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FOREWORD

This work was completed as part of interagency work order

F3361567M501O, 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 tr.ansmitters. 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.

KeyWords: 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.
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1. INTRODUCTION

RADIONAVIGATIONCOORDINATECORRECTIONSFOR
EXCESS PHASE ACCUMULATIONOVER IRREGULAR,

INHOMOGENEOUSTERRAIN

J. Ralph Johler and Duane C. Hyovalti

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 concept 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 accumu lati.onas 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 a 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 calculatdon,



A radio navigation fix is usually obtained as the intersection of

twohyperbolic lines of position. These hyperbolic lines are synthe-

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

and two slaves (5, and 52) separated by convenient baseline lengths,

~, and ~2 • The radio navigator's line of position is expressed as

a constant time difference,

where

tit = constant , (1)

In (2),

111 =
c =
db =

a, =

d. =

index of refraction of air, 111 = 1.0001 to 1.0003.

speed of light, c ~ 2.997925(108) m/ s,

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

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

length of a geodetic line from an observation point to
a slave transmitter.

C. = coding delay Or the retransmission time of the slave
signal.

tc = phase correction for propagation over a path of length
d = d. , d. , db ,seconds. This correction is usually
expressed in microseconds.
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Figure 1. Loran C, D system configuration for caIcul.ating time-
difference at the point 0 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 L'ltl and lit" 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 to 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
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(3)

propagation theory over smooth, spherical ground of finite conductivity,

a mhosl m, and delectric constant, ~2 • Such corrections have been

presented in previous papers pOhler 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, m-

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 IT satisfies the wave equation,

where k is the wave number, we concluded in a previous paper

(Joh1er and Berry, 1967)that inhomogeneous, irregular ground effects

at a point 0 can be found from an evaluation of IT(0) and a set of

points IT(Q) - where the set (Q) exist on the surface So of the

irregular, inhomogeneous ground - to satisfy the integral equation

il(O) = 2 exp [-ik, roJ/ro

+; J [rr(Q)a~ (exp[-iklraJ/ra)-(exP[-iklraJ/ra)

So-

x :n n (Q) J dA • ( 4)
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The norma l derivative a
on

The integration dummy dA is the differential area on the surface.

is the derivative norrnal to the surface

The distance between the electrical point source (S) and the observa-

tion point (O) is ro. The distance to 0 froIn a scattering point on

the surface of integration is r2' The propagation occurs in air with

a wave nurnber k1 0=wI c, where w is the angular frequency and c

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

ducing the boundary condition

oIT ik
--0= 1 lin,on ( 5)

where
( 6)

the local surface impedance relative to free space (Zo - 377 ohms] at

the point Q. For vertically polarized waves,

(7)

where
(S)

and where £2 is the dielectric constant, (J the conductivity, mhos I In,
and £. the perInittivity of space. If the rnediurn were bomogeneous,

except for the boundary So over which the integration is per-for-rned,

(J would be adequately described by the d-«; conductivity Ineasure-

rnerrt of the rnedium k2• In general, the natural ground is not

homogeneous, and a radio frequency value for (J rnust be found locally

-5-



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 50' 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 0

or indeed the complex conductivity

o.tt "" iw c 0 [S;: - £2 ] '

where £, and £2 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 50

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 5 to 0 (transmitter to receiver) on a reference sphere with

a radius of 6360 krn, 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 6

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

-6-
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In a previous paper (Johler and Berry, 1967) it was established theo-

retically and numerically that classical theory could be recovered by

evaluating (Z)for a smooth, homogeneous sphere. In the notation of

this paper, Ii = ts ,

In another paper (Johler, 1969b), an impedance f:, = 62 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 161 I»~1
and \~ \ «1, where 61 is the impedance for the transverse electric

or TE-propagation.mode and 62 is the impedance for the transverse

magnetic or TM-propagation mode, we can neglect the TE-propagation

mode nm(O). Then the TM-mode, ne(O) as an attenuation function

We(0), is given by

IT" (0)we (0) = zn (0)
pri

(10)

or
exp [ -i(k1a)~ !! '1", Ja Ill}

cc

I
s=o

where '1" = '1", are the roots of

(lZ)

and
-io , = -_...:::...-- (13)

and
n pri (O) = exp [ -ik1 ro J / ro (14)
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The phase correction CPo

navigation:

is the quantity of importance to Loran C, D

(15)

where the first and dominant term of the series (11) is used, s = O.

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

smooth spherical ground, CPo' = CPo' But as a result of inhomogeneous,

irregular ground,

(16)

where S is the excess phase accumulation. From J ohler et a.L] 1959)

and J ohler et al.{19 56).

(17)

where

r 0, 00 = 0.808 exp [ -i ~ J '
provided b •... "" or 0--> 00 Using (13), (16), and (17),and noticing that

~

- 'f =
(k1a) 3 620,00 2iTo,co

1

-To,co
= (k1a)" 6
2 iTo cc

,,

~d
(k1a)3 -

a
and

~d(k1a) -a

we can conclude that

~ d
r 0, 00 (k1 a)" a1 + S (d)

6
2

'" _---'Ilcp,"-'{'""d~) __ ....-:rCP..,.'(~d:.!:-)__
~ d

To,oo (k1 a)3 a
1 - ---;-:,---=-

cp, (d)

t!. • (18)
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Similarly, for 0e -t 0, a ~ 0 or /';2 large,

~d
'T 0 ,0 (k, a) 3 -

1 -
a

Cjlc(d)
/';2 "" ~d

/'; , ( 19)

S (d) To,o (k, a) 3 -
1 + a

Cjlc(d) Cjlc(d)

where /'; (7) is the smooth, homogeneous impedance for average ground

and where

To,o = 1. 856 exp [ -i ~ J
The time correction in microseconds for the radio navigation system is

given by
(20)

or, at 100 kHz,

t, = 1.592Cjlc· (21 )

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

in a more exact manner by us ing (II), which gives

Cjl," = Arg n· (O) • (22)

This implies that /';2 is calculated with the approximate formula (17)

and iterated until

tr I
Cjlc = Cjlc = Cjlc + S (23)

with inclusion of all the terms, s = 0, 1, 2, 3 ..• of the series (Il)

necessary to obtain the required accuracy. This can be accomplished,

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

-9-

L



Usually three approximations are required to start the iterations. For

this purpose (18), (19),and (7) can be used. Measurement of CPo' (d)

uniquely determines an impedance and a field amplitude because the set

CPo/ (d,), CPo' (d" ), CPo' (b) ..• are known, i,e., the phase is known as a

function of distance. In effect, then, the CPoI (d) measurement has

provided a numerical evaluation of the integral equation (4) for each

point 0, with account taken of scatter fields arising from the set (Q),

the latter of which is spread over the surface So . The impedance /:;2

is then a generalized impedance and will be different as the point 0 is

moved, which implies that

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

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

ground would /:;2 be constant and equal to ls; As pointed out in the

previous paper, /:;2 belongs to the set

n n,; arg /:;2,; -2 2 (25)

Also, the magnitude \ ~ I belongs to a set:

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/:;2 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 /:;2 or the complex conductivity

u. f f (9). Once such data are generated for an area, the behavior of

-10-



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 Er

meters is given by

of a source dipole current moment I, -1, ampere-

E
r

= [ -ni>-tocIo-1,

2k,2 r2 b2

"J I
\i. (\i.2 - t) P\i _ ~ (-cos elf. (hJlf. (ll;, )_____ "_....:.J.~~ __ ::;- ,

cos (\i. n) [ :\i D\)]
V=Vs

s=o

(26)

where u, is the permeability of space, and

and v = \i. is a solution of

D = 0v
(28)

The abbreviations

(29)

are used with n = v _~. The well-known Hankel functions H~1,2) (z)

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

The logarithmic derivative -1,n' is defined at r=a;

(30)

where

(31)
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The function p. (z) is a Legendre function of order n and argument

(z). The height gain functions are given by

f, (h1)f, (11;,) , (r> b) (32)

where b = a + h1, r = a + hz ,and hl and 11;, 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),

[ . (k )~ d ;jexp -1 1a aT. J

2T· + (k a)2/3 (c,"• 1 Z

(33)

s=o

where F. = F. (s) and can be written

(34)

If \(c,ll» 1, F. ~ 1. This, of course, was assumed in (11).

The TE- mode does not propagate as readily as the TM-mode,

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

modej

cc

I r; , (35)

s=o

where Fm = Fm(s) and can be written

I

I
r (1)

= -{,n «(;1.)+ i(c,z

-{,n' «(;t!)+i(c,z
-12-
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The order of the spherical wave functions V has been approxima ted

by

(37)

where 'T e J \Il. is evaluated as the root T e, Ill. = 'fe,m of• ,

dOe, Ill. -2 62 T + 1 0 (38)
dT " . --

and

Ii =
-1

" . 1-
(39)

(k,a)362 1,

The following are typical values of F. and F. together with 6, and

62 at f = 100 kHz for various modes, s = 0 I 1, 2, 3 .•• , (26):

s IF. \ ArgFe ~ Arg F. RII61 1m (}l a, /::.2 Iml::.2

0 0.9996 -3.08(10-4) 222.4 _2.18(10-2) -0.216 -9.107 8.19(10.3) -6.20(10-" )

1 0.9980 .4.17(10-4) 456.0 3.03(10-') -0.216 -9.107 8.19(10-3) _6.20(10.2 )

2 0.9960 -5.59(10-4) 236.3 4.44(10-') -0.216 -9.107 8.19(10-3) _6.20(10-2)

3 0.9946 _6.54(10-4) 143.7 5.12(10-') -0.216 -9.107 8.19(10-3) _6.20(10-2 )

Here 6, and 6z are impedances for a bossy surface of the type des-

cribed by Johler (l969b); uniform roughness of 300-m bosses with

3(10-1) 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 6, »62 are excellent assumptions at 100 kHz.

Of course, the vertical electric field Er 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).

-13-



I
I

3. EXCESS PHASE ACCUMULATION

The application of the concepts of section 2 to field measure-

ments of Loran C, D s.ignals 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 0 on the geodetic line. It is a 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

(Sl,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 f::, given in (7) is used. The phase accumulation as a

-14-



function or distance along the geodesic is obtained if the irnpedarice for

rough terrain, 62, is used. The corresponding calculated phase cor-

rection would be CPc and CPo'. The excess phase a ccurnula t ion ; caused

by the rough terrain would then be S = CPcI - CPc' If we represent the

surface with bosses of radii a = 300 ITl and nurnbe r density N = 3(10-7 )ITl-2
,

e
we can excite a surface wave on the ground and cause considerable

excess phase accurnula.t.ion (Johler, 1969b). Thus, in the computer

pr ograrris (see appendix) we use numbe r s N = ANN, a = BORA.e
If the conductivity of the ground (J = 0.005 and the dielectric

constant £2 = 15, the Irnpe dance \6\ = 0.03336 and Arg6 = 0.7765

over smooth ground, while over rough terrain \62 \ = 0.06258 and

Arg 6 = 1.440. The roughness has caused the surface Impcdanc e to
rr

be corne rno r-e reactive, i. e., the phase angle of 62 is closer to 2

Figure 2 illustrates the excess phase accurnula.t.ion S as a function of

distance. The direction of increasing distance is toward the trans-

rni tte r (located at 662 krn or 77' 54' W longitude). Thus S goes to

zero at the t.ransrn.itter , The cornpute r graphical presentation is

specific,and the actual geographical path in the North Carolina -

Tennes see area displayed by the co mput er is also shown. In the

absence of rne a sur ed data we have of course rna.de no att empt to s irnul at e

an actual rrre a s u r e rn.e nt over this area, since this task is reserved for

future work.

To iITlprove our quantitative physical understanding of this

matter, the conductivity is increased to very highly conducting ground,

(J = 5. In the presence of identical roughness and identical geodetic

line, the excess phase accurnula.rion has increased (fig. 2). Thus at

662 krn from the tr-ansrnrtte r the phase S has increased from 3.2 to

4.5\-ls. Note that we have expressed S in rni cr-osc conds in (19) and

(20), instead of radians. Figures 2, 3,and 4 show the excess phase

accurnula tron for other geodetic lines with sirnfla r results, as might be

-15-
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expected since the roughness was not changed. The geographic locations

of the receiver were change d.a.nd 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 S 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 Ilh and 1lt.J in (2) are referred to as TDl 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, ande
- 8 ~the number density N = 3{lO- ) 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 a = 0.01 m, the variatione
with distance in the excess phase accumulation relative to highly con-

ducting ground, 0 = 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

r-oughnes s in either case is insufficient to excite a surface wave and the

propagation is controlled by the assumed highly conducting background

rna t r ix rather than the finitely conducting bosses. In figure 9, however,

the boss size is 300 m and the number density is 3{10-?). 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 TDI and TD2 shown in figure 9.
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In view of the generalization of 62, (26) can be used to evaluate

the field over irregular, inhomogeneous terrain in which the roughness

is not specified. Thus, with approximations for 62, such as those

given by (18) and (19), together with measured values of Cllc (d) and/ or

\Er \, an iterative procedure on 62 can be used until the measured

values of Cllc (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 62• The approximation ~ «6, and

F. ~ 1 were used. Note that the general impedance 62 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 62 without changing the classical analytical

framework.

