PPOMOD-PTH) 353,654654

654 5==3.

GO TO 380
353 IF (PPOMOD/FSUBR-ERROR) 380+380+354
354 PTH=PPOMOD

PTHR=PPOR
PTHI=PPOI
ENUM=ENUM+2.
GO TO 352
C
C RESIDUE SERIES
C FOR RESIDUE SERIES SEE EQUATIONS (2.25)

400 CONST:I4.5027258EIU*AK16R*AK150*ALF56)/lOHEGA*A*A*A*SQRTFlSINFl
1ALFA®THETA)}))
CON=2,0%AK13R*¥2¥H2*AL F13/A
SUMR=0Qe
SUMI=0e




500

SUMMOD=0.

S=0.

ZERO=0

CALL TAU(SsDRsDIsTRsTI)

C CORRECTION FOR TAUS - ADDED TO GROUND

nNnnN

718

714

720

716

N=0

CONTINUE

XT==2+%TR

YT==2.%#T1

CALL ZMPYU(XToYT oXToYTeXXToYYT)

CALL ZMPY (XTsYT o XXTaYYTeXTToYTT)

CALL ZSQRTUXTTeYTTsXXXsYYY)

CALL HANK(191le/3es=los=XXX/369=YYY/3.sXHANs YHANIMAGL)
EMAG1=MAGL

CALL HANK‘I!Z./3.y-l.,“XXX/3.!—YYY/S.’XXHAN!YYHAN’HAﬁzi
EMAG2=MAG2

CALL ZDIV{(XHANsYHAN s XXHAN »Y YHAN » HANX s HANY )

CALL ZSQRTAXTeYTsTTXsTTY)

EXX=MAG1-MAG2

XR=COSF(1+0471976)*EXPF(EXX)
YR=SINF(10471976)*EXPF(EXX)

CALL ZDIV(XRsYRoTTX»TTYsTTIXXeTTYY)

CALL ZMPY(HANXsHANY s TTXXsTTYYsXREAL »YIMAG)
CORX==XREAL-DR

CORY==YIMAG-DI

CALL ZMPY(DR2sDI2sXTsYTsDXT»DYT)

DEMRE=—-1e-DXT

DEMIM=-DYT

CALL ZDIV(CORX»CORY »DEMREsDEMIM» SOUP»SALAD)
TRR=TR-SOUP

TII=TI-SALAD

CALL ZDIV(TRR=TRsTII-TIsTRsTIsSPNRsSPNI)

IF(SQRTF ( SPNR*SPNR+SPNI*SPNI)-ERROR) 716,716+ 714
N=N+1

TR=TRR

TI=TI1I

IFIN-30) T718+720+720

CONTINUE

XT=-2.%TR

YT=—2%T1

CALL ZMPY (XToYToXToYTeXXTeYYT)

CALL ZMPY (XToYTeXXToYYTeXTTaY¥YTT)

CALL ZSQRT (XTTeYTTaXXX2YYY)

CALL HANK (1951e/3e9=les=XXX/3e9=YYY/343XHANs YHANIMAGL)

CONT INUE

HEIGHT GAIN FACTOR

FOR HEIGHT GAIN FACTOR SEE EQUATION (2430)
CONR=CON+XT

CONI=YT

CALL ZMPY (CONRsCONIsCONRsCONI+CONR2,CONI2)
CALL ZMPY (CONRyCONI»CONR2sCONI2»CONR3sCONI3)
CALL ZSQRT (CONR3»CONI3»CONR32»CONI32)

IF (CONI32eGEsCe) GO TO 730
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730

131

600

12
]

15

700

900

4000

15

CALL HANK (191e/349-1e9-CONR32/349-CONI32/34 9 XXHANS YYHAN»MAG2)

6O 10131
CONTINUE

CALL HANK (19le/3e9 Ues—CONR32/3¢9—CONI32/34 s XXHAN > YYHAN +MAG2)

CONTINUE
CALL ZDIV (CONRsCONIsXTsYTsCONXsCONY)

CALL ZSQRT (CONXsCONY»CONX12»CONY12)

CALL ZDIV (XXHANsYYHAN s XHAN s YHANs HANX s HANY )
EXX=MAG2-MAG1

EXF=EXP(EXX]

SEE EQUATION (2.30)

CALL ZMPY (HANX*EXF sHANY®EXFsCONX129CONY12sFSH2R»FSH2T)

S55=N

ANGLE=AK13R*ALF23%# THETA*TR+PI/4.
ARG=-AK13R*ALF23*THETA*TI

IF(ARG+300s!) 700s7009600

EX=EXPF (ARG!

ZR=EX#COSF (ANGLE)

ZI=EX®*SINF (ANGLE)

AA=2 . *TR-DR2/ (DR2#DR2+DI2%DI2)

B=2«*TI+DI27/ (DR2*DR2+DI2*DI12)

CALL ZDIV(ZRsZ1sAA+BsPPORSPPOI)

CALL ZDIV(2e5%TR32e5*TI»CUBERT(AK1#AK1)s0ssFBXsFBY)
CALL ZMPY(PPORsPPOIsle+FBXsFBYsPPOR»PPOI)
CALL ZMPY (PPOR,PPOIsFSH2R»FSH21sPPORPPOI)
CALL POLR(PPORsPPQI sPPOMOD »PHIPPO)
IF(SUMMOD) 13913912

IF (PPOMOD/SUMMOD-ERROR) T700s700513
SUMR=SUMR+PPOR

SUMI=SUMI+PPO1

CALL POLR(SUMR » SUMT » SUMMOD s SUMPHI )

S=S+1.

IF(5-500e) 500:500s15

ERROR=4.E~4

GO TO 500

ESUBR=SUMMOD*CONST
FSUBR=ESUBR*DIST/(12+5663706E~-10%*F)

CALL POLR(((DK1*DK1)=1¢)/(DK1%*DK1)91e/DK1sFPRIZsPHIFZ)
AMP = ESUBR*FPRIZ

PHASE=SUMPHI+PHIFZ

RETURN

END

SUBROUTINE TAU (SsDRsDIsTRsTI)
DIMENSION TZERO(5)s TIN(5)
DATA (ITM=0)

IF(ITM) 16+15s16
TZERO(1)=148557571
TZERO(2)=3+2446076
TZERO(3)=4,3816712
TZERO(4)=5.3866138
TZERO(5)=643052630
TIN(1)=.80861652

sl ba




TIN(2)=245780961
TIN(3)=3,8257153
TIN(4)=4,8918203
TIN(5)=5.8513010
ITM=1
SINT=.86602540
COST=e5

16 IF(S-5e) 19292

1 IC=S+1.
TSO=TZERO(IC)
TSIN=TIN(IC)
GO TO 3

2 Y1=1e1780972%(4¢%5+34)
Y12=Y1#%Y]
Yl4a=Y12%Y12
Y13RT=CUBERT(Y1)
TSO=Y13RT*Y13RT/1.2599211
T50=TSO+TSO/{906*Y12)"T50/(7.2*Y14)+-92928404*T50/‘Ylﬁ*le)
Y2=1e1780972% (4o%S5+1s)
Y22=Y2%Y2
Y24=Y22%Y22
Y23RT=CUBERT(Y2)
TSIN=Y23RT#Y23RT/1259921
T51N=TSIN--14533333*T51N/Y22+o12152778*T5IN/YZ“"a87395351*T5IN/(YZ
12%Y24)

3 DELTA2=DR*DR+DI*DI
IF (2«%DELTAZ2*TS0~1e) 5+10+10

10 ASSIGN 1001 TO N

ASYMPTOTIC SERIES (1/DELTA SUB E = DEL!

11 TS1=TSIN
DELR=DR/DELTA2
DELI=-DI/DELTA2
ASSIGN 30 TO J

20 SUMR=COST*TS1
SUMI=SINT*TS1
T52=TS1*TS1
TS3=TS2#TS1
TS4=TS2*TS2
TS5=TS2%TS3
TS6=TS3*T53
TS7=TS3*TS4
TS9=TS4*TS5
TS12=TS6*TS6
TS15=TS9%TS6
CALL ZMPY (DELRsDELIDELRsDELIDEL2RsDELZ21I)
CALL ZMPY (DELRsDELISDEL2RsDELZ2I+DEL3RDEL3I)
CALL ZMPY (DEL2RsDEL2I9DEL2RPDEL2IsDEL4RIDEL4G])
CALL ZMPY (DEL2RsDEL2I+DEL3R+DEL3IsDELSRDELS])
CALL ZMPY (DEL3RsDEL3I+DEL3R»DEL3T»DEL6RDELST)
CALL ZMPY (DEL3RsDEL3I+DEL4RYDEL4I +DELTRDELTI!
CALL ZMPY (DEL4RIDEL4I+DEL4RIDEL4IDELBRIDELBI!
CALL ZMPY (DEL4RsDEL4I+DELSRDELSI+DELIRDELII)
CALL ZMPY (DELSRsDELSI»DEL5RsDELSI+DEL1ORDEL1OI)