4. TRANSFORMATION OF TRANSMITTER COORDINATES

The impedance 62 = 62 (d), where d is ':he 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. 1£

this is .to be accomplished without reconnaissance, the local impedance,

6 in (6) - which is independent of the transmitter location - must be

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

w = -,,',TI,-_
2TI ,rl J (40)

where the primary field

(41 )
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and ro is the direct distance between transmitter and receiver. Then,

(42)

where

1 if Q is off So ,

} if Q 0 Sr.. is on 0'

r, is the distance from the transmitter to the scatterpoint, and r2 is

the distance from the scatterpoint to the receiver. Since t,2 (Q) and

t,2 (0) are known from reconnaissance and analysis of the phase data

described in sections 2 and 3, W[t,2 (Q)] and W[t,2 (0) J can be calculated

from (11), Hence, (42) can be solved for the set [t,(Q)] instead of the

set [W(Q), W(O)J. Suppose t,2(d) were determined by reconnaissance

along a geodetic line or a radial from the transmitter. Then a nurne r i«

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

x

CO TT) ro J~ jexp 1- - -. 4 x 2TT
o

x [to (s) + (1 +. 1 ) 0r2 l J x d6} A, (43)
ik, r2 on J s(x-s)

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.
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Thus, at the surface, A = I, and

X

W[1I2 (O)J = I-B j W[1I2 (S)J [Fds) lI(s) + F2 (s) J ds,

o

(44)

where

B = exp (i ~) r~ J ~~ ,
F1= J xs(x-s)

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

i-I

W[1I2 (xtl J = I-B I Pk W[1I2 (XklJ[Fdxl , x.) II (xk) + F2 (XI , xk) J
k=l

-B PI W [112 (xI)] [Fdxl , XI) lI(xl) + F2 (XI' XI) J ' (45)

where Pk is the weight assigned to the Gaussian quadrature formula.

Upon solving for the only unknown, t,(xl), we find

i-I

II (XI) = { 1 -B I Pk W[ 112(Xk)] [ F1 (XI , Xk) il(xk) + F2 (XI , Xk) J
k=l

-BPI W[ 112(XI) J F2 (XI , XI) - W[ 112(XI) J }

-1

)( {BPI W[ 112(XI) J F1 (XI , XI) } . (46)
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'I
Thus, if the first few values of 6(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 6(d) is an important

conside ration. 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 62 (d) is changing.

To solve for this point, the set of field measurements along the entire

path W[62 (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[62 (Q)] is measured and is in effect a

function of 62, we concluded that 62 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, 6(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[62 (Q)], W[62 (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 6(d} can be

used to calculate W-functions for W[62 (O)] and W[62 (Q)] after the

transmitter has been moved along the radial to a new position. Obvi-

ously, with the aid of reconnaissance data over a large number of

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

-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 [ll(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, bt, and 6t2' These are called TDI and

TD2 in the program. Equation numbers in the computer program

refer to Johler (l969b). 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 f.l vI 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 rnodeIs 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 I 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 DBI 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 ~ (fig. 1) for the Cape Fear-Jupiter pair, with time
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difference TD1 = DELTA (T1). The parameters for DBZ refer to the

baseline '\ (fig. 1) for Cape Fear -Dana pair with time difference

TDZ = DELTA (TZ). F = frequency, kHz = 100 kHz. The conductivity

of the ground a = SIGMA = O. 005 mhos/ rn, The dielectric constant

€2 = EZ = 15. The vertica11apse of the permittivity factor o, =ALFA = 1.

The index of refraction of air Tl= ETA = 1. 0001. The roughness

criterion is a = BORA = 0, and N = ANN = O. means the ground is
e

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 h2 = HZ = O. A finite value of HZ (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, dS1 , dS2 , dm1, and drns , How-

ever, the program can be used to obtain this flexibility with minor

modifica tron,

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

Sl, and the slave Z "DANA," point S2 (fig. l),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 1 flV/ 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
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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 lIt, and lite
are given in columns 9 and 10. The gradients along the geodetic line ill

\-lsi 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. l),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(102), ANN = 3(10-?),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
C
C PROGRAM TO CALCULATE THE TIME DIFFERENCES FOR A LORAN C OR D PATH
C

DIMENSiON LATBtG(3) .LONBEG(3).STARTI~).LATENDI3).LONEND{31.
1 FINISHI~).LATXMTI31.LONXMTI3).LOCXMTl4).LATSL1(3) .LONSL1(31.
2 LOCSLl(4).LATSL213).LONSL213),LOCSL2l~)
DIMENSION XLATII051,XLONII05),DlI051,BERXMTlI05).XlI051.RD1I05),
1 BERENDll05)
DIMENSION DENTIF(4)
DIMENSION IOENTI21
COMMON DIS,SIGMA,E2.ALFA,ETA
TYPE INTEGER DSTNCE.REG.START.FINISH,TYPATH
DSTNCE=6HOSTNCE
REG=4HNORM
C=2.997925E8
TWOPI=6.283185307
PI=3.141592b54
CON=1.E9/C
CONST=1.E3/TWOPI

1 FORMAT /212(2A8,AldX) .4A8/) ,13dOX,A51
2 FORMAT 1212A8,Al,lXI,4A8)
3 FORMAT 18EIO.0)
4 FORMAT (IIO/8EIO.0)
5 FORMAT 1110 I
6 FORMAT (4A81
7 FORMAT llHl,39X.4A81
8 FORMAT /30X,4A8.* TO *,4A8)
9 FORMAT l 114X.14HGRADIENT ALONG/
1 8X.llHDISTANCE IN,7X,lOHAZIMUTH TO, 2X.
2 19HCOORDINATES OF PATH.6X.20HFIELD STRENGTH IN DB,7X.
3 15HTIME DIFFERENCE,7Xd7HTHE GEODETIC LINE!
4 7X,13HKILOMETERS TO.5X.llHDESTINATION. 2X,8HLATITUDE, 2X,
5 9HLONGITUDE.3X.25HRELATIVE TO 1 MICROVOLT/M,7X.
6 12HMICROSECONDS.9X,15HMICROSECONDS/KM/
7 5X.6HORIGIN,2X.llHOESTINATION,3X,7HDEGREES,
8 2l4X.7HOEGREESI,5X,6HMASTER,2X,7HSLAVE 1,2X,7HSLAVE 2,3X,
9 9HDELTA(TlI t3X,9HD£LTAlT2) .2X,9HDELTAITl) dX,9HDELTAIT21 I

11 FORMAT <IX,2Fll.4,F12.4,2Fll.5, 3F9.2 ,IX.2F12.4,lX.2FIO.5)
12 FORMAT /18X,4HLAT=2A8,A2,4HLON=2A8,A2,* TO *,4HLAT=2A8,A2,4HLON=
1 2A8,A2I1

13 FORMAT (28X,4HLAT=2A8.A2,4HLON=2A8.A2,12HLOCATION OF .4A8)
14 FOR'MAT (/ I
Ib FORMAT (64X.6HMASTER,7X,7HSLAVE 1,6X,7HSLAVE 2/
1 22X.27HCODING DELAY lMICROSECONDS',22X,2FI3.l/
2 22X.2bHRADIATED POWER lKILOWATTS) dOX,3Fl3.3/
3 22X.37HOIPOLE CURRENT MOMENT (AMPERE-METERS) ,3El3.4/)

17 FORMAT (lHO.*PARAMETERS FOR *,2A8112X,5HKDEL=110/5X,2HF=E16.9,
14H KHZ/IX.bHSIGMA=Elb.9/4X.3HE2=Elb.9/2X.5HALFA=EI6.9/3X.4HETA=
2 Elb.9/2X.5HBORA=Elb.9/3X,4HANN=Elb.9/4X,3HH2=E16.91

18 FORMAT (FI0.4,3FI0.2,2FI0.4,lFIO.5)
19 FORMAT (110/FIO.2,FIO.4,FIO.1,FlO.2,FI0.6,2ElO.2,FlO.1)
21 FORMAT llHl.2HJ=15.5X,5HDIFF=E15.6,5X,4HDST=E15.6/

1 lX.7HSDELT1=EI5.b,5X'6HDELTl=EI5.6,5X,7HSDELT2=EI5.6,5X,
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2 bHDELT2=El5.b/
3 lX.7HPGRADl=E15.b.5X.6HGRADl=E15.b.5X.7HPGRAD2=E15.b.5X'
4 bHGRAD2= 05. b I

C
C READ THE COORDINATES OF A GIVEN PATH
C
C LATBEG = LATITUDE OF BEGINNING POINT
C LONBEG = LONGITUDE OF BEGINNING POINT
C START = IDENTIFICATION OF BEGINNING POINT
C LATEND = LATITUDE OF END POINT
C LONEND = LONGITUDE OF END POINT
C FINISH = IDENTIFICATION OF END POINT
C NOSEG = NUMBER OF SEGMENTS TO BREAK THE PATH INTO -- MAX OF 100
C

10 READ 1. LATBEG.LONBEG.START.LATEND.LONEND.FINISH.NOSEG.TYPATH
IF (EOF.bOI 200.20

C
C READ IDENTIFICATION

20 READ 6. DENTIF
C
C READ THE COORDINATES OF THE MASTER. SLAVE 1. AND SLAVE 2
C
C
C
C
C
C
C
C
C
C
C

LATXMT = LATITUDE OF MASTER
LONXMT = LONGITUDE OF MASTER
LoeXMT = IDENTIFICATION OF MASTER
LATSLl = LATITUDE OF SLAVE 1
LONSLI = LONGITUDE OF SLAVE 1
LOCSLI = IDENTIFICATION OF SLAVE 1
LATSL2 = LATITUDE OF SLAVE 2
LONSL2 = LONGITUDE OF SLAVE 2
LOCSL2 = IDENTIFICATION OF SLAVE 2
READ 2. LATXMT.LONXMT.LOCXMT.LATSLl.LONSLl.LOCSLl.LATSL2.

1 ll.ONSl2.LOCSL2
C
C READ COOING DELAYS lTIME DELAY) IN MiCROSECONDS FOR SLAVE 1 AND
C SLAVE 2

30 READ 3. CSl.CS2
C
C READ RADIATED POWER IN KILOWATTS OF MASTER. SLAVE 1. AND SLAVE 2

READ 3. PRMAS.PRSLl.PRSL2
C
C CHANGE COORDINATES (DEGREES.MINUTES.SECONDS) TO DEGREES

BEGLAT=CORDCONVlLATBEG.17)
BEGLON=CORDCONVlLONBEG.171
ENDLAT=CORDCONVlLATEND.171
ENDLON=CORDCONVILONEND.171
XMTLAT=CORDCONVILATXMT.171
XMTLON=CORDCONVILONXMT.171
SLILAT=CORDCONVILATSLl.171
SLILON=CORDCONVlLONSLl.171
SL2LAT=eOROCONV(LATSL2.171
SL2LON=CORDCONVlLONSL2.171

C

-36-



CC CALCULATE~ THE LATITUDE, LONGITUDE, AND DI~TANCE OF INOSEG+ll
C POINT~ ALONG THE GIVEN PATH

CALL PATH IENDLAT,ENDLON,BEGLAT,BEGLON,REG,XINT'DI~T,XLAT,XLON,R0,
1 BERATX.BERATR,BEREND,NMAX,TYPATH)
CALL PATH (I:lEGLAT,BEGLON,ENDLAT,ENDLON,REG,XINT,DI~T,XLAT,XLON,D,
1 BERATX,BERATR,BERXMT,NMAX,TYPATH)

CC READ NECE~~ARY PARAMETER~ AND CALCULATE THE PHA~E CORRECTION FOR
C THE PATH BETWEEN THE MA~TER AND ~LAVE 1
CC EXPLANATION OF INPUT DATA TO CALCULATE THE PHA~E CORRECTION
CC KDEL = ~DEL NOT EQUAL TO ZERO PUTS PROGRAM IN ROUGH GROUND MODE
C OF OPERATIONC ~DEL EQUAL TO ZERO OPERATES PROGRAM IN CLA~~ICAL GROUND WAVE
C MODE OF OPERATION -- SMOOTH ~PHERICAL GROUND
C F = FREQUENCY IN KHZ
C ~IGMA = CONDUCTIVITY IN MHO~/METER
C E2 = DIELECTRIC CON~TANTC ALFA = VERTlCAL LAP~E FACTOR OF THE ATMO~PHERE ACCORDING TO NB~
C CIRCULAR 573.C ETA = INDEX OF REFRACTION OF AIR AT THE GROUND LEVEL
C BORA = RAOIU~ OF HEMI~PHERICAL SURFACE PROTUBERANCE.
C ANN = NUMBER OF HEMI~PHERICAL BO~~ES PER SQUARE METER.
C H2 = ALTITUDE OF RECEIVER IN KILOMETERS
C 60 READ 4, KDEL,F,SIGMA,E2,ALFA,ETA,BORA,ANN,H2

IDENT (1) =8HDBl
IOENT(2) =8H
PRINT 17, IDENT,KDEL,F.SIGMA,E2,ALFA,ETA,BORA,ANN,H2

65 DIS=OBI
FAZCOR=PI
IF tDIS.LE.O.1 GO TO 66
CALL GROUND IF*1000.,AMP,FAZCOR,KDEL,BORA,ANN,H2)

66 CONT INUEC RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
C GOOD ONLY FOR 100 KHZ -- MUST BE MODIFIED FOR ANY OTHER FREQUENCY
C THE SAME TEST IS USED AFTER EVERY CALL TO GROUND WAVE SUBROUTINE
C THE DISTANCE SHOULD NOT BE MUCH GREATER THAN 2000 KM

IF IFAZCOR.GE.O.1 GO TO 70

C CALCULATES THE DISTANCE BETWEEN TWO POINTS
C
C BETlIEEN THE MASTER AND SLAVE 1 (OBI)

CALL PATH IXMTLAT.XMTLON,~LILAT,~LILON.D~TNCE.XINT.DBl,XLAT.XLON.
1 D,BERATX,BERATR,BERXMT,NMAX,TYPATHl

C BETlIEEN THE MASTER AND SLAVE 2 IDB21
CALL PATH (XMTLAT,XMTLON,SL2LAT,SL2LON,DSTNCE,XINT,DB2,XLAT,XLON,
1 D,BERATX,BERATR,BERXMT,NMAX,TYPATH)

C BETlIEEN THE TIIO END POINTS OF A GIVEN PATH (DIST)
CALL PATH (BEGLAT,BEGLON,ENDLAT,ENDLON,DSTNCE,XINT,DIST,XLAT,XLON,
1 D,BERATX,BERATR,BERXMT,NMAX,TYPATHl
SEG=NOSEG
XINT=DIST/SEG
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FAlCOR=FAlCOR+TWOPI
70 IF lOIS.lE.lOOO.)