4T




CALL ZMPY (DELS5RYDELSI+DEL6R*DEL6IsDELLILIRDELLLI)
GO TO Js (30s 60)
30 TSR=—-COST/(2+%T51)
TSI=SINT/(2%T751)
CALL ZMPY (TSR+TSIsDELRsDELIsPP1RsPP11)
CALL POLR(PP1RsPP1IsPP1MODsPP1PHI)
K=1
TSA=TS1
40 IF (PPLMOD/TSA - &4eE-T7) 50950541
41 GO TO (1019102+103510491059106+107+108+109550)s K
101 PP2R=4125/TS3*DEL2R
PP21=,125/TS3%DEL2I
110 CALL POLR(PP2RsPP21+PP2MODsPP2PHI)
IF (PP2MOD - PPIMOD) 4250550
42 SUMR=SUMR+PP1R
SUMI=SUMI+PP1I1
CALL POLR(SUMRsSUMI s TSASTSPHIA)
PP1MOD=PP2MOD
PP1R=PP2R
PP1I=PP21
K=K+1
GO TO 40
102 TSR==COST/TS2
TSI=-SINT/TS2
CALL ZMPY (TSRsTSI+DEL3RSDEL3IsPP2RsPP2I)
CONST=—(,83333333E-1-.0625/T53)
120 PP2R=PP2R*CONST
PP21=PP21*CONST
GO TO 110
103 TSR=-COST/T54
TSI=SINT/TS54
CALL ZMPY (TSRsTSI+DEL4RsDEL4IsPP2RsPP21)
CONST=—(472916667E-1-.0390625/TS53)
GO TO 120
104 PP2R=DELS5R
PP21=DELSI
CONST=—(=e025/T53+.065625/T56—,02734375/TS59)
GO TO 120
105 TSR=COST/TS5
TSI=SINT/TSH
CALL ZMPY (TSRsTSIsDELG6RIDELEIsPP2RsPP21)
CONST=—( 402777 78E-1-9e06015625/T53+,20507812E~1/TS6)
GO TO 120
106 TSR=-COST/T54
TSI=SINT/TS4
CALL ZMPY (TSRsTSIsDELTRsDELTIsPP2RsPP2I1)
CONST=—(e89285714E~2-e52T77TT7BE-1/TS3+e55859375E-1/T56-+16113281E~
11/759)
GO TO 120
107 PP2R=DELS8R
PP2I1=DELS8I1
CONST=—(e21651786E-1/TS6=-e63671875E~-1/TS9+52368164E-1/TS12~
1413092041E-1/TS515)
60" TO 120
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108 TSR=COST/TSS
TSI=SINT/TS5
CALL ZMPY (TSRsTSI»DEL9RIDELII»PP2RsPP2I)
CONST==(e34722222E-2-¢37646054E-1/TS3+e73448351E-1/T56-49458822E~
11/759+10910034E-1/T812)
GO TO 120
109 TSR=COST/T1S7
TSI==SINT/TS7
CALL ZMPY (TSRsTSIsDEL1ORsDEL1OIsPP2RsPP2I)
CONST=-(411453373E-1-e56531980E-1/T53++82380642E~1/TS56-+46985881E~
11/T59+92735291E~-2/T512)
GO TO 120
50 ERRA=PP1MOD
TRA=SUMR
TIA=SUMI
200 GO TO Ns (1001,1002,1003)
1001 IF (2«*DELTA2%TSA=1le) 4595004500
45 ASSIGN 1003 TO N
ol B o
1002 IF (2+*DELTA2%TSC-e6) 5014501446
46 ASSIGN 1003 TO N
GO TO 11
1003 IF (ERRA-ERRC) 500,500+501

CONVERGENT SERIES

IF (24*DELTA2¥TSO-e6) 636110

ASSIGN 1002 TO N

TS1=TS0

DELR=DR

DELI=DI

ASSIGN 60 TO J

GO TO 20

60 SUMR=SUMR-DELR
SUMI=SUMI-DELI
TS1R=COST*TS1
TS1I=SINT#TS1
CALL ZMPY (TSIR»TS1IsDEL3RsDEL3IsPP1R»PPLI)
SUMR=SUMR- ¢ 6666666 T*PP1R+COST*DEL4R
SUMI=SUMI -« 66666667*PP11+COST*DEL4I
TS2R=-COST#TS2
TS21=SINT*TS2
CALL ZMPY (TS2R»TS21+DELSRsDEL51sPP1RsPP1I)
SUMR=SUMR~« 8*PP 1R
SUMI=SUMI-+8%PP11
CALL ZMPY (TS1RsTS1I1+DEL6R'DEL6IsPPIRyPP1I)
CONST=471428571-1.1428571%T53
SUMR=SUMR+1+5555556 %PP1R-CONST#DEL 7R
SUMI=SUMI+145555556*PP11~CONST#*DEL 71
CALL ZMPY (TS2R»TS21»DELBRDELBIsPP1RsPP1I)
SUMR=SUMR+3 +8666667*PP1R
SUMI=SUMI+3+8666667*PP1I
CALL ZMPY (TSIRsTS1I+DEL9RsDEL9IsPP1IRsPPLI)
CONST=4,0493827-1,7777778*T53
CONST1=1+3428571-8+8685714%T53

-~ wm
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500

501

550

300

(S0 N

-~ o

10

35

50

TRC=SUMR-CONST#PP1R+CONST1*DEL1OR
TIC=SUMI-CONST#*PP1I+CONST1#*DEL1OI
CALL POLR(TRCsTICs»TSCsTSPHIC]
CALL ZMPY (TS2R»TS2IsDEL11R#DEL11IsPPIRsPPLI}
CONST=154305051-2.9090909*753
PP1R=-CONST*PP1R

PP1I=-CONST*PP1I]

CALL POLR(PP1RsPP11+ERRCSERPHIC)
GO TO 200

ERR=ERRA

TR=TRA

TI=TIA

TS=TSA

TSPHI=TSPHIA

TSZ=TSIN

GO TO 550

ERR=ERRC

TR=TRC

TI=TIC

TS=TSC

TSPHI=TSPHIC

TSZ4=TSO

DEL2T=DELTA2*TS

RETURN

END

SUBROUTINE HANK(KIND'ORDER!BRANCH’AvB’X’YDMAGTUDI
DIMENSION BR(2)+sBI(2),GAM(4&)
IF(A®¥A+B*B) 300+400+300
MAGTUD=0

SIGN=3-2%KIND

S0=3,-6.*0RDER

V=0RDER

IF(B) 19293

SIY==1e

GO TO 4

SIY=0.

GO TO &4

SIY¥Y=1.

IF(SIY*SIGN) 54546

RB=5e5

GO TO 7

RB=2+3

CALL POLR (AsBsRsTHETA )
THETA=THETA+BRANCH¥*6+2831853
IF(R-RB) 109+100,100
KO=3,#0RDER++1
GAM(1)=-4.06235381
GAM(2)=2.6789385
GAM(3)=-4.0184078
GAM(4)=13541179

DO 90 L=1»2

KI=2%KO+1-L

GR=(+5%R) *#V*COSF(V*THETA) /GAM(KI)
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Gl=(e5%R) XRVESINF (V*THETA)/GAM(KI ]
CALL SERIES(AsBsV s SUMR s SUMI )
CALL ZMPY(SUMRISUMIsGRsGIsBR(L)sBI(L))
S0 V=-V
CALLZMPY(Oe91el1547005 +S0%,5%BR(1)~BR(2)9s50%,5%BI[(1)-BI(2)9sGR»GI)
X=BR(1)+SIGN*GR
Y=BI(1)+SIGN*GI
RETURN
100 1GO=1
C=A
28 D=B
SR=1.2533141 *#SQRTF(R)
TR=SR*COSF(«5*THETA)
TI=SR*SINF(«5*%THETA)
IF(ABSF(THETA)-4.7123890 ) 103,103,115
103 IF(SIGN*(THETA+SIGN*1.5707963 }) 105+1139+113
105 C=-A
D=-B
CALLZMPY(TR*TI%0esSIGNsTR»TI)
I1GO=2
GO TO 113
115 IGO =3
TR=-TR
TI=-T1
113 CALLZEXP(-SIGN*DsSIGN*(C~15707963 *(V+e5))sSReSIsMAGTUD)
CALLSP(V32e*SIGN¥Ds—2¢*#SIGN®#CsRTRHRTI)
CALL ZMPY(SRsSIsRTRsRTI s X»Y)
GO TO (13591929192)1GO
192 CALLSP(Vs—2e*SIGN*¥Ds2*SIGN*C»RTRsRTI)
CALLZDIV(RTRsRTIsSRsSIsSR»SI1)
CALLZMPY(SR3SI3s50%,5,=SIGN*,86602540 +SRsSI)
EX1=1le
EX2=1.
IF(MAGTUD) 1952009197
195 EMA=2%*MAGTUD
EX1=EXPF(EMA)
MAGTUD=-MAGTUD
GO TO 200
197 EMA=-2%#MAGTUD
EX2=EXPF(EMA)
200 GO TO (135+205+210)51GO
205 X=SO*EX1#X+SR¥EX2
Y=SO#EX1#Y+SI*EX2
GO TO 135
210 X=-EX1%*X-SO*SR¥*EX2
Y=—EX1*¥Y~-SO*SI*EX2
135 CALLZDIV(XsYsTRsTIsXsY)
136 RETURN
400 WRITE OUTPUT TAPE61+401
401 FORMAT(35H ZERO ARGUMENT NOT DEFINED IN HANK s )
CREL) EXTT
END

SUBROUTINE SERIES (AsBsVeSUMRISUMI)

G
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CALL ZMPY(oa25%A3e25%BsAsBsSQAR»SQT)

TERMR=1./V

TERMI=0.

SUMR=TERMR

SUMI=TERMI

EN=0s
10 EN=EN+1.

CALLZMPY(TERMRsTERMI »—SQR/ (EN®*(V+EN) ) s—SQI/(EN*(V+EN) ) »

1TERMRTERMI )

SUMR =SUMR+TERMR

SUMI=SUMI+TERMI

IFI((TERMR*TERMR+TERMI*TERMI ) / { SUMR*SUMR+SUMI #SUMI )=1eE=22120+20510
20 RETURN

END

FUNCTION GAMMA (X)
75 FORMAT(66H GAMMA FUNCTION OF A NEGATIVE INTEGERs OR OF ZERO» IS NO
1T DEFINED.)
5 IF(X) 10+80+15
10 N=-X
EN==N-1
V=X-EN
IF(V-1+) 5» 804 20
15 N=X
EN=N
V=X-EN
20 GAMMA=14+V*(0422784337+V¥#(+4118402518+V*(+UB157821878+V*
1{e07423790761+V*(~40002109074673+V*(,01097369584+V* (~,002466747981
2+V¥#(+001539768105-V*(40003442342046-V*,00006771057117)111)11))
IF{EN-24) 37925130
25 RETURN
30 N=N-1
DO 35 I=24N
Fl=]
35 GAMMA=GAMMA* (FI+V)
RETURN
37 N=2+-EN
DO 40 I=1sN
Fl=2-1
40 GAMMA=GAMMA/ (FI+V)
RETURN
80 WRITE OUTPUT TAPE 6475
CALL EXIT
END

SUBROUTINE SP(PsCsBsRTRsRTI)
DIMENSION CVRI(&4)sCVI(4) AL 8)sH( 8)
T=1le

REAL1=1.