IF (SIGMA.GT ••005l)
IF (FAlCOR.GT.PII
FAlCOR=FAlCOR+TWOPI

75 TCDBl=FAlCOR*CONST/F

GO TO 75
GO TO 75

GO TO 75

C
C READ NECESSARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
C THE PATH BETWEEN THE MASTER AND SLAVE 2

80 READ 4' KDEl,F,SIGMA,E2,AlFA,ETA,BORA,ANN,H2
WENT (1)=8HDB2
IOENTl2 I=8H
PRINT 17, IDENT,KOEl,F,SIGMA,E2,AlFA,ETA,BORA,ANN,H2

63 DIS"OB2
FAlCOR=PI
IF (OIS.lE.O.1 GO TO 84
CALL GROUND IF*1000.,AMP,FAlCOR,KDEl,BORA,ANN,H2)

84 CONTINUE
C RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE

IF (FAlCOR.GE.O.) GO TO 85
FAlCOR"FAlCOR+TWOPI

85 IF (DIS.lE.lOOO.) GO TO 88
IF (SIGMA.GT ••005l) GO TO 88
IF (FAlCOR.GT.PII GO TO 88
FAlCOR=FAlCOR+TWOPI

88 TCDB2=FAlCOR*CONST/F
CONS=1.E6/(2.*TWOPI*FI*SQRTFI37.673041
IF (PRMAS.EQ.O.) GO TO 880
OIPMAS=CONS*SQRTFIPRMAS)
DBMAS,,20.*AlOGlOIDIPMAS)
GO TO 881

880 DIPMAS=l.O
DBMAS=O.

881 IF IPRSll.EQ.O.1 GO TO 882
DIPSll"CONS*SQRTFIPRSll)
DBSll=20.*AlOGlOIDIPSll)
GO TO 883

882 DIPSlI=l.O
DBSll=O.

883 IF IPRSl2.EQ.0.l GO TO 884
OIPSl2=CONS*SQRTFlPRSl21
DBSl2=20.*AlOGlOIDIPSl2)
GO TO 885

884 DIPSl2=1.0
DBSl2=0.

885 CONTINUE
C
C IHOM NOT EQUAL TO lERO GIVES INHOMOGENEOUS CASE

40 READ 5, IHOM
IF IIHOM.NE.OI GO TO 886

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

50 READ 4, KDEl,F,SIGMA,E2,AlFA,ETA,BORA,ANN,H2
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IDENT(11=8HHOMOGENE
IOENT(21=8HOUS CASE
PRINT 17, IDENT,KDEL,F,SIGMA,E2,ALFA,ETA,BORA,ANN,H2
PUNCH 19,KDEL,F,SIGMA,E2,ALFA,ETA,BORA,ANN,H2

886 CONTINUE
PRINT 7, DENTIF
PRINT 8, START,FINISH
PRINT 12, LATBEG,LONBEG,LATEND,LONEND
PRINT 13, LATXMT,LONXMT,LOCXMT,LATSL1,LONSL1,LOCSL1,LAT~L2,

1 LONSL2,LOCSL2
PRINT 16, CS1,CS2,PRMAS,PRSL1,PRSL2,DIPMAS,DIPSL1,DIPSL2
PRINT 9
PRINT 14
NS=NOSEG+l
PUNCH 6,DENTIF
PUNCH 2,LAT~EG,LONBEG,START,LATEND,LONEND,FINISH,LATXMT,LONXMT,

1 LOCXMT,LATSL1,LONSL1,LOCSL1,LATSL2,LONSL2,LOCSL2
PUNCH 5,NS
NP=O
NNP=O
GRAD1=0.
GRAD2=0.

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

DO 150 I=IoNS
C CALCULATE DISTANCE FROM GIVEN POINT TO MASTER (DMI

CALL PATH (XLAT(II,XLON(I),XMTLAT,XMTLON,DSTNCE,XINT,DM,X,X.X,V,V,
1 X,NMAX,TVPATHI

IF (IHOM.EO.O) GO TO 90
C
C READ NECESSARV PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
C THE ABOVE PATH

READ 3, KDEL,F,SIGMA,E2,ALFA,ETA,BORA,ANN,H2
90 DIS=DM

AMP=1.0
FAlCOR=PI
IF (DIS.LE.O.1 GO TO 901
CALL GROUND (F*1000.,AMP,FAlCOR,KDEL,BORA,ANN,H21

901 FSMAS=20.*ALOGIQ(AMP)+DBMAS+120.
C RESOLUTION OF TWO PI AMBIGUITV OF THE GROUND WAVE PHASE

IF (FAlCOR.GE.O.) GO TO 91
FAlCOR=FAlCOR+TWOPI

91 IF lDIS.LE.1000.J GO TO 95
IF (SIGMA.GT ..00511 GO TO 95
IF (FAlCOR.GT.PII GO TO 95
FAlCOR=FAlCOR+TWOPI

95 TCDM=FAlCOR*CONST/F
C CALCULATE DISTANCE FROflolGIVEN POINT TO SLAVE 1 (DS1I

CALL PATH (XLAT(II,XLON(I),SL1LAT,SLlLON,DSTNCE,XINT,DS1,X,X,X,V,
1 V,X,NMAX,TVPATHI

IF (IHOM.EO,O I GO TO 100
C
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C READ NECE55ARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
C THE ABOVE PATH

READ 3. KDEL.F.SIGMA.E2.ALFA.ETA.BORA.ANN.H2
100 DIS=DS1

AMP=I.O
FAICOR=PI
IF (DIS.LE.O.1 GO TO 1001
CALL GROUND IF*1000 ••AMP.FAICOR.KDEL.BORA.ANN.H2l

1001 FS5L1=20.*ALOG10(AMPl+DBSL1+120.
C RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE

IF (FAICOR.GE.O.1 GO TO 101
FAICOR=FAICOR+TWOPI

101 IF (DIS.LE.1000.) GO TO 105
IF (SIGMA.GT ••00S1) GO TO 105
IF IFAICOR.GT.PII GO TO 105
FAZCOR=FAZCOR+TIIIOPI

105 TCD51=FAZCQR*CONST/F
C
C CALCULATE THE TIME DIFFERENCE FOR SLAVE 1 (TDX)

DELT1=ETA*CON*(DB1+DS1-DMI+TCDB1+TCDS1-TCDM+C51
C CALCULATE DISTANCE FROM GIVEN POINT TO 5LAVE Z (DSZI

CALL PATH (XLAT(I).XLONII).SL2LAT.5LZLON.D5TNCE,XINT.DS2.X,X,X,Y.
1 y.X.NMAX.TYPATHI
IF (IHOM.EQ.OI GO TO 110

C
C READ NECES5ARY PARAMETERS AND CALCULATE THE PHASE CORRECTION FOR
C THE ABOVE pATH

READ 3. KDEL.F,SIGMA,E2.ALFA.ETA.BORA.ANN.H2
110 DIS=DS2

AMP=1.0
FAZCOR=PI
IF (DIS.LE.O.1 GO TO 1101
CALL GROUND (F*1000 ••AMP.FAICOR.KDEL.BORA.ANN,HZI

1101 FS5LZ=ZO.*ALOG10JAMPI+DBSLZ+1Z0.
C RESOLUTION OF TWO PI AMBIGUITY OF THE GROUND WAVE PHA5E

IF (FAZCOR.GE.O.l GO TO III
FAZCOR=FAZCOR+TWOPI

III IF (DIS.LE.1000.l GO TO 115
IF (SIGMA.GT ••0051) GO TO 115
IF (FAZCOR.GT.PIl GO TO 115
FAZCOR=FAZCOR+TIIIOPI

115 TCDS2=FAICOR*CONST/F
C
C CALCULATE THE TIME DIFFERENCE FOR SLAVE Z (TDYI

DELT2=ETA*CON*(DBZ+D5Z-DMl+TCDBZ+TCD5Z-TCDM+CSZ
IF (I.EQ.1) GO TO 140
DST=Dlil-DII-11
GRAD1=IDELTl-SDELT1)/DST
GRADZ=IDELTZ-SDELTZI/DST
IF (NNP.NE.30) GO TO lZ0
PRINT 7. DENTIF
PRINT B. START,FINISH
PRINT 12. LATBEG.LONBEG.LATEND.LONEND
PRINT 13. LATXMT.LONXMT.LOCXMT.LATSL1.LONSL1.LOCSL1,LATSL2.
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1 LONSL2,LOCSL2
PRINT 16, CS1,CS2,PRMAS,PRSL1,PRSL2,DIPMAS,OIPSL1,DIPSL2
PRINT 9
NNP=O

120 NlIIP=NNP+1
IF (NP.NE.10) GO TO 130
PRINT 14
NP=O

130 NP=NP+1
11=1-1
N=NS+1-11
IF (11.LE.2) GO TO 139
IF (N.LE.Z) GO TO 139
J=O

131 DIFF=PGRA01-GRAD1
IF IABSIDIFFI.LE ••2) GO TO 135
IF (J.GT.3) GO TO 190
IF (PGRAD1.GT.GRA011 GO TO 132
J=J+1
DELT1=OELT1-1.E3/F
GO TO 133

132 J=J+1
OELT1=OELTl+1.E3/F

133 GRA01=(DELTl-SDELTlI/DST
GO TO 131

135 J=O
136 OlFF=PGRA02-GRAD2

IF IABSIDIFFI.LE ••21 GO TO 139
IF (J.GT.31 GO TO 190
IF (PGRADZ.GT.GRAD21 GO TO 137
J=J+1
DELT2=DELT2-1.E3/F
GO TO 138

137 J=J+1
OELT2=OELT2+1.E3/F

138 GRA02=IOELTZ-SDELTZI/OST
GO TO 136

139 CONTINUE
PRJNT 11, O(II),RD(N),BERENDINI,XLATIIII,XLONIII),SFSMAS,

1 SFSSL1,SFSSLZ,SDELT1,SDELT2,GRAD1,GRADZ
PUNCH 18,D(JII,SFSMAS,SFSSL1,SFSSL2,SDELT1,SDELT2,GRAD1,GRAO2

140 XLON(II=-XLONII)
SFSMAS=FSMAS
SFSSLl=FSSLl
SFSSL2=FSSLZ
SDEL n=DEL r i
SDELTZ=DELTZ
PGRA01=GRAD1
PGRA02=GRAOZ
IF (l.LT.NSI GO TO 150
IF (NP.NE.10) GO TO 145
PRINT 14

145 GRA01=0.
GRAD2=0.
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PRINT 11' D(II,RDlll,BERENDlll,XLATIII,XLONIII,SFSMAS,
1 SFSSL1,SFSSL2,SDELT1,SDELT2,GRAD1,GRAD2
PUNCH 18,Dll) ,SFSMAS,SFSSL1,SFSSL2,SDELT1,SDELT2,GRA01,GRA02

150 CONTINUE
GO TO 10

190 CONTINUEPRINT 21,J,DIFF,DST,SOELT1,DELT1,SDELT2,DELT2,PGRAD1,GRAD1,
1 PGRA02,GRAD2

200 CALL EX IT
END
SUBROUTINE GROUND IF,AMP,PHASE,KDEL,BORA,ANN,H2)

C GROUND CALCULATES AMPLITUDE AND PHASE CORRECTION OF THE GROUND WAVE
C A NEGATiVE TIME FUNCTION IS ASSUMED
C DIST=KM, F=CYCLES

COMMON DIST,SIGMA,E2,ALFA,ETA
COMMON IINFOI DELT2A,DELT2P,D1A,D1P
A=6.36739E6
C=2.997925E8
PI=3.141592654
El=ETA*ETA

300 ERROR=4.E-6
OMEGA=2.*PI*F

C CONVERTS DISTANCE TO STATUTE MILES
DST=DIST/l.6093472
AK1=A*OMEGA/C*ETA
AK1SQ=AK1*AKl
AK13R_CU8ERTIAK11
AK16R=SQRTFlAK13RI
ALF13=CUBERTlALFAI
ALF23=ALF13*ALF13
ALF56=ALF13*SQRTFlALFAI
THETA=1.E3*DIST/A
DK1=AK1*THETA
IF (KDEL.NE.O) GO TO 50

C
C OLD DELTA SU8 E

Xl=(SIGMA*4.E-7*PI*C*CI/OMEGA
X2=CUBERTIIC*ALFAII (A*OMEGA*El*El)I
CALL lSQRT lE2-El,Xl,CE,DI
CALL lDIV I-Xl*X2,El*Xl,CE,D,DR,DII
DRl=DR*DR-DI*DI
DIl=l.*DR*DICALL lDIV 10.,ALF13/AK13R,DR,Dl,DELTlR,DELTlIl
CALL POLR IDELTlR,DELTlI,DELTlA,DELTlP)
CALL POLR lDR,DI,D1A,D1P)
IF lDST-30.) 350,310.310

C
C NEW DELTA SUB E

50 EPSO=8.85419E-ll
FR=El
FI=SIGMA/IEPSO*OMEGAl
CALL lSQRTI-FR,-FI,FX.FYI
GR=IFX*OMEGA/CI*BORA



Glc(FY~EGA/CI*BORA
VB=2.*PI*ANH*IBORA**31/3.
CALL lEXPIGR,GI,FX,FY,MAGT11
CALL lEXPl-GR,-GI,GX,GY,MAGT21
EMAG=MAGT2-MAGTI
CALL lOIV IFX+GX*EXPFlEMAG ),FY+GY*EXPFIEMAG ),
1 FX-GX*EXPFlEMAG ),FY-GY*EXPFlEMAG I,COTR,COTII
CALL lMPY IGR,GI,GR,GI,FX,FYI
CALL ZMPY (GR,GI,COTR,COTI,GX,GYI
CALL ZOIV lFX,FY,I.-GX,-GY,FX,FYI

C SEE EQUATION 12.6)
AGR=FX+l.
AGI=FY

C SEE EQUATION 12.41
CALL ZOIV IFR+0.5*AGR,FI+0.5*AGI,FR-AGR,FI-AGI,GAMR,GAMII

C SEE EQUATION 12.2)
ALPBR=3.*VB*GAMR
ALPBI=3.*VB*GAMI
CALL ZOIV I1.+0.5*AGR,0.5*AGI 01.- AGR,- AGI,FX,FYI

C SEE EQUATION 12.5)
GGGR=-2.*FX
GGGI=-2.*FY

C SEE EQUATION (2.3)
AAAR=3.*VB*GGGR
AAAI=3,*VB*GGGI
CALL lOIV lAAAR,AAAI,ALPBR*2.,ALPBI*2.,FX,FY)
GX=IOMEGA/CI*ALPBR*2.
GY=IOMEGA/CI*ALPBI*2.
CALL ZMPY IGX,GY,GX,GY,GX,GY)
CALL ZMPY IFX,FY,GX,GY,FX,FY)
FX=GX-FX
FY=GY-FY
CALL ZSQRT 11.-FX,-FY,FX,FY)
FXX=-FY S FY=-I.+FX S FX=FXX
CALL lMPY 12.*OMEGA/C,0. ,ALPBR,ALPBItGX,GYl

C SEE EQUATION 12.191
CALL lDIV (FX,FY,GX,GY,OELT2R,OELT2II
CALL POLRIOELT2R,OELT21,OELT2A,DELT2PI
X2=CUBERT IIC*ALFA) II A*OMEGA*ET A II

C SEE EQUATION 12.28)
CALL ZOIV 10.,X2,OELT2R,DELT2I,DR ,01 )
CALL PO~R(DR,DI,DIA,DIP)
CALL ZMPY lDR,OI ,OR,0I,DR2 ,012)
IFIOST-30.) 350,310,310

310 IFll./CUBERTlF/lOOO.l-DSTilOO.l 400,400,350
C
C PLANE EARTH THEORY
C NBS CIRCULAR 573
350 All.= -AK13R*THETA*ALF23

OENOM= 2.*IDI2*OI2+0R2*DR2)
RHOR=AA*DI2/DENOM
RHOI= AA*DR2/DENOM
CALL POLRIRHOR,RHOI,RHO,PHIRHO)
IFIRHO-12.) 355,355,365
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CC PLANE EARTH THEORY -- CONVERGENT SERIES
355 AA=SQRTFlRHOl

BB=EXPF(-RHORICALL ZMPYIAA*COSFlPHIRHO/Z.I,AA*SINFIPHIRHO/2.I,l.1124539*Ba*SINFI
lRHOII,l.1124539*B8*COSFIRHOIl,SUMR,SUMII
SUMR=SUMR+l.
S=-l.
DEN=l.
PTHR=-2.*RHOR/OEN
PTHI=-2.*RHOI/DEN

310 CALL POLRISUMR,SUMI,FSUBR,SUMPHII
CALL POLRIPTHR,PTHI,PTH,PHIPTHI
IF IPTH/FSUBR-ERRORl 380,380,360

380 ESUBR=FSUBR*l2.5663706E-lO*F/DIST
GO TO 900

360 SUMR=SUMR+PTHR
SUMI=SUMI+PTHI
DEN=OEN+2.CALL ZMPY IPTHR,PTHI,-2.*RHOR/DEN,-2.*RHOI/DEN,PTHR,PTHII
GO TO 310

CC PLANE EARTH THEORY -- ASYMPTOTIC SERIES
365 CALL ZDIVll.,O.,2.*RHOR,2.*RHOI,RHOR,RHOII

PTHR=RHOR
PTHI=RHOI
PTH=.5/RHO
S=-2.
SUMR=Q.
SUMI=Q.
ENUM=3.

352 SUMR=SUMR+PTHR
SUMI=SUMI+PTHI
CALL POLRl-SUMR,-SUMI,FSUBR,SUMPHII
CALL ZMPYIENUM,O.,RHOR,RHOI,PPOR,PPOII
CALL ZMPYIPTHR,PTHI,PPOR,PPOI,PPOR,PPOII
CA,LL POLRIPPOR,PPOI,PPOMOO,PHIPPOJ
IFlPPOMOD-PTHI 353,654,654

654 S=-3.
GO TO 380

353 IF(PPOMOD/FSUBR-ERRORI 380,380,354
354 PTH=PPOfllOD

PTHR=PPOR
PTHI=PPOI
ENUM=ENUM+2.
GO TO 352

C
C RESIDUE SERIES
C FOR RESIDUE SERIES SEE EQUATIONS 12.251
400 CONST=14.50Z7258ElO*AKl6R*AK1SO*ALF561/IOMEGA*A*A*A*SORTFISINFI

lALFA*THETAIII
CON=2.0*AKl3R**2*H2*ALFl3/A
SUMR=O.
SUMI=O.
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SUMMOD=O.
5;11:0.
ZERO=O

500 CALL TAUI5.DR,DI.TR,TII
C CORRECTION FOR TAUS - ADDED TO GROUND

N=O
718 CONTINUE

XT=-2,*TR
YT=-2.*TI
CALL ZMPYIXT,YT.XT,YT,XXT,YYTI
CALL ZMP Y (XT ,YT •XXT ,YYT -x TT ,YTT I
CALL ZSQRTIXTT,YTT,XXX,yyYI
CALL HANKll,l,/3.,-l,,-XXX/3.,-YYY/3 ••XHAN'YHAN,MAG11
EMAG1=MAGICALL HANKll,Z./3.,-I.,-XXX/3.,-YYY/3.,XXHAN,YYHAN,MAGZI
EMAGZ=MAGZCALL ZDIVIXHAN,YHAN,XXHAN,YYHAN,HANX,HANYI
CALL ZSQRT.IXT,YT,TTX,TTY)
EXX=MAGI-MAGZ
XR=COSFll.04719161*EXPFIEXXI
YR=SINFll.04719761*EXPFIEXXI
CALL ZDIVIXR,YR,TTX,TTY,TTXX.TTYYI
CALL ZMPY (HANX, HANY, TTXX, TTYY ,XREAL, YIMAG.)
CORX=-XREAL-DR
CORY=-YIMAG-DI
CALL ZMPYIDRZ,DIZ,XT.YT,DXT.DYTI
DEMRE=-I,-DXT
DEMIM=-DYT
CALL ZDIVICORX.CORY,OEMRE.OEMIM,SOUP,SALAD.l
TRR=TR-SOUP
TII=Ti-SALAD
CALL ZOIVITRR-TR.TI I-TI ,TR,TI ,SPNlhSPNl1
IFISQRTFISPNR*SPNR+SPNI*SPNI)-ERRORI 716.716, 714

714 N=N+l
TR=TRR
TI=T II
IFIN-30) 718,720,720

720 CONTINUE
XT=-Z.*TR
YT=-Z.*TI
CALL ZMPY IXT,YT,XT,YT,XXT,YYTI
CALL ZMPY (XJ,YT,XXT,YYT,XJT.YTTI
CALL ZSQR T IXTT ,YTT ,XX.X,YVY I
CALL HANK 1I'l./3.,-I.,-XXX/3.,-YYY/3.,XHAN,Y~AN,MAGl)

716 CONTINUE
C
C HEIGHT GAIN FACTOR
C FOR HEIGHT GAIN FACTOR SEE EQUATION IZ.30)

CONR=CON+XT
CON I=YT
CALL ZMPY (CONR,CONI,CONR,CONI,cDNRZ,CONIZI
CALL ZMPY (CONR,CONI,CONRZ,CONIZ,CDNR3,CDNI31
CALL ZSQRT (CONR3,CONI3,CONR3Z,CONI32)
IF ICONI3Z.GE.0.) GO TO 730
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CALL HANK Il,I./3.,-1.,-CONR32/3.,-CONI32/3.,XXHAN,VVHAN,MAG21
GO TO 731

730 CON TINUECALL HANK 11,1./3., 0.,-CONR32/3.,-CONI32/3.,XXHAN,VYHAN,MAG21
731 CONT INUECALL ZOIY ICONR,CONI,XT,YT,CONX,CONYI

CALL ZSQRT ICONX,CONY,CONX12,CONY121
CALL lDIY lXXHAN,YYHAN,XHAN,YHAN,HANX,HANYI
EXX=MAG2-MAG1
EXF=EXP(EXXJ

C SEE EQUATION 12.301
CALL ZMPY lHANX*EXF,HANY*EXF,CONX12,CONY12,FSH2R,FSH2II

C
SSS=N
ANGLE=AK13R*ALF23*THETA*TR+PI/4.
ARG=-AK13R*ALF23*THETA*TI
IFIARG+300.1 700,700,600

600 EX=EXPFIARGI
lR=EX*COSFlANGLEI
ZI=EX*SINFlANGLEI
AA=2.*TR-DR2/lDR2*DR2+DI2*DI21
B=2.*TI+DI2/(DR2*DR2+DI2*DI21
CALL ZDIYIZR,ZI,AA,B,PPOR,PPOII
CALL ZDIYI2.S*TR,2.S*TI,CUBERTlAK1*AK1I,O.,FBX,FBVI
CALL ZMPYIPPOR,PPOI,l.+fBX,FBY,PPOR,PPOII
CALL ZMPY lPPOR,PPOI,FSH2R,FSH21,PPOR,PPOII
CALL POlRIPPOR,PPOI,PPOMOD,PHIPPOI
IFlSUMMODI 13,13,12

12 IFIPPOMOQ/SUMMOD-ERROR I 700,700,13
13 SUMR=SUMR+PPOR

SUMI=SUMI+PPOI
CALL POlR(SUMR,SUMI,SUMMOD,SUMPHII
5=5+1.
IFlS-SOQ.1 SOO,SOO,lS

IS ERROR=4.E-4
GO TO SOO

700 ESUBR=SUMMOD*CON5T
FSUBR=E5UBR*DI5T/112.S663706E-10*FI

900 CAll POlRl(lDK1*DK11-1.I/lDK1*DK11,1./DK1,FPRIZ,PHIFZI
AMP = E5UBR*FPRIZ
PHASE=5UMPHI+PHIFZ
RETURN
END

4000 SUBROUTINE TAU IS,DR,DI,TR,TI)
DIMENSION TZEROlSl, TINlS)
DATA IITM=OI
IFlITMI 1601S016

IS TZEROl11=1.8S57S71
TZERO(21=3.2446076
TZERO(31=4.3816712
TZERO(41=S.3866138
TZEROlSI=6.3052630
TINI11=.80861652



TIN(ZI=Z.5180961
TIN(31=3.8Z51153
TINI41=4.8918203
TINI51=5.8513010
ITM=l
SINT=.8660Z540
COST=.5

16 If(S-5.1 I.Z.Z
1 IC=S+l.

TSO=TlERO (IC I
TSIN=T1NIICI
GO TO 3

Z Vl=I.1180912*(4.*S+3.1
V12=Y1 *Yl
Y14=YlZ*Y12
Y13RT=CUBERTIYl1
TSO=Y13RT*Y13RT/l.Z599Z11
TSO=TSO+TSO/(9.6*YIZ1-TSO/(1.Z*V141+.9Z928404*TSO/IY14*V121
YZ=1.11S091Z*(4.*S+1.l
YZZ=YZ*VZ
YZ4=YZZ*YZZ
YZ3RT=CUBERT(VZl
TSIN=YZ3RT*VZ3RT/l.Z599Z1
T5IN=TSIN-.145S3333*T5IN/YZZ+.1215211S*TSIN/YZ4-.81395351*T5IN/IYZ

lZ*YZ41
3 DELTAZ=DR*DR+DI*DI

If (Z.*DELTAZ*TSO-l.l 5.10.10
10 ASSIGN 1001 TO N

C
C ASYMPTOTIC SERIES (l/DELTA SUB E = DEL)

11 TSl=TSIN
DELR=DR/DELTAZ
DELI =-DIIDEL TAZ
ASSIGN 30 TO J

ZO SUMR=C05T*TSl
SUMI=5INT*T51
T5Z=TSl*T51
T53=TSZ*TSl
T54=T5Z*TSZ
T55=T52*TS3
T56=T53*T53
T51=T53*TS4
TS9=TS4*T55
T51Z=T56*T56
T515=T59*T56
CALL lMPY IDELR.DELI.DELR.DELI.DELZR.DELZll
CALL lMPV (DELR.DELI.DELZR.DELZI.DEL3R.DEL311
CALL lMPV (DEL2R'DELZI.DELZR.D£LZI.DEL4R.OEL4Il
CALL lMPY (DELZR.DELZI.DEL3R.DEL31.DEL5R.DEL511
CALL lMPY (DEL3R.DEL31.DEL3R.DEL31.DEL6R.DEL6II
CALL lMPY (DEL3R.DEL31.DEL4R.DEL41.DEL1R.DEL1IJ
CALL lMPY (DEL4R.DEL41.DEL4R.DEL41.DELSR.DELSII
CALL lMPY IDEL4R.DEL41.DEL5R.DEL51.DEL9R.DEL9II
CALL lMPY \DEL5R.DEL5I.DEL5R.DEL51.DELI0R.DELI0II
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CAll lMPY IOEl5R,OEl51,DEl6R,OEl61,OElIIR,OElII11
GO TO j, 130, 601