AM1=0,

RTR=1.

RTI=0s

CALL ZDIV(les0s9CoBoXeY)

PP=4 . PP
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20

110

10
200

201

205

202

PRELIM=(PP=(2s%T=1a)#(2,%#T=1a))/(b,%T)
U=PREL IM®X

V=PREL IM*®Y

CALL ZMPY(REAL1sAM1sUsVsREALZAM2)

IF( (REAL2*REALZ2+AM2*AM2 ) - (REALI*REAL1+AM1%AM]1))110+110+200
RTR=RTR+REALZ2

RTI=RTI+AM2

CALL ZDIV(REALZ sAM2sRTRsRTI+QTR»QTI)
REAL1=REALZ2

AM1=AM2

T=T+1.

IF((QTR#*QTR+QTI*QTI)=-14E=-16) 30s 30s+20
S=T-P-e5

IF(S—-25.) 2018201+ 30

All)=1.T7878B605

A(2)=3.5882389

A(3)=5+9200900

Al4)=8.8668464

Al(5)=1.2543589 E+1

A(6)=17140529 E+1

Al(T)=23023343 E+1

AlB8)=3+1129504 E+1

H(l)=4.7828652

H(2)=3.3761327 E+1

H(3)=541231373 E+1

Hi4)=2,5408127E+1

HI(5)=4.5375890

H{6)=2T7433832 E-1

H(7)=4.3728310 E=-3

H(B)=B+8275945 E-6

CVR(1)=0s

CVI‘IJ=O-

DO 205 I=1.8

XS=A([) %% ({5-5,)
CALLZDIV(XS®*C+sXS*¥BsC+A(I)sBsADRADI)
CVR(1)=CVR(1)+ADR*HI(TI)
CVI(1)=CVI(1)+ADI*H(I)

GA=GAMMA (S+1.)

CVR(1)=CVRI(1)/GA

CVI(1l)=CVI(1l)/GA

TERMR= C*¥(P= 5)/(T+P- «51!}

TERMI= B*(P- 45)/(T+P- 4«5)
CALLZMPY(S+1e+CoBsCVRIL1)+CVI(1)sCVR(2)sCVII2))
CALLZDIVICVRI(Z2)=CsCVI(2)1-B2CsByCVRIZ2)sCVI(2))
CALL ZMPY(TERMR»TERMIsCVR(2)sCVI(2)sTRsTI)
SUMR=CVRI(1)-TR

SUMI=CVI(1)=-TI

ADD=1.

SIGN=-14

DO 211 N=2s3

EN=N

SIGN==SIGN

ZIP=(P—EN+e5) /(T+P-EN++5)

CALLZMPY( LIP*C, ZIP¥BsTERMRsTERMI » TERMR» TERM] )
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CALLZMPY(S+C+2+=ENsBsCVRIN) sCVIIN) sCVRIN+1)sCVI(N+1))
CALLZD[V(CVRCN+1}+CVRIN‘1}-ADDvCVItN+1D+CVI{N*lloEN*CiEN*B ’
1 CVRIN+1)sCVIIN+1))
CALLZMPY (TERMRs TERMI sCVRIN+1) sCVI(N+1)sTPRsTP)
IF(TPR*TPR+TPI#TPI~TR*TR=TI*T]) 2064212212
206 TR=TPR
TI=TPI
SUMR=SUMR+SIGN#®TR
SUMI=SUMI+SIGN#®TI
211 ADD=0.
212 CALLZMPY(SUMRsSUM]I sREAL2 sAM2sREALZ sAM2)
RTR=RTR+REAL2
RTI=RTI+AM2
30 RETURN
END

FUNCTION CUBERT (Xx)
S=1ls
IF (X) 14392
1 S5=-1,
X==X
2 X0=1e
B=X
IF (X=1la) 43346
3 CUBERT=X
GO TO 30
4 B=B¥*1000.
X0=0, 1#X0
IF (B-14) 4510+10
6 B=B*,001
IF (B=1a) 109s7s7
T X0=10+%X0
GO TO &
10 CUBERT=X/(3+%X0%X0)+,66666667%X0
IF ‘ABSF((CUBERT‘XGI/CUBERT]“q.E“B) 30930520
20 X0=CUBERT
GO TO 10
30 CUBERT=CUBERT*S
X=5#X
RETURN
END

SUBROUTINE ZEXP(AsBsXsYsMAGTUD)
MAGTUD=A
SCALE=MAGTUD
E=EXPF(A-SCALE)
=E+COSF(B)
Y=E*SINF(B)
RETURN
END

SUBROUTINE ZMPY(AsBsCosDeXsY)

CALCULATES THE PRODUCT OF TWO COMPLEX NUMBERS,
INPUT .

B
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NODNO N

10

20

25
30

(AsB) = THE MULTIPLICANDe
(CseD) = THE MULTIPLIER.
OUTPUT «

(XsY) = THE PRODUCTs (X+IY)=(A+IB)*(C+ID)
EX=(A*C-B#*D!
Y=A%D+C*B
X=EX
RETURN
END

SUBROUTINE ZSQRT(AA+BBsXsY)
CALCULATION OF THE PRINCIPLE SQUARE ROOT OF A COMPLEX NUMBER.
INPUT»
(AAyBB) = THE GIVEN COMPLEX NUMBER
OUTPUT »
(XeY) = THE PRINCIPLE SQUARE ROOT OF AA + I BB
A=AA
B=BB
S5=1.
IF(B) 1s+5s5
S==1s
IFIA) 24452
IFIABSF(A)-ABSF(B))20+25+25
X=ABSF(B) #*SURTF(l.+(A/B)*%2)
GO TO 30
X=ABSF(A) %#SQRTF(1l.+(B/A)*#2)
X=SQRTF(+5*( X+ABSF(A)))
D=B/(2+%X)
Y=D
IF{A) 3,10+10
Y=5#%#)
X=5#D
GO TO 1o
X=SQRTF(S*B*,.5)
Y=5%X
RETURN
END

SUBROUTINE POLR(EXsEYsRsTHETA)
CALCULATION OF THE AMPLITUDE AND PHASE OF A COMPLEX NUMBERe
INPUT »

(EXsEY) = THE GIVEN COMPLEX NUMBERs
QUTPUT »

R = THE AMPLITUDE OF EX + I EYe

THETA = PHASE IN RADIANS OF EX + I EYs
X=EX
Y=EY
IF(ABSF(X)=ABSF(Y)) 20925925
R=ABSFIY)*SQARTF(l+(X/Y)®%2)
GO TO 30
R=ABSF(X)*SQARTF(le+(Y/X)%%2)

S=1s
IFLY) 29 3 3
S5==1s
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20
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30
31

35

40
&5

CPATH
C

C
C
i

IF(X) 1025915

THETA=5%]1.570796327

RETURN

THETA=5#3,141592654 +ATANFIY/X)
RETURN

THETA=ATANF(Y/X)

RETURN

END

SUBROUTINE ZDIV(AsBsCsDeXsY)
CALCULATES THE QUOTIENT OF TWO COMPLEX NUMBERS.
INPUT,
{AyB) = THE DIVIDEND.
(CsD) = THE DIVISOR.
QUTPUT »
(XsY) = THE QUOTIENTs (X+IY)=(A+IB)/(C+ID)
IF(C) 2095920
IF(D) 6+12+6
EX=B/D
Y==A/D
GO TO 40
IFI{D) 30410530
EX=A/C
Y=B/C
GO TO 40
PRINT 13
FORMAT (21H ZERO DIVISOR IN ZDIV)
CALL EXIT
IF(ABSF(C)-ABSF(D))35535,3]
AOVC= A/C
BOVC= B/C
DovC= D/C
DEN= 1++(DOVC*¥DOVC)
X= (AOVC+(BOVC*DOVC))/DEN
Y=(BOVC-(AOVC*DOVC) ) /DEN
RETURN
AQvD= A/D
BOVD= B/D
CovD= C/D
DEN= 1e+(COVD*COVD)
X=({AOVD*COVD)+BOVD) /DEN
Y=((BOVD*#COVD)-AOVD) /DEN
RETURN
X=EX
RETURN
END

SUBROUTINE PATH (TMTRLAs TMTRLOS RCVLATs RCVLONs FUNCTeXINT sDKMs
PATHLA» PATHLOs DISTs BERATXS BERATR sBERXMT s NMAX +s TYPATH)

SUBRe TO CALCe DISTs s LATes AND LONGs ALONG PATH.
(1) REG---CALCes LAT. AND LONG. ALONG PATH AT DIST

FUNCTIUNS ARE
SPECe AS INT

(2) MID--TREAT COORDe GIVEN AS MID-POINT OF PATHs FIND END POINT
(3) HOP-- FIND REFLECTION POINTS FOR RAY ORDER SPECe AS INT

(4) DSTNCE--FIND DISTANCE BETWEEN SPECIFIED POINTS

.+ A




110

220
221

223

DIMENSION DIST (1000)sPATHLA (1000)sPATHLO (1000)sBERXMT (1000)

DIMENSION DELTLIM (4)sSIGNT (2)

TYPE INTEGEK REG»XMIDsHOP s DSTNCE s SHORT s XLUNG s TYPATH s FUNCT »WF LAG

TYPE INTEGER ORDER»s Ws QUADRANTs QR,RETADRES»QP sORDRFLAG

TYPE INTEGER ZETAFLAGs»TYPEPATHsFUNCTION

TYPE REAL MAXLATsMAXLONG

EQUIVALENCE (Q» QUADRANT) s (PRECISONIMAXERR) » (JDELT19DELTPHIL) »

2 (JDELTC+DELTPHIC)s(INDTPsNOTPIND)