30 TSR=-COST/12.*TSll
TSI=SINT/12.*TSII
CAll lMPY ITSR,TSI,OELR,DELI,PPIR,PPlI1
CALL POLRIPPIR,PPII,PPIMOD,PPIPHII
K=1
TSA=TSI

40 IF IPPIMOO/TSA - 4.E-71 50,50.41
41 GO TO 1101,102.103.104,105,106.107.108,109,501. K
101 PP2R=.125/TS3*DEL2R

PP2I=.125/TS3*DEL2I
110 CALL POLRIPP2R,PP21,PP2MOD,PP2PHII

IF IPP2MOD - PPIMOD) 42,50.50
42 SUMR=SUMR+PPIR

SUMI=SUMI+PPII
CALL POLRISUMR,SUMI.TSA.TSPHIAI
PPIMOO=PP2MOD
PPIR=PP2R
PPl!=PP21
K=K+l
GO TO 40

102 TSR=-COST/TS2
TSI=-SINT/TS2
CALL lMPY (TSR.TSI.OEL3R.OEL3I,PP2R.PP211
CONST=-1.83333333E-l-.0625/TS31

120 PP2R=PP2R*CONST
PP2I=PP21*CONST
GO TO 110

103 TSR=-COST/TS4
TSI=SINTITS4
CALL lMPY (TSR.TSI.OEL4R,OEL4I.PP2R.PP211
CONST=-1.72916667E-l-.0390625/TS31
GO TO 120

104 PP2R=DEL5R
PP21=DEL5I
CONST=-I-.025/TS3+.065625/TS6-.02734375/TS91
GO TO 120

105 TSR=COST ITS5
TSI=SINT/TS5
CALL lMPY (TSR.TSI.OEL6R.DEL61.PP2R.PP211
CONST=-1.40277778E-l-.06015625/TS3+.20507812E-I/TS61
GO TO 120

106 TSR=-COST/TS4
TSI=SINTITS4
CALL lMPY ITSR.TSI.OEL7R.OEL7I.PP2R.PP211
CONST=-1.89285714E-2-.52777778E-I/TS3+.55859375E-I/TS6-.16113281E-
llITS91
GO TO 120

107 PP2R=OEL8R
PP2I=DEL8I
CONST=-1.21b51786E-I/TS6-.63671875E-I/TS9+.523681b4E-1ITSI2-
1.13092041E-I/TSI51
GO TO 120
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200
1001

45

1002
46

1003
C
C

108 TSR=COST/TS5
TS!=SINTlTS5
CAll lMPY (TSR,TSI,DEl9R,DEl9I,PP2R,PP2II
CONST=-(,34722222E-2-.376460~4E-I/TS3+.73448351E-I/TS6-.49458822E-

I1/TS9+.10910034E-I/T~12)
GO TO 120
TSR=COSTITS7
TSI=-SINTITS7
CAll lMPY (TSR,TSI,DElI0R,DElI0I,PP2R,PP2II
CON~T=-(.11453373E-l-.56531980E-I/TS3+.82380642E-I/TS6-.46985881E-

I1/TS9+.92735291E-2/TS12)
GO TO 120

50 ERRA=PPIMOD
TRA=SUMR
TIA=SUMI
GO TO N, (1001,100Z,1003)
IF (Z.*DElTAZ*TSA-l.1 45.500,500
ASSIGN 1003 TO N
GO TO 7
IF (Z.*DElTAZ*TSC-.6) 501,501,46
ASSIGN 1003 TO N
GO TO 11
IF (ERRA-ERRCI 500,500,501

109

CONVERGENT SERIES
5 IF (Z.*DElTAZ*TSO-.6) 6,6,10
6 ASSIGN 100Z TO N
7 TSl=TSO

DELR=DR
DEll=DI
ASSIGN 60 TO J
GO TO ZO

60 SUMR=SUMR-DELR
SUMI=SUMI-DELI
TSIR=COST*TSI
TSlI=SINT*TSl
CALL lMPY (TSIR,TSII,DEl3R,DEl31,PPIR,PPlI1
SUMR=SUMR-.66666667*PPIR+COST*DEl4R
SUMI=SUMI-.66666667*PPII+COST*DEl41
TSZR=-COST*TSZ
TSZI=SINT*rSZ
CALL lMPY (TSZR,TSZI,DEl5R,OEl5I,PPIR,PPIII
SUMR=SUMR-.a*PPIR
SUMI=SUMI-.8*PPI1
CAll lMPY (TSIR,TSl1,DEl6R,DEl6I,PPlR,PPlII
CONST=.714Z8571-1.1428571*TS3
SUMR=SUMR+l.5555556*PPlR-CONST*DEl7R
SUMI=SUMI+1.5555556*PPll-CONST*DEl7I
CAll lMPY (TS2R,TSZI,DEl8R,DEL8I,PPIR,PPIII
SUMR=SUMR+3.8666667*PPIR
SUMI=SUMI+3.8666667*PPII
CALL lMPY (TSIR,TSll,DEl9R,OEl91,PPlR,PPlII
CONST=4.0493827-1.7777178*TS3
CONSTl=1.3428571-8.8685714*TS3
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TRC=5UMR-CON5T*PPIR+CON5Tl*DEL10R
TIC=5UMI-CON5T*PPII+COH5Tl*DEL101
CALL POLRlTRC,TIC,T5C,T5PHICl
CALL lMPY IT5ZR,T5ZI,DELIIR,DELIII,PPIR,PP111
CONST=15.305051-Z.9090909*TS3
PPIR=-CON5T*PPIR
PPII=-CONST*PPII
CALL POLRIPPIR,PPII,ERRC,ERPHICI
GO TO ZOO

500 ERR=ERRA
TR=TRA
TI=T IA
T5=TSA
TSPHI=T5PHIA
TSl=T5IN
GO TO 550

501 ERR=ERRC
TR=TRC
TI=TIC
TS=TSC
T5PHI=T5PHIC
T52=T50

550 DELZT=DELTAZ*TS
RETURN
END
5UBROUTINE HANKIKIND,ORDER,BRANCH,A,B,X,V,MAGTUDI
DIMENSION BRlZI,BIlZI,GAMl41
IFIA*A+B*BI 300,400,300

300 MAGTUD=O
SIGN=3-Z*KIND
SO=3.-6.*eRDER
V=ORDER
IFIBI 1,2,3

1 5IY=-1.
GO TO 4

Z SIY=O.
GO TO 4

3 SIY=l.
4 IF(5IY*SIGNI 5,5,6
5 RB=5.5

GO TO 7
6 RB=Z.3
7 CALL POLR IA,B,R.THETA I

THETA=THETA+BRANCH*6.ZB31853
IFIR-RBI 10.100.100

10 KO=3.*ORDER+.1
GAMlll=-4.06235381
GAMIZ)=Z.6789385

35 GAMI3)=-4.0184078
GAM(4)=1.3541179
DO 90 L=l,Z
KI=Z*KO+I-L

50 GR=I.5*R)**V*COSFIV*THETA)/GAMIKIl



GI=I.5*RI**V*SINFIV*THETAI/GAMIKII
CALL SERIESIA.B.V .SUMR.SUMII
CALL lMPYlSUMR.SUMI.GR.GI.BRILI.BIIL»)

90 V=-V
CALLlMPYlO ••l.1547005 .SO*.5*BRIII-BRIZI.SO*.5*BII11-BIIZI.GR.GII
X=BRll)+SIGN*GR
Y=BIll)+SIGN*GI
RETURN

100 IGO=l
C=A

28 D=B
SR=1.2533141 *SQRTFIRI
TR=SR*COSFI.5*THETAI
TI=SR*SINF(.5*THETAI
IFIABSFlTHETAI-4.71Z3890 ) 103.103.115

103 IF(SIGN*(THETA+SIGN*I.5707963 I) 105.113.113
105 C=-A

D=-B
CALLlMPY(TR,TI,O.,SIGN,TR,TII
IGO=2
GO TO 113

115 IGO =3
TR=-TR
T I =-Ti

113 CALLlEXP(-SIGN*D,SIGN*(C-l.5707963 *IV+.511,SR,SI.MAGTUDI
CALLSPIV,z.*SIGN*D,-Z.*SIGN*C,RTR,RTII
CALL lMPYlSR,SI,RTR,RTI,X.YI
GO TO (135,1920192) ,IGO

192 CAllSPIV,-2.*SIGN*D,Z.*SIGN*C,RTR,RTII
CALllDIVlRTR,RTI,SR,SI,SR,SII
CAlllMPY(SR,SI,SO*.5,-SIGN*.86602540 .SR.SII
EXl=l.
EX2=1.
IFIMAGTUDI 195.2000197

195 EMA=2*MAGTUD
EX1=EXPFIEMAI
MAG TUD=-MAG TUD
GO TO 200

197 EMA=-2*MAGTUD
EX2=EXPF(EMA)

200 GO TO 1135,205,210),IGO
205 X=SO*EXl*X+SR*EX2

Y=SO*EXl*Y+SI*EX2
GO TO 135

210 X=-EXl*X-SO*SR*EX2
Y=-EX1*Y-SO*SI*EX2

135 CAlllDIVIX.Y,TR.TI,X.YI
136 RETURN
400 WRITE OUTPUT TAPE61.401
401 FORMAT(35H ZERO ARGUMENT NOT DEFINED IN HANK.)

CALL EXIT
END
SUBROUTINE SERIES (A.B.V.SUMR,SUMI)
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CALL ZMPYI.25*A ••25*B.A,B,SQR,SQII
TERMR=I./V
TERMI=O.
SUMR=TERMR
SUM I=TERM I
EN=O.

10 EN=EN+l,
CALLZMPYITEKMk.TERMI,-SQR/IEN*IV+ENII .-SQI/IEN*IV+EN)),

1TERMR, TERMI)
SUMR=SUMR+TERMR
SUMI=SUMI+TERMI
IFl ITERMR*TERMR+TERMI*TERMII/ISUMR*SUMR+SUMI*SUMIl-I.E-22)20,20,10

20 RETURN
END
FUNCTION GAMMAIX)

75 FORMATl66H GAMMA FUNCTION OF A NEGATIVE INTEGER, OR OF ZERO, IS NO
IT DEF I NED.)

5 IFIX) 10,80.15
10 N=-X

EN=-N-l
V=X-EN
IFIV-l.) 5, 80, 20

15 N=X
EN=N
V=X-EN

20 GAMMA=I.+V*1 .422784337+V*( .4118402518+V*1 .08157821878+V*
11,074237907bl+V*(-.0002109074673+V*I.01097369584+V*I-.002466747981
2+V*(.001539768105-V*I.0003442342046-V*.00006771057117)))))1))1

IFlEN-2.) 37,25,30
25 RETURN
30 N=N-l

DO 35 1=2,N
FI=I

35 GAMMA=GAMMA*lFI+VI
RETURN

3'7 N=2. -EN
DO 40 l=ltN
FI=2-1

40 GAMMA=GAMMA/IFl+VI
RETURN

80 WRITE OUTPUT TAPE 6,75
CALL EXIT
END
SUBROUTINE SPIP,C,B,RTR,RTI)
DIMENSIONCVRI4),CVI(4) ,AI 81.Hl 81
T=I.
REALl=l.
AMl=O.
RTR=l.
RTI=O,
CALL ZDIVll.,O ••C,B,X,Y)
PP=4.*P+P



20 PRELIM=IPP-12.*T-l.I*12.*T-l.I)/14.*TJ
U=PRELIM*X
'1=PRELlM*Y
CALL ZMPYlREALl.AMl,U.'1.REAL2.AM2)
IFI IREAL2*REAL2+AMZ*AMZ1-IREALl*REALl+AMl*AMl)1110'110.ZO0
RTR=RTR+REAL2
RT 1=RTI+AMZ
CALL ZDI'IIREALZ.AMZ.RTR.RTI.QTR.QTII
REALI =REALZ
AMl=AMZ

10 T=T+l.
IFlIQTR*QTR+QTI*QTII-I.E-161 30. 30.Z0
S=T-P-.5
IFIS-25.) ZOI.201. 30
AIIJ=I.7878605
AlZI=3.5882389
A(3)=5.9Z00900
A(4)=8.8668464
AI51=1.2543589
AI61=1.7140529
A I7 I=Z 03023343
AI81=3.1129504
Hlll=4.7828652
HI21=3.3761327 E+l
HI31=5.1231373 E+l
H(4)=2.5408127E+l
H(5)=4.5375890
HI61=2.743383Z
H(7)=4.3728310
HI81=8.8275945
C'IRll)=O.
C'I111l=0.
DO 205 1=1>8
XS=AI il**IS-5.J
CALLZDI'IIXS*C.XS*B.C+AIII.B.ADR.ADII
C'IRlll=C'IR(ll+ADR*HIII
CVI I1I=CVI (U+ADI*H( II
GA=GAMMAlS+l.1
CVRll)=CVRll)/GA
C'IIII)=C'IIII)/GA
TERMR= C*IP- .51/IT+P- .5)
TERMI= B*IP- .51/IT+P- .5)
CALLZMPYIS+l.+C.B.CVRll).CVII1).CVRI21.CVI121)
CALLZDIVICVRI21-C.CVIIZI-B.C.B.CVRIZ).CVIIZ)1
CALL ZMPYITERMR.TERMI.CVRIZI.CVIIZI.TR,TI)
SUMR=CVRI i r-rs
SUMI=CVIlll-TI
ADO=I.
SIGN=-I.
DO 211 N=2.3
EN=N
SIGN=-SIGN
ZIP=(P-EN+.51 /IT+P-EN+.51
CALLZMPYI ZIP*C, ZIP*B.TERMR,TERMI,TERMR,TERMII