COMMON/PATHSTOR/ MAXLAT (2) sMAXLONG (2)sDISTP (2) sNUMTPsQsWR »QP »
2COFUNCs ZETAFLAG»A+AOVERBsUsDELTPHI1 » CTAB (3)s DLTPHTAB (3),
3 CvCl-CHAX;PRESERR;PREVERR.ERROR-ZETAXMTR:ZETARCVRsRADDEG

DATA (RADDEG=57,29577951) »

2 (DEGRAD=14745329252E~2) (NLIM=20)

DATA (REG = 4HNORM) » (XMID=3HMID) » (HOP=3HHOP) » (DSTNCE=6HDSTNCE ) »
2 (SHORT = 5HSHORT)» (XLONG=4HLONG) » (PI=3.141592654 )

CONSTANT A/B 15 FOR B=6356+5838

DATA (A = 6378+2064)

2 (AOVERB =140034016)
3 (U = 040033900)2(PIOVER2 = 1.570796327) s
4(CTAB = Qel)s (DLTPHTAB = Q)

COMMON/ IPATHEQ/ IPATHEQs IPATHEQ1

DATA (IPATHEQ=3)s(IPATHEQl=4)

COF (Cl= SQRTF (l.-CxC)

QFLAG=0ORDRFLAG=MERIDFLG= 0

N = 1

CALL Q90OVER

IF (FUNCT «EQe 3HREG «ORe FUNCT oEQs 4HSTEPWORe FUNCT +EQs 4HNORM)
2 IFUNCT = 1

IF (FUNCT +EQs 3HMID) IFUNCT = 2

IF (FUNCT «EQe 3HHOP) IFUNCT = 3

IF (FUNCT +EQe 4HDIST sORs FUNCT +EQ. 6HDSTNCE) IFUNCT = 4

IF (TMTRLA eNEe XMTRLAT .ORs TMTRLO .NEe XMTRLON <ORs
2 RCVLAT oNEe RCVRLAT 20ORe RCVLON «NE. RCVRLON +OR.

3 TYPEPATH «NE« TYPATH ) GO TO 110

IF ((FUNCTION +EQes 4HDIST «ORs FUNCTION «EQe 6HDSTNCE) «ANDS

2 (FUNCT oEWe 4HSTEP 4OR, FUNCT .EQ. 3HREG +ORe FUNCT LEQe 4HNORM))

3 GO To 810
IF ((FUNCTION +EQe4HSTEPoOReFUNCTIONLEQe3HREG «ORe FUNCT <EQ.

2 4HNORM) «+AND.

3 (FUNCT +EQe 4HDIST .ORs FUNCT o.EQs 6HDSTNCE)) GO TO 8990
IF (FUNCT +EQe FUNCTION «ANDe DISTEP «EQ«XINT) GO TO 8990
GO TO (110+8980+8980+110)sIFUNCT
XMTRLAT= TMTRLA
XMTRLON= TMTRLO
RCVRLAT= RCVLAT
RCVRLON= RCVLON
TYPEPATH = TYPATH
FUNCTION = FUNCT
DISTEP = XINT
NUMTP =0
IF | TYPEPATH-XLONG ) 2235 221, 223
IPATH = 1
GO TO 290
IPATH = 2




TYPATH = TYPEPATH = SHSHORT
290 CALL R9OVER
DELTPHI1= RCVRLON-XMTRLON
DELTLAT = RCVRLAT=-XMTRLAT
IF (ABSF (DELTPHI1) «LE« 1804) GO TO 300
LONG SHORT PATH
GO TO (330s 310)s IPATH
300 GO TO (310« 330)s IPATH
310 IF (DELTPHI1l «LTe 0} GO TO 320
DELTPHI1 = DELTPHI1 -360.
GO TO 330
320 DELTPHI1 = 360 + DELTPHI1
330 ERROR = ABS (1.0 E-OB*DELTPHI1)
IF (ERROR «EQs 0Q0s) ERROR = 1.0E-08
IF (DELTPHI1 +LTe 0) GO TO 365
340 IF {DELTLAT «LT«Q ) GO TO 350
Q = 3 =]PATH
GO TO 370
350 @ = IPATH
GO TO 370
365 Q = 5 -[PATH
370 IF (ABSF (RCVRLAT) +NEs 90+ «ANDe ABSF (XMTRLAT) o.NEe 90,
1 «ANDs DELTPHI1 eNEe Oe) GO TO 375
COFUNC = 1.
Cl= C = 0.
MERIDFLG = 1
375 IF (ABS (RCVRLAT) «NEs 90+) GO TO 376
IF (RCVRLAT «EQes 90s) ZETARCVR = 0,
IF (RCVRLAT +EQ. ~-90.) ZETARCVR = Pl
GO TO 380
376 TANRCLAT = TANF(RCVRLAT*DEGRAD)
IF (TANRCLAT «NE« 0Oes) GO TO 378
ZETARCVR = PIQVER2
GO TO 380
378 ZETARCVR = ATANF (AOVERB/TANRCLAT)
380 IF (ABS (XMTRLAT) «NEe« 90.) GO TO 382
IF (XMTRLAT +EQs 904) ZETAXMTR Ue
IF (XMTRLAT «EQe—-90s) ZETAXMTR PI
GO TO 401
382 TANXMLAT = TANF (XMTRLAT#*DEGRAD)
IF (TANXMLAT «NEs Qe) GO TO 390
ZETAXMTR = PIOVER2
GO TO 400
390 ZETAXMTR = ATANF (AOVERB/TANXMLAT)
IF (ZETAXMTR oLTs Qo) ZETAXMTR =ZETAXMTR +PI
400 IF (ZETARCVR «LTe Os) ZETARCVR =ZETARCVR +PI
401 IF (ABSF (RCVRLAT)«GEe ABSF (XMTRLAT)) GO TO 402
IF (DELTPHI1 «NEe Oe)

2C = SIN (ZETAXMTR)
ZETAFLAG = 1
GO TO 404
402 IF (DELTPHI1 «NEe« De)
2C = SIN (ZETARCVR)

ZETAFLAG = 2
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404 CMAX = C
IF (MERIDFLG) 600, 410
406 C = CMAX
410 C = SIGNF (Cs FLOATF ((=1)#%(Q+1)))
COFUNC = COF (()
IF (ZETAFLAG +EQs 2 +ANDe COFUNC «NE. 0Os) GO TO 416
ARG12 = SIGN (1l4sC*COTF(ZETAXMTR))
ARG22 = SIGN (14+COS (ZETAXMTR))
IF (COFUNC +EQe 0.) 4165 420
416 ARG1l = SIGN (1e+C*COTF(ZETARCVR))
ARG21 = SIGN (14+COS (ZETARCVR))
418 IF (COFUNC «EQe 0s) GO TO 424
420 IF (ZETAFLAG «EQe 1) ARG1l = ARGL (ZETARCVRsC)
IF (ZETAFLAG «EQe2) ARG12 = ARGl (ZETAXMTRC)
IF (ZETAFLAG +EQe 1) ARG2]1 = ARG2 (ZETARCVR)
IF (ZETAFLAG +EQs 2) ARG22 = ARG2 (ZETAXMTR)

424 PHIARG11 = PHI1F ( ARG1ll» NUMTP)
PHIARG12 = PHI1F ( ARG12» 0)
PHIARG21 = PHI2F (ARG21» NUMTP)
PHIARGZ22 = PHI2F (ARG22, 0)
425 DELTPHIC = PHIARG11 -PHIARG12 -C* U * (PHIARG21-PHIARG22)
DELTPHIOQ = NUMTP *180 *#(-1)*%((Q-1)/2)

DELTLIM (NUMTP+1) = DELTPHIC
440 IF ((DELTPHI1l +GEe DELTPHIC o+ANDe DELTPHIl oLEs DELTPHIO) «ORe
1 (DELTPHI1 «GEs DELTPHIO «AND o DELTPHI1 «LE. DELTPHIC)) GO TQO 470
441 IF (NUMTP «GEs 2) GO TO 452
442 NUMTP =NUMTP +1
GO TO 406
452 IF (QFLAG LT+ 1) GO TO 453
KEYER = 452
GO TO 9900
453 IF (Q «GTe 2) GO TO 454
@ =3 -Q
GO TO 458
454 Q = 7 -Q
456 QFLAG QFLAG +1
NUMTP 0
GO TO 406
470 IF (DELTPHIC «GTe« DELTPHIO) GO TO 472
1 = 2.8 ]2 =1
GO TO 474
472 11 =1 % 12 = 2
474 DLTPHTAB (I11)= DELTPHIO
CTAB (I1) = Qs
DLTPHTAB (12) = DELTLIM (NUMTP =+1)
CTAB (I2) = C
NORDER = 1
NPOINTS = 2
PREVERR = 1+0 E+10
475 IF (CTAB «GTe CTAB (2)) GO TO 478
11 =1
12 = 2
GO TO 479
478 11 = 2

o
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12 1

479 C1 ROOT(CTAB (I1)s CTAB (I2)s IERROR!
IF(IERROR «EQs 0) GO TO 480
KEYER = 475
GO TO 9900

480 IF (C1%#C «GEe Os +ANDe
2 ABSF (Cl) eLEe ABSF (CMAX)) GO TO 490

KEYER = 480

GO TO 9900
490 COFUNC = COF (C1)
600 C = (1

COFUNC = COF (C)
IF (COFUNC «NEe 0es) GO TO 610
DKM = ABSF (A*DELTPHI1*DEGRAD)
GO TO 620
610 DKM=ABSF (DISTF (CsARG2 (ZETARCVR) sARG2 (ZETAXMTR) » ZETARCVR
1 ARGD2 (ZETARCVR»C) sNUMTP))
620 QR = 4 -Q +XMODF (NUMTP +142) *XMODF (Q+192)*2+XMODF (NUMTP,2)
BERATX = SIGN (ASIN (ABS (C/SIN (ZETAXMTR) ) ) #*RADDEG s (-1) #*(Q-1))

2 +(Q/21%180,
BERATR = SIGN (ASIN (ABS (C/SIN (ZETARCVR) ) ) *RADDEG» (-1 ) %% (QR-1))
2 +(QR/2)*180.

ARG12 = ARGl (ZETAXMTRC)
ARG22 = ARG2 (ZETAXMTR)

640 IF (Q «EQe 2 «ORs Q +EQe 3) GO TO 650
SIGNT (1) = +1.

SIGNT(2) = ~1.
GO TO 660
650 SIGNT(1) = =1,

SIGNT(2) = +1,
660 DO 800 I = 1y 2
ARGL1 = SIGNF (lesCESIGNTI(I) )
ARG21 = SIGNF (1ssSIGNT (1))
690 ZETA = ASINF (ABS (C)®*SIGNT (11}
700 IF (ZETA oLTe 0,) ZETA = PI+ZETA
TANZETA = TANFI(ZETA)
IF (TANZETA «NE. 0«)G0 TO 710
IF (ZETA +EQe Qo )MAXLAT {I) = +90,

IF (ZETA +EQs P] ) MAXLAT (1) = =90,
GO TO 720
710 MAXLAT (1) = ATANF (AOVERB/TANZETA) *RADDEG

720 MAXLONG (]) = XMTRLOM +PHI1F (ARG1l1sI-1)=PHI1F (ARG12:0)
1 —C*U®(PHI2F (ARG21+1-1)-PHIZ2F (ARG22,0))
730 IF (ABS (MAXLONG L)) oLTe 360.) GO TO 135
MAXLONG (I) = MAXLONG (1) ~SIGNF (1,sMAXLONG (]))#360,
GO TO 730
735 IF (ABSF (MAXLONG (I))elLTe 1804) GO T0 750
IF (MAXLONG (1) «LE+1804)MAXLONG (]) = 360++MAXLONG (1)
740 IF (MAXLONG (1) «GT+1804)MAXLONG (1) = MAXLONG (1) =360,
750 DISTP (1) = ABSF (DISTF (CyARGZ1» ARG22+ZETA+0QesI-1))
800 CONTINUE
B10 CALL R9OVER
GO TO (820+8980+8980+8990)s IFUNCT
820 FUNCTION = FUNCT
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DISTEP = XINT
INDTP = INDTP1 = INDTP2 = 0
DIST (1) = 0.
PATHLA (1) = XMTRLAT
PATHLO (1) = XMTRLON
PREVERR = 10 E+10
IF (BERATX «GEs 180e) BERXMT (1) = BERATX =180,
IF (BERATX «LTe 180.) BERXMT (1) = BERATX +180.
830 DO 840 I = 1s NUMTP
DIST (I+1) = DISTP (1)
840 PATHLA (I+1) = MAXLAT (1)
850 DIST (NUMTP+2) = DKM
PATHLA (NUMTP+2) = RCVRLAT
NOTPIND = INDTP1 = INDTP2 = 0
IF (NUMTP +EQ. 0) GO TO 860
IF (NUMTP +GEe. 1) INDTP] = 2
IF (NUMTP +EQe 2) INDTP2 = 3
B60 IF (DKM «GTe Oe¢ «ANDe DISTEP «GTs 0.) GO TO B65
KEYER = 865
GO TO 9900
865 NMAX = DKM/DISTEP +2
IF (ABS (DISTEP* (NMAX -2) =DKM) -DISTEP/10e «LTe 0s)
2 NMAX = NMAX - 1
NMAX1 = NMAX -1
870 DO 985 IND = 2s NMAX1
N =1
ORDRFLAG = 0
NPOINTS = IND +NUMTP
IF (NPOINTS «LTe 7) NORDER = NPOINTS -1
IF (NPOINTS «GEe« 7) NORDER = 5
DREQ = DISTEP*( IND-1)
880 IF (DREQ sLEte DISTP (NOTPIND+1) +ORNOTPIND +EQe NUMTP) GO TO 890
IF (NOTPIND «GE« NUMTP) GO TO 885
NOTPIND = NOTPIND +1
GO TO 880
B85 KEYER = B85
60 TO 9900

890 IERROR = 1
CALL MONTONCK (DISTsNPOINTS» IERROR)

IF (IERROR «EQe 1) GO TO 900
KEYER = 890
GO TO 9900

900 IERROR = 0
CALL INTRPOLT (NORDERsNPOINTSsDISTsPATHLASDREQsREQLAT s [ERROR)
IF (IERROR +EQe 0) GO TO 910
KEYER = 900

GO TO 9900
910 IF (ABS (REUWLAT) +GT« ABS (MAXLAT (1))) GO TO 946

IF (NUMTP +EQe 0) GO TO 918
IF (NOTPIND «GT« 0) GO TO 915
IF U(REQLAT«GEs PATHLA (1) «ANDs REQLAT eLEs MAXLAT (1))
2:0Re (REQLAT oLEe PATHLA (1) «ANDe REQLAT «GE+s MAXLAT (1)))
3 919946
915 GO TO (9164+917) +NOTPIND
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916 IF ((REQLAT +GEe MAXLAT (1) «ANDs REQLAT oLEs MAXLAT (2))eUR,
2(REGLAT oLEe MAXLAT (1) «ANDe REQLAT .GE+ MAXLAT (2))) 9191946
917 IF ((REQLAT «GEs MAXLAT (2) +ANDs REQLAT oLE. RCVRLAT) +OR.
¢ (REQLAT oLEe MAXLAT (2) +ANDe REQLAT «GEs RCVRLAT)) 919,94¢
918 IF ((REQLAT «GE. PATHLA (1) <ANDe REQLAT oLE, RCVRLAT) +OR.
2 (REQLAT +LEs PATHLA (1) 4ANDe REQLAT oGE. RCVRLAT)) 9194946
919 TANLAT = TANF(REQLAT#*DEGRAD)
IF (TANLAT «NEe 0s) GO TO 920
ZETA = PIOVER2
GO TO 940
920 ZETA = ATAN (AOVERB/TANLAT!
930 IF (ZETA oLTe Qs) ZETA = ZETA +PI
940 DCALC = ABS (DISTF (CsARG2 (ZETA) sARG22sZETAsARGD2 (ZETAC)>s
1 NOTPIND))
945 PRESERR = DREQ-DCALC
IF ( ABS ( DREQ - DCALC) oLTes 0.0005 .OR. PRESERR «EQ. PREVERR!
2 GO TO 960
IF (DCALC +LTe DKM ) GO TO 948
946 NORDER = NORDER -1
N =N +1
ORDRFLAG = ORDRFLAG +1
IF (NORDER «GTe 0 ) GO TO 890
KEYER = 945
GO TO 9900
948 IF (N «LTe NLIM) GO TO 950
KEYER = 948
GO TO 9900
950 PREVERR = PRESERR
CALL ORDER (DISTsPATHLAS NPOINTS+DCALCsREQLAT s INDX» IERROR)
IF (IERROR «NEe 0) GO TO 946
N=N+1
IF (ORDRFLAG +GTe 1) GO TO 890
IF (NORDER «LTe. 5) NORDER = NORDER +1
IF (NORDER+1 +GTe NPOINTS) NORDER = NPOINTS -1
GO TO 890
960 IF (NUMTP .EQ. 0) GO TO 980
IF (IND +LE«INDTP1+ANDs NOTPIND eLTse 1) INDTP1 = INDTP1 +1
970 IF (IND +LEe INDTP2.AND+NOTPIND oLTe 2) INDTPZ2 = INDTP2 +1
980 DIST (IND +NOTPIND) = DCALC
PATHLA (IND +NOTPIND) = REQLAT
BERXMT (IND +NOTPIND) = ZETA
IF (INDTP1 «LEes O +ORs IND oGT. INDTP1 +1) GO TO 981
DIST (INDTPL) = DISTP (1)
PATHLA (INDTP1l) = MAXLAT (1)
981 IF (INDTP2 «LEe O «ORe IND «GT. INDTP2 +1) GO TO 982
DIST (INDTP2) = DISTP (2)
PATHLA (INDTP2) = MAXLAT (2)
982 DIST (IND +NUMTP +1) = DKM
PATHLA (IND +NUMTP +1) = RCVRLAT
985 CONTINUE
990 NOTPIND = 0
DO 1100 IND = 2, NMAX1
1000 IF (IND+INDTP +EQ. INDTP1 +ORe IND+INDTP «EQ. INDTP2)
1 INDTP = INDTP +1
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1020 IF (NOTPIND «EQe O) GO TO 1025
DIST (IND) = DIST (IND +INDTP)

1025 ZETA BERXMT (IND +INDTP)

1030 XLAT = PATHLA (IND +INDTP)

PATHLA (IND!) = XLAT
1040 PATHLONG = XMTRLON +PHIL1F (ARGl (ZETA»C)sNOTPIND)-PHI1F (ARG12s0)

1 =C*U*(PHI2F (ARG2 (ZETA)sNOTPIND)-PHI2F (ARG22s0))
1050 IF (ABS (PATHLONG) +LTe 360e) GO TO 1055
PATHLONG = PATHLONG -SIGNF (1«9PATHLONG)*360,
GO TO 1050
1055 IF (ABS (PATHLONG) +LTs 180s) GO TO 1060
IF (PATHLONG «GTe 1804) PATHLONG =-360.+PATHLONG
IF (PATHLONG +LEe« -180s) PATHLONG = 360. +PATHLONG
1060 PATHLO (IND! = PATHLONG
QP = 4 -Q +XMODF (NOTPIND+1+2)%XMODF (Q+192)%2 +XMODF (NOTPIND»2)
1070 BERXMT (INDJ= SIGN (ASIN (ABS (C/SIN (ZETA)))*RADDEGs (—1)%*(@P=1))

1 + (QP/2)%180.
1100 CONTINUE

]

PATHLA (NMAX) = RCVRLAT
PATHLO (NMAX) = RCVRLON
BERXMT (NMAX) = BERATR

DIST (NMAX) = DKM
1200 RETURN
8980 CALL R90OVER
CALL QBQERROR (0s41HIMID AND HOP FUNCTIONS NOT YET OPERATINGe )
8990 RETURN
9900 WRITE (61s 9000) KEYER
9000 FORMAT (®1STATEMENT NO, * [6)
CALL Q8QERROR (0s14HERROR IN PATGs)