200
201

205

202

110

E+I
E+l
E+I

E+I

E-I
E-3
E-6
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CALLlMPY(S+C+2.-EN,B,CVRlNI,CVIINI,CVRlN+ll,CVIIN+11)
CALLlDIVICVRIN+ll+CVRlN-ll-ADD,CVIIN+ll+CVIIN-ll ,EN*C,EN*B ,

1 CVRIN+ll,CVICN+l)1
CALLlMPY lTERMR tTERM I,CVR IN+l) ,CV I(N+ 11 tTPR, TP I)
IFlTPR*TPR+TPI*TPI-TR*TR-TI*TI) 206,212,212

206 TR=TPR
TI=TPI
SUMR=SUMR+SIGN*TR
SUMI=SUMI+SIGN*TI

211 ADD=O.
212 CALLlMPYISUMR,SUMI,REAL2,AM2,REAL2,AM21

RTR=RTR+REAL2
RTI=RT I+AM2

30 RETURN
END
FUNCT ION CUBERT (X )
5=1.
IF IXI 1 t3, 2

1 S=-l.
X=-X

2 XO=l.
B=X
IF IX-I.) 4,3,6

3 CUBERT=X
GO TO 30

4 B=B*1000.
XO=O.l *XO
IF lB-l.) 4.10.10

6 B=B*.OOl
IF IB-l.) 10,7,7

7 XO=10.*XO
GO TO 6

10 CUBERT=X/13.*XO*XO)+.bbbbbbb7*XO
IF lABSF(ICUBERT-XOI/CUBERTI-4.E-81 30,30,2020 XO=CUBERT
GO TO 10

30 CUBERT=CUBERT*S
X=S*X
RETURN
END

SUBROUTINE lEXPIA,B,X,Y,MAGTUDI
MAGTUD=A
SCALE=MAGTUD
E=EXPFIA-SCALE)
X=E*COSF(BJ
Y=E*SINFlBI
RETURN
END
SUBROUTINE lMPYIA,B,C,D,X,Y)

C CALCULATES THE PRODUCT OF TWO COMPLEX NUMBERS.
( INPUT.
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C IA.B) = THE MULTIPLICAND.
C IC.D) = THE MULTIPLIER.
C OUTPUT.
C IX.y) = THE PRODUCT, IX+IY)=(A+IBI*IC+IDl

EX=IA*C-B*D)
Y=A*D+C*B
X=EX
RETURN
END
SUBROUTINE ZSQRTIAA.BB.X.y)

C CALCULATION OF THE PRINCIPLE SQUARE ROOT OF A COMPLEX NUMBER.
C INPUT.
C IAA.BBI = THE GIVEN COMPLEX NUMBER.
C OUTPUT.
C IX,Y) = THE PRINCIPLE SQUARE ROOT OF AA + I BB.

A=AA
B=BB
S=I.
IFIB) 1.5.5

I S=-I.
5 IFIA) 2.4.2
2 IFIABSF(A)-ABSFIBI)20,25.25
20 X=ABSFIBl*SQRTFII.+IA/Bl**2)

GO TO 30
25 X=ABSFIAI*SQRTFII.+IB/AI**2)
30 X=SQRTFI.5*IX+ABSFIAlll

D=B/I2.*X)
Y=D
IFIAI 3.10.10

3 Y=S*X
X=S*D
GO TO 10

4 X-SQRTFIS*B*.5)
Y=S*X

10 RETURN
END
SUBROUTINE POLRIEX,Ey.R.THETAI

C CALCULATION OF THE AMPLITUDE AND PHASE OF A COMPLEX NUMBER.
C INPUT.
C IEX.EYI = THE GIVEN COMPLEX NUMBER.
C OUTPUT.
C R = THE AMPLITUDE OF EX + lEY.
C THETA = PHASE IN RADIANS OF EX + lEY.

X=EX
Y-EY
IFIABSFIXI-ABSFIYII 20.25.25

20 R=ABSFIY)*SQRTFII.+IX/Y)**2)
GO TO 30

25 R=ABSFIX)*SQRTFII.+IY/XI**2)
30 S=I.

IFIYI 2. 3. 3
2 S=-I.
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C
C
C
C
C
C

5
6

20
10

12
13
30
31

3 IFIXI 10,5015
5 THETA:S*I.570796327
RETURN

10 THETA:S*3.141592654
RETURN

15 THETA:ATANFIY/XI
RETURN
END

+ATANFIY/X)

SUBROUTINE ZDIV(A,B,C,D,X,YI
CALCULATES THE QUOTIENT OF TWO COMPLEX NUMBERS.
INPUT.
(A,Bl : THE DIVIDEND.
(C,D) : THE DIVISOR.

OUTPUT.
(X,Yl : THE QUOTIENT, (X+IY):IA+IBl/IC+IDl

IFIC) 20,5,20
IFlDl 6012,6
EX:B/D
Y:-A/D
GO TO 40
IF(Dl 30010030
EX:A/C
Y:B/C
GO TO 40
PRINT 13
FORMAT(21H ZERO DIVISOR IN ZDIVl
CALL EXIT
IF(ABSF(Cl-ABSFIDI135,35,31
AOVC: A/C
BOVC: B/C
DOVC: D/C
DEN: 1.+(DOVC*DOVCl
X: (AOVC+(BOVC*DOVCIl/DEN
Y:(BOVC-(AOVC*DOVCll/DEN
RETURN

35 AOVD: AID
BOVD: BID
COVD: C/D
DEN: 1.+(COVD*COVDl
X:( (AOVD*COVD1+BOVDl/DEN
y~( IBOVD*COVDI-AOVDI/DEN
RETURN

40 x:EX
65 RETURN

END

SUBROUTINE PATH (TMTRLA, TMTRLO, RCVLAT, RCVLON, FUNCT,XINT,DKM.
2 PATHLA, PATHLO, DIST, BERATX, BERATR,BERXMT,NMAX,TYPATHI

CPATH SUBR. TO CALC. DIST. , LAT., AND LONG. ALONG PATH. FUNCTIUNS ARE
C (II REG---CALC. LAT. AND LONG. ALONG PATH AT DIST. SPEC. AS INT
C (21 MID--TREAT COORD. GIVEN AS MID-POINT OF PATH, FIND END POINT
C (31 HOP-- FIND REFLECTION POINTS FOR RAY ORDER SPEC. AS INT
C (4) DSTNCE--FIND DISTANCE BETWEEN SPECIFIED POINTS
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DIMENSION DIST (1000),PATHlA 11000l,PATHlO (1000I'BERXMT (10UOI
DIMENSION DELTLIM (4I,SIGNT 121
TYPE INTEGER REG'XMID'HOP'DSTNCE,SHORT,XlONG,TYPATH,FUNCT,~FLAG
TYPE INTEGER ORDER, U, OUADRANT, OR,RETADRES,OP,ORDRFLAG
TYPE INTEGER ZETAFLAG,TYPEPATH,FUNCTION
TYPE REAL MAXLAT,MAXLONG
EUUIVALENCE (U, QUADRANTI,IPRECISON,MAXERRI,(JDELTI,DELTPHIII,
2 (JDELTC,DELTPHIC),(INDTP,NOTPINDI
COMMON/PATHSTORI MAXLAT 121,MAXLONG (2I,DISTP (2I,NUMTP.O,~R,OP,
2COFUNC, ZETAFLAG,A,AOVERB,U,DELTPHIl, CTAB (3), DLTPHTAB (31,
3 C'Cl'CMAX,PRESERR,PREVERR,ERROR,ZETAXMTR,ZETARCVR,RADDEG
DATA IRADDEG=57.29577951I,
2 (DEGRAD= 1.745329252E-2 I, (NLlM=20 I
DATA (REG = 4HNORMI ,(XMID=3HMIDI,(HOP=3HHOP) ,(DSTNCE=6HDSTNCEI,
2 (SHORT = 5HSHORT),(XLONG=4HLONGI,(PI=3.1415926541

C CONSTANT AlB IS FOR B=6356.5838
DATA (A = 6378.20641,
2 (AOVERB =1.0034016),
3 (U = 0.0033900I,(PIOVER2 = 1.570796327),
4(CTAB = 0.), (DLTPHTAB = 0.1
COMMON/IPATHEO/IPATHEO,IPATHEOI
DATA (iPATHEO"3I,(IPATHEOl=4)
COF (CI" SORTF (l.-C*C)
OFlAG=ORDRFLAG=MERIDFLG= 0
N " 1
CALL 090VER
IF (FUNCT .EO. 3HREG .OR. FUNCT .EO. 4HSTEP.OR. FUNCT .EO. 4HNORMI

2 IFUNCT = 1
IF (FUNCT .EO. 3HMIDI IFUNCT " 2
IF (FUNCT .EO. 3HHOPI IFUNCT " 3
IF (FUNCT .EO. 4HOIST .OR. FUNCT .EO. 6HDSTNCEI IFUNCT " 4
IF ITMTRLA .NE. XMTRLAT .OR. TMTRLO .NE. XMTRLON .OR.

2 RCVLAT .NE. RCVRLAT .OR. RCVLON .NE. RCVRLON .OR.
3 TYPEPATH .NE. TYPATH I GO TO 110
IF «FUNCTION .EO. 4HDIST .OR. FUNCTION .EO. 6HDSTNCE) .·AND.

2 (FUNCT .EO. 4HSTEP .OR. FUNCT .EO. 3HREG .OR. FUNCT .EO. 4HNORM))
3 GO TO 810
IF «(FUNCTION .EO.4HSTEP.OR.FUNCTION.EO.3HREG .OR. FUNCT .EO.

2 4HNORM I .AND.
3 (FUNCT .EO. 4HDIST .OR. FUNCT .EO. 6HDSTNCEI) GO TO 8990
IF (FUNCT .EO. FUNCTION .AND. DISTEP .EO.XINT) GO TO 8990
GO TO (110,8980,8980,110),IFUNCT

110 XMTRLAT" TMTRLA
XMTRLON" TMTRLO
RCVRLAT" RCVLAT
RCVRLON" RCVLON
TYPEPATH = TYPATH
FUNCTION" FUNCT
DISTEP " XINT
NUMTP =0

220 IF ( TYPEPATH-XLONG ) 223, 221, 223
221 IPATH = 1

GO TO 290
223 IPATH " 2



TYPATH = TYPEPATH = 5HSHORT
290 CALL R90VER

OELTPHll= RCVRLON-XMTRLON
OELTLAT = RCVRLAT-XMTRLAT
IF (ABSF lDELTPHlll .LE. 180.1 GO TO 300

C LONG SHORT PATH
GO TO (330. 310). IPATH

300 GO TO (310. 3301. lPATH
310 IF IDELTPHl1 .LT. 0) GO TO 320

DELTPHII = DELTPHII -360.
GO TO 330

320 OELTPHII = 360 + DELTPHI1
330 ERROR = ABS !1.0 E-08*OELTPHI1)

IF (ERROR .Ea. 0.) ERROR = 1.0E-08
IF IOELTPHl1 .LT. 0) GO TO 365

340 IF (DELTLAT .LT.O) GO TO 350
a = 3 -IPATH
GO TO 370

350 a = IPATH
GO TO 370

365 a = 5 -IPATH
370 IF IABSF (RCVRLAT) .NE. 90•• AND. ABSF (XMTRlATl .NE. 90.