END

FUNCTION ROOT (TIsTFsIERROR)
COMMON/PATHSTOR/ MAXLAT (2)sMAXLONG (2)sDISTP (2) sNUMTP sQsWR QP »

2COFUNCy ZETAFLAGs*AsAOVERB»UsDELTPHI1 CTAB (3)s DLTPHTAB (3],

3 C¢ClsCHAx-PRESERR;PREVERR,E-ZETAXMTR.ZETARCVRvRADDEG
INTEGER QsQRsQP s ZETAFLAG

DIMENSION FACTOR (&)
DATA (FACTOR = 08590479083 0a9)

100 FORMAT(* UPPER LIMIT OF [TERATION EXCEEDED N=%y [493Xs¥T=%3F12,5,
13Xe*¥F(T)=%4E]12e5)
10 IERROR = ITRFLAG = ITLFLAG = 0

PREVERR = le E+05

N=1
20 TL= TI
Bl = F (TL)
TR=TF
FR = F (TR}
30 IF (MOD (N-14+25)«EQe 0!
2SLOPE=(FL -FR) /{TL=-TR)

IF(N«LTe50) 40+ 50
40 T = (TR*¥FL-TL*FR)/(FL-FR) |

GO TO 60 l
50 T=(TL+TR) /2

60 FT=FI(T)
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70

20
1oo

105

107

110

115

117

120
130
150

PRESERR= ABS (FTi
IF (PRESERR+LTs E) GO TO 150

IF (N «GTe 1 +ANDs PRESERR +EQe PREVERR) GO TO 150
PREVERR = PRESERR

N=N+1

IF(NeGE+2001GO TO 120
IF(SLOPE.LT«04)GO TO 90
IF{FTlLTOOIJ 110' 100
IF(FT«GE«0+)GO TO 110

TR=T

FR = F1

ITRFLAG = ITRFLAG +1

IF (ITRFLAG «LE. 2) GO TO 30
ITRFLAG = ITLFLAG = 0

121

TX = TL +(T=TL)#*(1+~-FACTOR (1)
FX = F (TX)

IF (SIGN (les FX) «EQe SIGN (1., FL)) GO TO 107
I = I+1

IF {l sLTe 5’ 105! 30

TL = TX

FL = FX

GO TO 3p

TL=T

FL = FT

ITLFLAG = ITLFLAG +1

IF (ITLFLAG «LE. 2) GO TO 30
ITRFLAG = ITLFLAG = 0

I =1

X = T+(TR-T)*FACTOR 1)

FX = F (TX)

IF (SIGN (1lesFX) *EQe SIGN (1esFR)) GO TO 117
I = I+

IF (I oLTs 5) 115+30

TR = TX

FR = FX

GO TO 3¢

NRITEIB]!IDU]N;T’FT
ROOT=(TL+TR) /24

IERROR = 1]

RETURN

ROOT=T

END

FUNCTION PHIIF (ARG10OsN)
COMMON/PATHSTOR / MAXLAT (2)sMAXLONG (2)sDISTP (2)sNUMTP»QsQR,QP,

2COFUNC » ZETAFLAGnAtAUVERB9UrDELTPHIls CTAB (3)y DLTPHTAB (3),
3 C!Cl9CHAXtPRESERR9PREVERR,E-ZETAXMTR¢ZETARCVR-RADDEG

2

2

INTEGER Q2QRsQP 4y ZETAFLAG
IF (ABS (ARGLO) +GT. le «ANDe ABS (ARG1O) *LEs 1.00000001)

ARGL0 = SIGN (1esARG10)
PHI1F = ASIN | ARG10 ) * RADDEG#*
(=1)%%N +N®180#(~1)%%({(Q=1)/2)
RETURN
it




END

FUNCTION PHIZ2F (ARG20sN)
COMMON/PATHSTOR/ MAXLAT (2)sMAXLONG (2)sDISTP (2) sNUMTPsWysWR s QP »

2COFUNC» ZETAFLAG»AsAOVERBYUDELTPHI 1, CTAB (3)s DLTPHTAB (3),
3 CsC19CMAXsPRESERRYPREVERRsEsZETAXMTRsZETARCVR s RADDEG

INTEGER QsQR+QP+ZETAFLAG
IF (ABS (ARGZ20) «GTs ls «ANDs ABS (ARG20) <LEe le00000001)

2 ARG20 = SIGN (1.3ARG20)

PHIZ2F = ASIN | ARG20 ) *RADDEG#* (-] ) #%N
2 tN®]1B0.*(-1)%%(Q/2)

RETURN

END

FUNCTION DISTF (CsARGZs»ARGXMTRSZETA»ARG3sN)
COMMON/PATHSTOR/ MAXLAT (2) sMAXLONG (2)9DISTP (2) sNUMTPsWsWR »QP s
Z2COFUNCs ZETAFLAG»A»AOVERBsUDELTPHI1, CTAB (3)s DLTPHTAB (3),
3 CVAL»CLlsCMAXsPRESERRyPREVERRsEs ZETAXMTR s ZETARCVR s RADDEG
INTEGER Q»QR»QPZETAFLAG

DATA (PI=3,141592654)

DISTF -
2 A¥((Le-U/2e*(14+C*CII%(ASIN (ARGZ )
3 B(—1)%%N +N* P] *(-1)%#%(Q/2) -ASIN | ARGXMTR )
4 ) -U/2«%(COSF (ZETA) #SQRTF ( ARG3)

5 ®(—])%% N —COSF (ZETAXMTR) * SQRTF(SINF (ZETAXMTR)
6 *##2 —C*(C) 1)

RETURN

END

FUNCTION F (C)
COMMON/PATHSTOR/ MAXLAT (2)sMAXLONG (2)sDISTP (2) sNUMTPsQsWR»QP »

2COFUNCs ZETAFLAGIA»AOVERBSUsSDELTPHI1» CTAB (3)s DLTPHTAB (3),
3 CVAL»C1lsCMAXsPRESERRsPREVERRE+ZETAXMTRsZETARCVR s RADDEG
INTEGER QsQR+QPsZETAFLAG
COF (C)= SQRTF (le-C*C)

COFUNC = COF (C)
F = DELTPHI1-(PHI1F (ARGl (ZETARCVRs C)sNUMTP)

2 -PHI1F (ARGl (ZETAXMTRs C)2+0)~-C*U*(PHI2F(ARG2(ZETARCVR) sNUMTP)
3 —-PHI2F (ARG2 (ZETAXMTR) s 0)))

RETURN

END

FUNCTION ARGl (ZETAsC)
COMMON/PATHSTOR/ MAXLAT (2) sMAXLONG (2)sDISTP (2) sNUMTP sWsWR »QP »

2COFUNCs ZETAFLAGAsAOVERBUSDELTPHI1» CTAB (3)s DLTPHTAB (3),

3 CVAL»C1sCMAX sPRESERR»PREVERR yERROR»ZETAXMTR » ZETARCVR » RADDEG
ARG1 = C*COTF (ZETA)/COFUNC

RETURN

END

FUNCTION ARGZ (ZETA)
COMMON/PATHSTOR/ MAXLAT (2) sMAXLONG (2)sDISTP (2) sNUMTPsWyrWR QP »

2COFUNCy ZETAFLAG»A>AOVERBsUsDELTPHI1 CTAB (3)s DLTPHTAB (3)»
3 CVAL»ClsCMAX »PRESERRsPREVERR yERRCR s ZETAXMTR » ZETARCVR » RADDEG

AT
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C

AN oW Wa

ARG2 =C05 (ZETA)/COFUNC
RETURN
END

FUNCTION ARGD2 (ZETAsC)

ARGD2 = SINF (ZETA)##2 —C#C
RETURN

END

SUBROUTINE ORDER (XTABsYTAB+NPOINTSsXsY»INDs IERROR)
DIMENSION XTAB (1000)s YTAB (1000)
IERROR = 0
NUM = NPOINTS -1
9000 DO 9010 IND = 1ls NUM
FETH X «GTa XTAB (IND) <ANDe X oLTe XTAB
2 (IND +1)) GO TO 9030
9010 CONTINUE
KEYER = 9010
GO TO 9900
9030 DO 9040 IND1 = INDs NUM
YTAB (NPOINTS—IND1+IND+1) = YTAB (NPOINTS—IND1+IND)

9040 XTAB (NPOINTS=IND1+IND+1) = XTAB (NPOINTS-IND1+IND)
YTAB (IND+1) = Y
XTAB (IND+1) = X
NPOINTS = NPOINTS +1
RETURN
9900 IERROR = 1
RETURN
END

SUBROUTINE MONTONCK (XARRAYsNPOINTS,I0K)
*%%x¥% THIS ROUTINE TESTS AN ARRAY FOR STRICT MONOTONICITY AND SETS
IOK = 1 IF THE ARRAY IS STRICKLY MONOTONICe=-I0OK = O OTHERWISE.
DIMENSION XARRAY (2)
IOK = 0
IF (XARRAY(1) = XARRAY(NPOINTS)) 10s30s40
10 DO 20 I = 2sNPOINTS
IF (XARRAY(I-1)+GE«XARRAY(I)) RETURN
20 CONTINUE
IOK = 1
30 RETURN
40 DO 50 I = 2+NPOINTS
IF (XARRAY(I-1)eLE«XARRAY(1)) RETURN
50- CONTINUE
IOK = 1
RETURN
END

SUBROUTINE INTRPOLT (IORDER»IPOINTSyXARRAYsYARRAY»XsYsIERR)
IORDER = ORDER OF THE POLYNOMIAL USED FOR INTERPOLATION
IPOINTS = NUMBER OF POINTS IN THE ARRAYS
XARRAY = ARRAY OF X VALUES, MUST BE STRICTLY MONTONIC
YARRAY = ARRAY OF Y VALUES
X = ARGUMENT FOR WHICH VALUE 1S REQUESTED
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Y = COMPUTED VALUE
IERR = 1 IF N+1 GT IPOINTSe N SET = [POINTS-1e. RUN CONTINUES.

IERR = 2 IF X(1) = X(IPOINTS) « RETURNS TO PROGRAM
DIMENSION XARRAY(2)»YARRAY(2) s XTEMP (&) +sYTEMP (&)
Cx=%x%% XARRAY AND YARRAY HAVE DUMMY DIMENSIONS

M

IERR = 0
IF (IORDER + 1l«LE#IPOINTS) GO TO 10
IERR = 1
IORDER = IPOINTS - 1
GO TO 48
10 IBOT = 1

ITOP = IPOINTS
I = IPOINTS / 2
IF (XARRAY(IPOINTS) - XARRAY(1l)) 28,12s16
Ce®x%% X VALUES NOT MONTONIC
12 1ERR = 2
RETURN
C**%x®® X MONTONIC INCREASING
i4% ] = | TTOP + IBOT ) / 2
16 IF ( X = XARRAY(I) ) 1824420
18 ITOP = 1
GO TO 22
20 IBOT = 1
22 IF ( ITOP - IBOT «GTe 1 ) GO TO 14
GO TO 36
24 IBOT = 1|
HoP = I + ]
GO TO 36
CH#a¥n® X MONTONIC DECREASING
26" E = (' LTOP '+ IBOT ) / 2
28 IF ( X = XARRAY(I) ) 309s24+32
30 IBOT = |
GO TO 34
32 ITOP = 1
34 IF ( ITOP - IBOT +GTe 1 } GO TO 26
36 IF ( XMODF (IORDERs2)+EQel) GO TO 42
C*®*%% JORDER IS EVEN THEREFORE THE NUMBER OF POINTS 1S ODD
IF ((XARRAY(ITOP)-X)/(XARRAY(ITOP)-XARRAY(IBOT))eGE«D.5) GO TO 38

IBOT = ITOP
GO TO 42
38 ITOP = [BOT
42 IBOT = IBOT - IORDER/2
ITOP = ITOP + I0ORDER/2
IF ( ITOP «LEes IPOINTS ) GO TO 46
ITOP = IPOINTS
IBOT = IPOINTS - IORDER
GO TO 100

46 IF ([ IBOT «GTe 1 ) GO TO 100
48 IBOT =1

ITOP = 1 + IORDER
100 ISTOP = [JORDER + 1

DO 104 I = 1sISTOP

XTEMP (1) = XARRAY(IBOT+I-1)
104 YTEMP(I) = YARRAY(IBOT+I-1)
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DO 110 J= 1+I0RDER
ISTART = J + 1
DO 110 I = ISTART+ISTOP

110 YTEMP(I}= ((X=XTEMP(J) ) *YTEMP(I)-(X=XTEMP(]))®YTEMP(J))

1 7/ (XTEMP(I)-XTEMP(J))
Y = YTEMP(ISTOP)
RETURN
END

FUNCTION CORDCONY (COORDsNUMCHAR)

NUMWDS=TOTAL NUMBER OF WORDS USEDs

NUMWORD=SUBSCRIPT (INDEX) OF CURRENT WORD.

INDCHAR=POSITION OF CURRENT CHARACTER IN CURRENT WORD.

INDSTART= NUe OF BLANK CHARe POSITIONS TO BE DRUPPED INITIALLY,
INDSTORE= CURRENT WORD TO BE DECODED.

DECINDX= NOe OF DECIMAL PLACES BEFORE (TO RIGHT OF) DECIMAL PT.

CHAR = CURRENT CHARACTER TO BE DECODEDs
IDNTCHAR=IDENTIFICATION OF UNITS OF CURRENT NUMBER = 0-NO IDENT.
= 1 DEGREES
= 2 MINUTES
= 3 SECONDS

TYPE INTEGER COORDsDECINDXsCHAR

DIMENSION COORD (10)

DATA (INDSEC=3) 4 (MASK=00000000000000778B)

CALL Q9OVER

INDVAL =IDNTCHAR =INDIGIT=NUMBER=DECINDX = 0

VALUE = Q.

INDUNIT=]1

ALSIGN = +1le

FIND NO, OF WORDS USED AND POSITION OF FIRST CHARACTER IN WORDe.

100 NUMWDS = (NUMCHAR+7)/8
101 NUMWORD = NUMWDS

INDCHAR XMODF (NUMCHAR-1+8) +1
INDSTART = 8-]NDCHAR

120 IF (INDSTART +EQe 0) GO TO 135

INDSTORE = COORD (NUMWORD)/64%**[NDSTART
GO TO 140

135 INDSTORE = COORD (NUMWORD)
140 DO 380 I = 1sNUMCHAR

CHAR = MASK +ANDs INDSTORE
INDSTORE = INDSTORE/64

IF (CHAR +GT« 1R9) GO TO 205

IF (IDNTCHAR +EQe 0) GO TO 151

150 NUMBER = CHAR*10#*INDIGIT +NUMBER

151

INDIGIT = INDIGIT +1

160 INDCHAR = INDCHAR -1

190

205

IF (INDCHAR «GTe 0) GO TO 380
INDCHAR = 8

NUMWORD = NUMWORD-1

INDSTORE = COORD (NUMWORD!

GO TO 380
IF (CHAR +EQes IRN +ORe CHAR +EQes 1RE +ORe CHAR +EQes 1R+) GO TO 330
IF (CHAR +EQe 1RWsORe CHAR +EQ. 1R= ¢OR«(CHAR«EQs 1RSeANDe.

2(IDNTCHAR +EQe 1 +ORe IDNTCHAR +EQe. 2))) GO TO 340

i




210

220
225
230

250
255

270

290
293

300

310
311
320
330
340

380
400

410

600
10

C
C

IF (CHAR «EQe 1RS +ANDe IDNTCHAR +EQe 0) GO TO 250
IF (CHAR «EQes 1RM) GO TO 270

If (CHAR +EW. 1RD) GO TO 30V

IF (CHAR +EQe 1Re) GO TO 320

IF (CHAR +EQe 1R )} GO TO 160

KEYER = 230

GO TO 600

IDNTCHAR = 3

DECINDX = NUMBER = INDIGIT = 0

GO TO 160

IF (IDNTCHAR +EQs 0O oOR, IDNTCHAR +EQe 31GO TO 290
KEYER = 270

GO TO 600

IF (IDNTCHAR «EQes 0) GO TO 291

VALUE = VALUE +NUMBER/(3600+%10,%*DECINDX)
IDNTCHAR = 2

GO TO 255

IF (IDNTCHAR +EQe 2 +ORs IDNTCHAR +EQ. 0) GO TO 310
KEYER = 300

GO TO 600

IF (IDNTCHAR .EQs 0) GO TO 311

VALUE = VALUE +NUMBER/(60+*10+%*DECINDX)
IDNTCHAR = 1

GO TO 255

DECINDX = INDIGIT

GO TO 160

ALSIGN = +1le

GO TO 160

ALSIGN = -1le.

GO TO 160

CONTINUE

IF (IDNTCHAR +EQs 1) GO TO 410

KEYER = 400

GO TO 600
CORDCONV = VALUE+NUMBER/(10+**DECINDX)

CORDCONY = SIGN (CORDCONVsALSIGN)
CALL RSOVER

RETURN
WRITE (61+10) KEYER
FORMAT (*1CORDCONV ERROR AT STATEMENT * [6)

CALL QBQERROR (0s11H COORDCONV. )
END

SAMPLE DATA DECK

N39D 30M W77D 30M NEW VA-WVA END POINT

N39D 51e125M WB87D 29+192M DANA

100 SEGMENTS
NEW VA-WVA FLIGHT PLAN
N34D 376M WTTD 544787M MASTER (CAPE FEAR!

NZ27D 1M 57325 WBOD 6M 534715 SLAVE 1 (JUPITER)
N39D 51M T7+48S WBT7D 29M 11.515 SLAVE 2 (DANA)
11000, 65000
00 400 4004
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1004 «005 154 1«0 10001 O Oe O
o}
1001 0005 15. 1IU 1.DUU.I. 0- 0. Us
(¢}
0
100 «005 15, 1«0 1.0001 Oe O« 0
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PROGRAM LORANR
PROGRAM TO CALCULATE THE TIME DIFFERENCES FOR A RADIAL LORAN PATH

DIMENSION LATBEGI3)sLUNBEGI(3)sSTART(4)sLATEND(3) sLUNEND(3]

1 FINISH(4) sLATXMT(3) sLONXMT (3) sLOCXMT(4)

DIMENSIUN XLAT(1U5)»XLON(1US)sD(1U5) sBERXMT(1U5) sX(1U5)sRDI1US)»

1 BERENDI(105)

DIMENSION DENTIF(4)

COMMON DISsSIGMASE2sALFASETA

TYPE INTEGER DSTNCEsREGsSTARTsFINISHsTYPATH

DSTNCE=6HDSTNCE

REG=4HNORM

C=2.997925E8

TWOPI1=6.283185307

PI=34141592654

CON=1.E9/C

CONST=14E3/TWOPI

FORMAT (2(2(2A8sA191X) v4AB/ ) s13a1UXsAB)

FORMAT (2(2ABsAls1X)s4A8)

FORMAT (8E1040)

FORMAT (I110/8E10s0)

FORMAT (110)

FORMAT (4A8)

FORMAT (1H19»39Xs4A8)

FORMAT (30X324ABs* TO *,4A8)

FORMAT ( 8X»11HDISTANCE INs7Xs1UHAZIMUTH TOs 2X»
19HCOORDINATES OF PATH#2Xs17HFIELD STRENGTH IN3»5Xs
GHTIME» 7X» 14HGRADIENT ALONG/
7X913HKILOMETERS TOs5Xs11HDESTINATIONs 2X+8HLATITUDEs 2X»
SHLONGITUDE 93X 9 14HDB RELATIVE TO94Xs1OHDIFFERENCEs3X

17HTHE GEODETIC LINE/
5X9s6HORIGIN2X s 11HDESTINATIONs3X s THDEGREES»
204X THDEGREES) 95X 913H1 MICROVOLT/Me3X»
12HMICROSECUNDS 93X s 15HMICROSECONDS /KM)