1 .AND. OELTPHl1 .NE. 0.) GO TO 375
COFUNC = 1.
Cl= C = O.
MERIDFLG = 1

375 IF lABS (RCVRLATI .NE. 90.) GO TO 376
IF (RCVRLAT .Ea. 90.) ZETARCVR = O.
IF (RCVRLAT .Ea. -90.) ZETARCVR = PI
GO TO 380

376 TANRCLAT = TANFIRCVRLAT*OEGRAD)
IF (TANRCLAT .NE. 0.) GO TO 378
ZETARCVR = PIOVER2
GO TO 380

378 ZETARCVR = ATANF IAOVERB/TANRCLAT)
380 IF (ABS (XMTRLAT) .NE. 90.) GO TO 382

IF lXMTRLAT .Ea. 90.) ZETAXMTR = O.
IF (XMTRLAT .Ea.-90.) ZETAXMTR = PI
GO TO 401

382 TANXMLAT = TANF lXMTRLAT*DEGRAD)
IF (TANXMLAT .NE. 0.) GO TO 390
ZETAXMTR = PIOVER2
GO TO 400

390 ZETAXMTR = ATANF (AOVERB/TANXMLATI
IF IZETAXMTR .LT. 0.) ZETAXMTR =ZETAXMTR +PI

400 IF IZETARCVR .LT. 0.) ZETARCVR =ZETARCVR +PI
401 IF IABSF (RCVRLAT).GE. ABSF (XMTRLAT)) GO TO 402

IF (DELTPHII .NE. 0.)
2C = SIN IZETAXMTRI
ZETAFLAG = 1
GO TO 404

402 IF (OELTPHII .NE. 0.)
2C = SIN (ZETARCVR)
ZETAFLAG = 2
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404 CMAX = C
IF IMERIDFLGI 600. 410

406 C = CMAX
410 C = SIGNF (C. FLOATF ((-II**IQ+l)))

COFUNC = COF (C)
IF (lETAFLAG .Ea. 2 .AND. COFUNC .NE. 0.) GO TO 416
ARG12 = SIGN 11••C*COTFllETAXMTR))
ARG22 = SIGN (1••COS (lETAXMTR»
IF (COFUNC .Ea. 0.) 416. 420

416 ARGll = SIGN (1••C*COTFllETARCVR»)
ARG21 = SIGN (1••COS IlETARCVR))

418 IF ICOFUNC .Ea. 0.) GO TO 424
420 IF (lETAFLAG .Ea. 1) ARGll = ARGI IlETARCVR.C)

IF IlETAFLAG .Ea.2) ARG12 = ARGI (lETAXMTR.C)
IF (lETAFLAG .Ea. 11 ARG21 = ARG2 (lETARCVR)
IF (lETAFLAG .Ea. 2) ARG22 = ARG2 (lETAXMTR)

424 PHIARGll = PHIIF I ARGll. NUMTP)
PHIARG12 = PHIIF I ARGI2. 0)
PHIARG21 = PHI2F (ARG21. NUMTP)
PHIARG22 = PHI2F (ARG22. 0)

425 DELTPHIC = PHIARGll -PHIARGI2 -c* U * (PHIARG21-PHIARG22)
DELTPHIO = NUMTP *18U *1-1)**(10-1)/2)
DELTLIM (NUMTP+l) = DELTPHIC

440 IF IIDELTPHll .GE. DELTPHIC .AND. DELTPHII .LE. DELTPHIO) .OR.
1 (DELTPHII .GE. DELTPHIO .AND • DELTPHII .LE. DELTPHIC)) GO TO 470

441 IF (NUMTP .GE. 2) GO TO 452
442 NUMTP =NUMTP +1

GO TO 406
452 IF (aFLAG .LT. 1) GO TO 453

KEYER = 452
GO TO 9900

453 IF (Q .GT. 2) GO TO 454
Q = 3 -Q
GO TO 456

454 Q = 7 -Q
456 QFLAG = QFLAG +1

NUMTP = 0
GO TO 406

470 IF (DELTPHIC .GT. DELTPHIO) GO TO 472
11=2$12=1
GO TO 474

472 11 = 1 $ 12 = 2
474 DLTPHTAB (11)= DELTPHIO

CTAB (Ill = O.
DLTPHTAB (12) = DELTLIM (NUMTP +1)
CTAB (12) = C
NORDER c 1
NPOINTS = 2
PREVERR = 1.0 E+I0

475 IF (CTAB .GT. CTAB (21) GO TO 478
11 = 1
12 = 2
GO TO 479

478 11 = 2
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12 = 1
479 C1 = ROOT(CT AB (I1I. CTAB I12 r , IERROR)

IFIIERROR .EO. 0) GO TO 480
KEYER = 475
GO TO 9900

480 IF (Cl*C .GE. O•• AND.
2 ABSF ICl) .LE. ABSF (CMAX)) GO TO 49U
KEYER = 480
GO TO 9900

490 COFUNC = COF ICl)
600 C = Cl

COFUNC = COF IC)
IF ICOFUNC .NE. 0.) GO TO 610
DKM = ABSF (A*DELTPHIl*DEGRAD)
GO TO 620

610 DKM=ABSF (DISTF (C.ARG2 IlETARCVR).ARG2 (lETAXMTR).lETARCVR.
1 ARGD2 IlETARCVR.C).NUMTP))

620 OR = 4 -0 +XMODF (NUMTP +1.2) *XMODF (0+1.21*2+XMODF (NUMTP.21
BERATX = SIGN (ASIN lABS IC/SIN IlETAXMTR)I)*RADDEG.(-I)**IO-ll)

2 +(0/2)*180.
BERATR = SIGN IASIN (ABS IC/SIN IlETARCVR))I*RADDEG.(-l)**IOR-lll

2 +(QR/2)*180.
ARG12 = ARGI (lETAXMTR.C)
ARG22 = ARG2 (lETAXMTR)

640 IF (0 .EO. 2 .OR. 0 .EO. 3) GO TO 650
SIGNT III = +1.
SIGNT(2) = -1.
GO TO 660

650 SIGNTlll = -1.
SIGNT(2) = +1.

660 DO 800 I = 1. 2
ARGII = SIGNF (1••C*SIGNT(I))
ARG21 = SIGNF (1••SIGNT (I))

690 lETA = ASINF (ABS IC)*SIGNT (I))
700 IF (lETA .LT. 0.) lETA = PI+lETA

TANlETA = TANFllETAI
IF (TANlETA .NE. o.)GO TO 710
IF IlETA .EO. O. )MAXLAT (I) = +90.
IF (lETA .EO. PI ) MAXLAT (I) = -90.
GO TO 720

710 MAXLAT (I) = ATANF IAOVERB/TANlETA) *RADDEG
720 MAXLONG II) = XMTRLON +PHIIF IARGllti-ll-PHIlF (ARGI2.0)

1 -C*U*(PHI2F (ARG21.I-l)-PHI2F (ARG22.0) I
730 IF (ABS (MAXLONG (I)) .LT. 360.) GO TO 735

MAXLONG (I) = MAXLONG II) -SIGNF Il••MAXLONG 11))*360.GO TO 730
735 IF IA8SF (MAXLONG (II).LT. 180.) GO TO 750

IF IMAXLONG (I) .LE.180.)MAXLONG (II = 360.+MAXLONG II)
740 IF (MAXLONG (I) .GT.IBO.)MAXLONG (I) = MAXLONG (I) -360.
750 DISTP (I) = ABSF (DISTF (C.ARG21. ARG22.lETA.0 ••I-l))800 CONTINUE
810 CALL R90VER

GO TO (820.8980.8980.8990). IFUNCT
820 FUNCTION = FUNCT
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DISTEP = XINT
INDTP = INDTP1 = INDTP2 = 0
DIST II) = O.
PATHLA (1) • XMTRLAT
PATHLO II) = XMTRLON
PREVERR • 1.0 E+10
IF IBERATX .GE. 180.) BERXMT (11 • BERATX -180.
IF (BERATX .LT. 180.) BERXMT II) = BERATX +180.

830 DO 840 I = 1, NUMTP
OIST II+ll = DISTP III

840 PATHLA (1+11 = MAXLAT (I)
850 DIST (NUMTP+2) = DKM

PATHLA (NUMTP+2J = RCVRLAT
NOTPIND = INDTP1 = INDTP2 = 0
IF INUMTP .EO. 0) GO TO 860
IF INUMTP .GE. 1) INDTP1 = 2
IF INUMTP .EO. 2) INDTP2 = 3

860 IF (DKM .GT. O•• AND. DISTEP .GT. 0.) GO TO 865
KEYER = 865
GO TO 9900

865 N~AX = DKM/DISTEP +2
IF lABS (OISTEP* INMAX -21 -DKM) -DISTEP/10 •• LT. 0.)

2 ~AX = NMAX - 1
NMAX1 = NMAX -1

870 DO 985 IND = 2. NMAX1
N = 1
ORDRFLAG = 0
NPOINTS = IND +NUMTP
IF INPOINTS .LT. 7) NORDER = NPOINTS -1
IF INPOINTS .GE. 7) NORDER = 5
DREO = DISTEP*IIND-l)

880 IF IDREO .Ll::o DISTP (NOTPINO+l) .0R.NOTPlND .EO. NUMTPI GO TO 890
IF (NOTPIND .GE. NUMTP) GO TO 885
NOTPIND = NOTPIND +1
GO TO 880

885 KEYER = 885
GO TO 9900

890 IERROR = 1
CALL MONTONCK IDIST,NPOINTS,IERROR)
IF (IERROR .EO. 1) GO TO 900
KEYER = 890
GO TO 9900

900 IERROR = 0
CALL INTRPOLT (NORDER,NPOINTS,DIST,PATHLA'DREQ,REOLAT,IERROR)
IF IIERROR .EO. 0) GO TO 910
KEYER = 900
GO TO 9900

910 IF (ABS IREQLAT) .GT. ABS IMAXLAT (11)1 GO TO 946
IF (NUMTP .EO. 0) GO TO 918
IF (NOTPIND .GT. 0) GO TO 915
IF «REOLAT.GE. PATHLA 111 .AND. REOLAT .LE. MAXLAT (ll I

2.0R. IREQLAT .LE. PATHLA III .AND. REOLAT .GE. MAXLAT 11)))
3 919,946

915 GO TO 1916,9171,NOTPIND
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916 IF IlREUlAT .uE. MAXlAT II) .A~O. REQlAT .lE. MAXlAT IZ)).UR.
ZIREULAT .lE. MAXlAT II) .AND. REQlAT .GE. MAXlAT lZ)) 919.946

917 IF IIREQlAT .GE. MAXlAT rz : .AND. REQlAT .lE. RCVRlAT) .OR.
Z lREQlAT .lE. MAXlAT lZ) .AND. REUlAT .GE. RCVRlAT) 1 919.946

918 IF IIREQlAT .GE. PATHlA III .AND. REQlAT .lE. RCVRlATl .OR.
Z IREQlAT- .lE. PATHlA (1) .AND. REQlAT .GE. RCVRlAT) J 919.946

919 TANlAT = TANFIREQlAT*DEGRAO)
IF ITANlAT .NE. 0.) GO TO 9Z0
ZETA = PIOVERZ
GO TO 940

9Z0 ZETA = ATAN IAOVERB/TANlAT)
930 IF IZETA .IT. 0.) ZETA = ZETA +PI
940 DCAlC = ABS IDI5TF IC.ARGZ IZETAJ.ARGZZ.ZETA.ARGOZ IlETA.CI.

1 NOTPINDJ 1
945 PRESERR = DREQ-DCAlC

IF I ABS I DREO - DCAlC) .IT. 0.0005 .OR. PRE5ERR .EO. PREVERR)Z GO TO 960
IF IDCAlC .IT. DKM ) GO TO 948

9~6 NORDER = NORDER -1
N = N +1
ORDRFlAG = ORORFlAG +1
IF INORDER .GT. 0 ) GO TO 890
KEYER = 945
GO TO 9900

948 IF IN .IT. NlIM) GO TO 950
KEYER = 948
GO TO 9900

950 PREVERR = PRE5ERR
CALL ORDER IDI5T.PATHlA. NPOINT5.DCAlC.REQLAT.INOX.IERROR)
IF lIERROR .NE. 0) GO TO 946
N = N +1
IF 10RDRFlAG .GT. 1) GO TO 890
IF lNORDER .IT. 5) NORDER = NORDER +1
IF INORDER+1 .GT. NPOINTS) NORDER = NPOINTS -1GO TO 890

960 IF INUMTP .EO. 0) GO TO 980
IF tIND .lE.INDTP1.AND. NOTPIND .IT. 1) INDTP1 = INDTPI +1

970 IF lIND .lE. INDTPZ.AND.NOTPIND .IT. Z) INDTPZ • INDTPZ +1
980 OIST lIND +NOTPINDI = DCAlC

PATHlA lIND +NOTPIND) = REQLAT
BERXMT lIND +NOTPINDI = ZETA
IF IINDTPI .lE. 0 .OR. IND .GT. INDTP1 +1) GO TO 981DIST IINDTPl) = DISTP 11)
PATHlA IINDTPl) = MAXlAT II)

981 IF lINDTPZ .lE. 0 .OR. IND .GT. INDTP2 +1) GO TO 982
DIST lINDTPZ) = DISTP IZ)
PATHlA IINDTPZ) • MAXlAT IZ)

982 DIST lIND +NUMTP +11 = DKM
PATHlA lIND +NUMTP +1) = RCVRlAT

985 CONTINUE
990 NOTPIND = 0

DO 1100 IND = 2. NMAXI
1000 IF IIND+INDTP .EO. INOTPI .OR. IND+INDTP .EO. INDTPZ)

1 INDTP = INDTP +1
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10Z0 IF INOTPIND .EO. 01 GO TO 10Z5
OIST IINDI = DIST liND +INDTPI

10Z5 ZETA = BERXMT lIND +INDTP)
1030 XLAT = PATHLA lIND +INDTP)

PATHLA IINDl = XLAT
1040 PATHLONG = XMTRLON +PHIIF IARGl IZETA,Cl,NOTPINOI-PHllF IARGIZ,OI

1 -C*U*IPHIZF IARGZ IZETA),NOTPINDJ-PHI2F IARGZZ,OII
1050 IF lABS (PATHLONGI .LT. 360.) GO TO 1055

PATHLONG = PATHLONG -SIGNF Il.,PATHLONGI*360.
GO TO 1050

1055 IF lABS IPATHLONGI .LT. 180. I GO TO 1060
IF lPATHLONG .GT. 180.1 PATHLONG =-300.+PATHLONG
IF IPATHLONG .LE. -180.) PATHLONG = 360. +PATHLONG

1060 PATHLO IINDl = PATHLONG
OP = 4 -Q +XMODF INOTPIND+l,ZI*XMODF (O+l,ZI*Z +XMODF INOTPIND,ZI

1070 6ERXMT IIND)= SIGN IASIN lABS (C/SIN (lETAlll*RADOEG,I-l)**(QP-lll
1 + 10P/Z)*180.