CoONoOWwFwNn

11 FORMAT (1Xs2F1lle4sFl2e492F11e504Xy F9e2 96Xs Fl2e435Xs F1lUe5)
12 FORMAT (18Xs4HLAT=2A8sA2+s4HLON=2A85A2+% TO *44HLAT=2A83A2+4HLON=

1 2A8y»A2/)

13 FORMAT (2BXs4HLAT=2A8sA2 y4HLON=2A8sA2+12HLOCATION OF +4AB)
14 FORMAT (/)
16 FORMAT (64Xs6HMASTER/

2 22X926HRADIATED POWER (KILOWATTS)»10Xs Fl3e3/
3 22X93THDIPOLE CURRENT MOMENT (AMPERE-METERS)s El13e4/)

17 FORMAT (1H1s3X»*HOMOGENEQUS CASE*//2X+5HKDEL=11U/5Xs2HF=E16.9»

14H KHZ/1X926HSIGMA=E1649/4X93HE2=E16.9/2X95HALFA=EL16+9/3X»4HETA=
2 E16¢9/2X+5HBORA=E16e9/3X s4HANN=E16e¢9/4X+3HH2=E1649)

18 FORMAT (2F1l0«432F10e59F10e2¢F10e4+F10e5)
19 FORMAT (J10/FlUe2sF10443F1lUelsFl0e2+sF10e642E10e23F1041)

READ THE COORDINATES OF A GIVEN PATH J

I ]

LATBEG LATITUDE OF BEGINNING POINT /
LONBEG LONGITUDE OF BEGINNING POINT
START = IDENTIFICATION OF BEGINNING POINT
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LATITUDE OF END POINT

LONEND LONGITUDE OF END POINT

FINISH IDENTIFICATION OF END POINT

NOSEG = NUMBER OF SEGMENTS TO BREAK THE PATH INTQO -- MAX OF 100

LATEND

alalalalal

10 READ 1 LATBEGsLONBEG»STARTsLATEND s LUNENDsFINISHsNOSEGsTYPATH
IF (EOF4+60) 20020

alle]

READ IDENTIFICATION
20 READ 6s DENTIF

READ THE COORDINATES OF THE TRANSMITTER

LATITUDE OF MASTER
LONGITUDE OF MASTER
IDENTIFICATION OF MASTER

LATXMT
LONXMT
LOCXMT

aialalallallsla

READ 2y LATXMT g LONXMT s LOCXMT

READ RADIATED POWER IN KILOWATTS OF TRANSMITTER

aRaln

READ 3s PRMAS

C CHANGE COORDINATES (DEGREESsMINUTESsSECONDS) TO DEGREES
BEGLAT=CORDCONV (LATBEG»17)
BEGLON=CORDCONV ( LONBEGs17)
ENDLAT=CORDCONV (LATEND»17)
ENDLON=CORDCONV (LONEND »17)
XMTLAT=CORDCONV (LATXMT +17)
XMTLON=CORDCONV ( LONXMT 517)

CALCULATES THE DISTANCE BETWEEN THE TWO END POINTS OF THE PATH

NN

CALL PATH (BEGLATsBEGLONSENDLAT»ENDLONsDSTNCE sXINToDIST s XLAT »XLON»
1 DsBERATX+BERATRsBERXMT sNMAXsTYPATH)

SEG=NOSEG

XINT=DIST/SEG

CALCULATES THE LATITUDEs LONGITUDE»s AND DISTANCE OF (NOSEG+1)
POINTS ALONG THE GIVEN PATH

CALL PATH {ENDLAT1ENDLUN’BEGLATIBEGLON’REG'XINTODIST!XLAT!XLUNIRDI
1 BERATXsBERATRsBEREND s NMAX s TYPATH)

CALL PATH (BEGLAT+BEGLONENDLATsENDLONSREGIXINTsDISTsXLATsXLOND>
1 BERATXsBERATRsBERXMT sNMAXs TYPATH)

aNalal

ala!

IHOM NOT EQUAL TO ZERO GIVES INHOMOGENEQOUS CASE
40 READ 59 IHOM

READ NECESSARY PARAMETERS TO CALCULATE THE PHASE CORRECTION FOR
THE HOMOGENEOUS CASE

EXPLANATION OF INPUT DATA TO CALCULATE THE PHASE CORRECTION

ANaNaNalalala

KDEL = KDEL NOUT EQUAL TO ZERO PUTS PROGRAM IN ROUGH GROUND MODE
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OF OPERATION
KDEL EQUAL TO ZERO OPERATES PROGRAM IN CLASSICAL GROUND WAVE

MODE OF OPERATION -- SMOOTH SPHERICAL GROUND

F = FREQUENCY IN KHZ

SIGMA = CONDUCTIVITY IN MHOS/METER

E2 = DIELECTRIC CONSTANT

ALFA = VERTICAL LAPSE FACTOR OF THE ATMOSPHERE ACCORDING TO NBS
CIRCULAR 573,

ETA = INDEX OF REFRACTION OF AIR AT THE GROUND LEVEL

BORA = RADIUS OF HEMISPHERICAL SURFACE PROTUBERANCE.

ANN = NUMBER OF HEMISPHERICAL BOSSES PFR SQUARE METER.

HZ2 = ALTITUDE OF RECEIVER IN METERS

alalalalafalalalalalelale

50 READ 4y KDELsF 3SIGMAE2»ALFASETA,BORAANN,H2
PRINT 17 KDELsFsSIGMASEZ2sALFASETAsBORASANN sH2
PUNCH 19sKDELsFsSIGMASE2 +ALFASETABORASANNSH2
CONS=1.E6/ (2. *TWOPI*F)*SQRTFI(37,67304)

IF (PRMASEQeDs! GO TO 880
DIPMAS=CONS*SQRTF (PRMAS)
DBMAS=20.*ALOG10(DIPMAS)
GO TO B85

880 DIPMAS=1.0
DBMAS=0,

885 CONTINUE
PRINT 7» DENTIF
PRINT 84 STARTSFINISH
PRINT 12, LATBEG,LONBEGsLATEND s LONEND
PRINT 13, LATXMT s LONXMT s LOCXMT
PRINT 16sPRMAS,DIPMAS
PRINT 9
PRINT 14
NS=NOSEG+1

PUNCH 6+DENTIF
PUNCH 1sLATBEGsLONBEGsSTARTsLATEND s LONENDsFINISH

PUNCH 2sLATXMT s LONXMT s LOCXMT
PUNCH 5sNS

NP=0

NNP=0

CALCULATE DISTANCES AND PHASE CORRECTIONS FOR EACH POINT ON THE
GIVEN PATH

alaNala]

DO 150 I=1sNS
CALCULATE DISTANCE FROM GIVEN POINT TO MASTER (DM)
CALL PATH (XLAT(I)sXLON(I) s XMTLAT»XMTLONSDSTNCEsXINT»DMsXsXsXsYsYs

1 XsNMAXsTYPATH)
IF (IHOM&EQeD) GO TO 90

™™

READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR

THE ABOVF PATH
READ 49 KDELsF9SIGMASE2+ALFASETA,BORASANNH2

90 DIS=DM
AMP=1,0

[N aTa
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901

91

95

120

130

140

145

150

200

FAZCOR=P]

IF (DISeLEeOe) GO TO 901

CALL GROUND (F*100U4sAMPsFAZCORYKDEL sBORAYANNHZ )
FSMAS=20.*%ALOG10( AMP ) +DBMAS+120,

RESOLUTION UF TWO Pl AMBIGUITY OF THE GROUND WAVE PHASE

GOOD ONLY FOR 100 KHZ —-- MUST BE MODIFIED FOR ANY UTHER FREQUENCY
THE SAME TEST IS USED AFTER EVERY CALL TO GROUND WAVE SUBROQUTINE
THE DISTANCE SHOULD NOT BE MUCH GREATER THAN 2000 kKM

IF (FAZCOR«GE«Q4! GO TO 91

FAZCOR=FAZCOR+TWOPI

IF (DISeLE«1000s) GO TO 95

IF (SIGMA«GT««0051) GO TO 95

IF (FAZCOR«GT«PI) GO TO 95

FAZCOR=FAZCOR+TWOPI

TCOM=FAZCOR®CONST/F

CALCULATE THE TIME DIFFERENCE

DELT=ETA*CON*DM+TCDM

IF (1+EQsl) GO TO 140

DST=D(I)=-D(I=-1)

GRAD =(DELT -SDELT )/DST

IF (NNPaNE«30) GO TO 120

PRINT 7» DENTIF

PRINT B8» STARTsFINISH

PRINT 12» LATBEGs LONBEGs+LATEND s LCNEND

PRINT 13, LATXMT s LONXMT s LOCXMT

PRINT 16sPRMASsDIPMAS

PRINT 9

NNP=0

NNP=NNP+1

IF (NPeNE«1l0) GO TO 130

PRINT 14

NP=0

NP=NP+1

II=1-1

N=NS+1-11

PRINT 11» DIII)sRD(N) +sBEREND(N) s XLAT(IT) s XLON(II ) 2SFSMASH
1 SDELTs»GRAD

PUNCH 18+D(I1)sBERENDI(N) oXLAT(II)sXLONC(II)sSFSMASsSDELT »GRAD
XLON(I)==XLONI(I)

SFSMAS=FSMAS

SDELT =DELT

IF (LaLTeNS) GO TO 150

IF (NPeNE«10) GO TO 145

PRINT 14

GRAD =0.

PRINT 11» DCI)sRD(1)sBEREND(1) sXLAT(I)sXLON(I)sSFSMAS
1 SDELT»GRAD

PUNCH 18+D(1)sBEREND(1)9XLAT(I)oXLON(I)»SFSMASsSDELT»GRAD
CONTINUE

GO TO 10

CALL EXIT

END
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C SAMPLE DATA DECK

N3SD 30M W77D 30M NEW VA-WVA END POINT
N39D0 514125M WBT7D 29.192M DANA

100 SEGMENTS

NEW VA-WVA FLIGHT PLAN

N39D 51.125M WBTD 29.192M MASTER (DANA)
4004
0
0
100 «005 15, 140 1.0001 Qs Oe Qe
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