1100 CONTINUE
PATHLA INMAXl = RCVRLAT
PATHLO (NMAX) = RCVRLON
6ERXMT INMAXI = BERATR
DIST lNMAX) = DKM

1200 RETURN
6980 CALL R90VER

CALL Q8QERROR (0,41HIMID AND HOP FUNCTIONS NOT YET OPERATING.
8990 RETURN
9900 WRITE 1610 9000) KEYER
9000 FORMAT l*lSTATEMENT NO. * 10)

CALL 08QERROR (0,14HERROR IN PATG.)
END
FUNCTION ROOT (TI,TF,IERRORI
COMMON/PATHSTORI MAXLAT IZI,MAXLONG lZI,DISTP (21,NUMTP,Q,QR,QP,

2COFUNC, ZETAFLAG,A,AOVERB.U,DELTPHll, CTAB (3), DLTPHTA6 (3),
3 C,Cl,CMAX,PRESERR,PREVERR,[,lETAXMTR,ZETARCVR,RADDEG
INTEGER Q,QR,QP,ZETAFLAG
DIMENSION FACTOR 141
DATA lFACTOR = 0.5,0.7,0.8,0.9)

100 FORMATl* UPPER LIMIT OF ITERATION EXCEEDED N=*,14,3X,*T=*,EIZ.5,
13X,*FITl=*,E12.51

10 IERROR = ITRFLAG = ITLFLAG = 0
PREVERR = 1. E+05
N=l

TL= TI
FL = F lTLI

TR=TF
FR = F ITR I

30 IF IMOD (N-ltZ51.EQ. 01
2SLOPE=IFL -FRI IITL-TRl
IFIN.LT.501 40, 50

40 T = lTR*FL-TL*FRl!IFL-FRI
GO TO 00

50 T=ITL+TRlIZ.
60 FT=FlT)

20
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PRESERR= ABS (FT;
IF (PRESERR.LT. E I GO TO 150
IF (N .GT. 1 .AND. PRESERR .EO. PREVERR) GO TO 150PREVERR = PRESERR
N=N+l

70 IF(N.GE.200IGO TO 120
IF(SLOPE.LT.O.IGO TO 90
IFIFT.LT.O.l 110, 100

90 IF(FT.GE.O.IGO TO 110
100 TR=T

FR = FT
ITRFLAG = ITRFLAG +1
IF (ITRFLAG .LE. 2) GO TO 30
ITRFLAG = ITLFLAG = 0
I = 1

105 TX = TL +IT-TLl*( 1,-FACTOR (II)
FX = F LTX)
IF lSIGN 11., FX) .EO. SIGN (1.. FLl) GO TO 1()7I = I+I
IF (I .LT. 5) 105, 30

107 TL = TX
FL = FX
GO TO 30

110 TL=T
FL = FT
ITLFLAG = ITLFLAG +1
IF (ITLFLAG ,LE. 2) GO TO 30
ITRFLAG = ITLFLAG = 0
I = I

115 TX = T+LTR-TI*FACTOR (II
FX = F lTXI
IF (SIGN (1.,FXI .EQ. SIGN (l.,FR)1 GO TO 117
I = 1+1
IF (I ,LT, 51 115,30

117 TR = TX
FR = FX
GO TO 30

120 WRITE(61,100IN,T,FT
ROOT=(TL+TRl/2.

130 IERROR = 1
RETURN

150 ROOT=T
END

FUNCTION PHIIF (ARGI0,N)
COMMON/PATHSTORI MAXLAT (21,MAXLONG (21,DISTP (2),NUMTP,Q,YR,OP,

2COFUNC, ZETAFLAG,A,AOVERB,U,DELTPHll, CTAB (3), DLTPHTAB (31,
3 C'Cl'CMAX,PRESERR,PREVERR,E,ZETAXMTR,ZETARCVR,RAOOEGINTEGER O,OR,OP,ZETAFLAG
IF lABS (ARGI0l' .GT. 1•• AND. ABS lARGI01 .LE. 1.00000(01)

2 ARGI0 = SIGN t i .. ARGI0)
PHIIF = ASIN I ARGI0 I*RAOOEG*2 (-I)**N +N*lBO.*(-11**lI0-11/21
RETURN
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END
FUNCTION PHI2F CARG20.N)
COMMON/PATH~TUHI MAXLAT 12).MAXLONG 12).DI~TP (2).NUMTP.U.UR.UP.

2COFUNC, ZETAFLAG.A.AOYERB,U.DELTPHII. CTAB 131, DLTPHTAB 131,
3 C,Cl'CMAX,PRESERR,PREYERR.E,ZETAXMTR.ZETARCYR,RADDEG
INTEGER Q,QR,QP.ZETAFLAG
IF lABS IARG201 .GT. 1•• AND. ABS IARG20) .LE. 1.000000011

2 ARG20 = SIGN 11.,ARG20J
PHI2F = ASIN ARG20 I*RADDEG*(-II**N

2 +N*180.*I-ll**IQI21
RETURN
END
FUNCTION DI~TF IC,ARGZ.ARGXMTR.ZETA.ARG3,N)
COMMON/PAT~STORI MAXLAT (2J,MAXLONG 121.DI~TP 121.NUMTP.U,UR,UP,
2COFUNC, ZETAFLAG,A,AOYERB,U,DELTPHll, CTAB 131, DLTPHTAB 131.
3 CYAL,Cl,CMAX.PRESERR,PREYEHR,E,ZETAXMTR.lETARCYR,RADDEG
INTEGER Q,QR.QP,ZETAFLAG
DATA IPI=3.1415926541
DISTF
2
3
4
5
6
RETURN
END

=
A*l Il.-U/2,*Il.+C*C)I*IASIN (ARGZ

*I-ll**N +N* PI *(-I)**IQI2) -ASIN I ARGXMTR
) -U/2.*ICOSF IZETA) *SQRTF 1 ARG3)

*(-1)** N -COSF IZETAXMTR) * ~QRTFISINF IZETAXMTR)
**2 -C*Cl II

FUNCTION F ICI
COMMON/PATHSTORI MAXLAT (2).MAXLONG 121,DISTP 121,NUMTP,Q.UR,QP,

2COFUNC' ZETAFLAG,A,AOYERB,U,DELTPHll, CTAB (3). DLTPHTAB (3),
3 CYAL'Cl'CMAX,PRESERR,PREYERR.E,ZETAXMTR.ZETARCYR.RADDEG
INTEGER Q,QR,QP,ZETAFLAG
COF lCI= SQRTF Il.-C*CI
COFUNC = COF lC)
F = DELTPHII-IPHIIF IARGI (ZETARCVR. Cl,NUMTP)

2 -PHIIF lARGl IZETAXMTR. CI,OI-C*U*IPHI2F(ARG2(ZETARCYR) .NUMTPI
3 -PHI2F lARG2 lZETAXMTRI .01»
RETURN
END
FUNCTION ARGI IZETA,C)
COMMON/PATHSTORI MAXlAT (2) ,MAXLONG (21,DISTP (2).NUMTP,U.QR.QP,

2COFUNC. ZETAFLAG,A.AOVERB.U.DELTPHll, CTAB 13). DLTPHTAB (3),
3 CVAL,Cl,CMAX,PRESERR,PREYERR.ERROR,ZETAXMTR.ZETARCYR,RADDEG
ARGI = C*COTF lZETA)/COFUNC
RETURN
END
FUNCTION ARG2 IZETA)
COMMON/PATHSTORI MAXLAT 121,MAXLONG 121.DISTP (2).NUMTP,U,UR.QP,

2COFUNC. ZETAFLAG,A.AOVERB.U,DELTPHII. CTAB 13). DLTPHTAB (3),
3 CYAL,Cl'CMAX,PRESERR,PREYERR,ERROR,ZETAXMTR.ZETARCYR.RADDEG
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ARG2 ;C05 IZETAl/COFUNC
RETURN
END
FUNCTION ARGD2 (ZETA,CI
ARGD2 ; SINF (ZETAl**2 -C*C
RETURN
END
SUBROUTINE ORDER (XTAB,YTAB,NPOINTS,X,Y,IND,IERRORI
DIMENSION XTAB (10001, YTAB (10001
IERROR ; 0
NUM ; NPOINTS -1

9000 DO 9010 IND ; I, NUM
IF ( X .GT. XTAB IINDl .AND. X .LT. XTAB

2 liND +111 GO TO 9030
9010 CONTINUE

KEYER ; 9010
GO TO 9900

9030 DO 9040 IND1 = IND, NUM
YTAB (NPOINTS-IND1+IND+1l = YTAB (NPOINTS-IND1+INDI

9040 XTAB (NPOINTS-IND1+IND+11 = XTAB INPOINTS-IND1+INOI
YTAB (INO+11 = Y

XTAB IIND+1) = X
NPOINTS = NPOINTS +1
RETURN

9900 IERROR = 1
RETURN
END
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SUBROUTINE MONTONCK (XARRAy,NPOINTS,IOKI
C***** THIS ROUTINE TESTS AN ARRAY FOR STRICT MONOTONICITY AND SETS
C 10K = 1 IF THE ARRAY IS STRICKLY MONOTONIC.--IOK = 0 OTHERWISE.

DIMENSiON XARRAY (2)
10K = 0
IF (XARRAYl11 - XARRAYINPOINTS)) 10,30,40

10 DO 20 I = 2,NPOINTS
IF lXARRAYll-1J.GE.XARRAY(lll RETURN

20 CONTINUE
10K = 1

30 RETURN
40 DO 50 I = 2,NPOINTS

IF lXARRAY(I-11.LE.XARRAYlll) RETURN
50- CONTINUE

10K = 1
RETURN
END
SUBROUTINE INTRPOLT (IOROER,IPOINTS,XARRAY,YARRAy.X.Y,IERRI

C IORDER = ORDER OF THE POLYNOMIAL USED FOR INTERPOLATION
C IPOINTS = NUMBER OF POINTS IN THE ARRAYS
C XARRAY = ARRAY OF X VALUES. MUST BE STRICTLy MONTONIC
C YARRAY = ARRAY OF Y VALUES
C X = ARGUMENT FOR WHICH VALUE IS REQUESTED



C Y = COMPUTED VALUE
C IERR = 1 IF N+l GT IPOINTS. N SET = [POINTS-I. RUN CONTINUES.
C IERR = 2 IF XII) = XIIPOINTSI • RETURNS TO PROGRAM

DIMENSION XARRAYI2) ,YARRAYl2l,XTEMPI61 ,YTEMP(6)
C***** XARRAY AND YARRAY HAVE DUMMY DIMENSIONS

IERR = 0
IF (IORDER + I.LE.IPOINTSI GO TO 10
IERR = 1
10RDER = IPOINTS - 1
GO TO 48

10 IBOT = 1
ITOP = IPOINTS
1= IPOINTS / 2
IF IXARRAYIIPOINTSI - XARRAYlll1 28.12,16

C***** X VALUES NOT MONTONIC
12 IERR = 2

RETURN
C***** X MONTONIC INCREASING

14 I = I ITOP + IBOT I / 2
16 IF I X - XARRAYII I I 18,24.20
18 ITOP = I

GO TO 22
20 IBOT = I
22 IF I ITOP - IBOT .GT. 1 ) GO TO 14

GO TO 36
24 IBOT = I

ITOP = I + 1
GO TO 36

C***** X MONTQNIC DECREASING
26 I = ( ITOP + IBOT I / 2
28 IF I X - XARRAYI II I 30.24032
30 IBOT = I

GO TO 34
32 ITOP = I
34 IF I ITOP - IBOT .GT. 1 ) GO TO 26
36 IF I XMODF IIORDER,2).EQ.l) GO TO 42

c***** laRDER IS EVEN THEREFORE THE NUMBER OF POINTS IS ODD
IF IIXARRAY(ITOPI-X)/IXARRAYIITOP1-XARRAYI160Tll.GE.0.51 GO TO 38
IBOT = ITOP
GO TO 42

38 ITOP = IBOT
42 160T = 160T - IORDER/2

ITOP = ITOP + IORDER/2
IF I ITOP .LE. IPOINTS GO TO 46
ITOP = IPOINTS
IBOT = IPOINTS - 10RDER
GO TO 100

46 IF I IBOT .GT. 1 GO TO 100
48 160T = 1

ITOP = 1 + laRDER
100 ISTOP = 10RDER + 1

DO 104 I = l,lSTOP
XTEMPII) = XARRAYIIBOT+I-l)

104 YTEMPIII = YARRAYIIBOT+I-lI
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DO 110 J= I,IORDER
ISTART = J + I
DO liD I = ISTART,ISTOP

lID YTEMPII)= llX-XTEMPIJI)+YTEMP(II-(X-XTEMPIIII+YTEMPIJI)
I I (XTEMPIII-XTEMPIJ)1
Y = YTEMP I1STOP I
RETURN
END
FUNCTION CORDCONV (COORD,NUMCHARI

C NUMWDS=TOTAl NUMBER OF WORDS USED.
C NUMWORD=SUBSCRIPT (INDEX) OF CURRENT WORD.
C INDCHAR=POSITION OF CURRENT CHARACTER IN CURRENT WORD.
C INDSTART= NO. OF BLANK CHAR. POSITIONS TO BE DROPPED INITIALLY.
C INDSTORE= CURRENT WORD TO BE DECODED.
C DECINDX= NO. OF DECIMAL PLACES BEFORE (TO RIGHT OF) DECIMAL PT.
C CHAR = CURRENT CHARACTER TO BE DECODED.
C IDNTCHAR=(DENTIFICATION OF UNITS OF CURRENT NUMBER = O-NO IDENT.
C = I DEGREES
C = 2 MINUTES
C = 3 SECONDSTYPE INTEGER COORD.DECINDX.CHAR

DIMENSION COORD (101
DATA IINDSEC=3),lMASK=0000000000000077Bl
CAll 090VER
INDVAl =JDNTCHAR =INDIGIT=NUMBER=DECINDX = 0
VALUE = O.
INDUN IT=I
AlSIGN = +1.

C FIND NO. OF WORDS USED AND POSITION OF FIRST CHARACTER IN WORD.
100 NUMWDS = (NUMCHAR+71/8
101 NUMWORD = NUMWDS

INDCHAR = XMODF (NUMCHAR-l,81 +1
INDSTART = 8-INDCHAR

120 IF IINDSTART .EO. 0) GO TO 135
INDSTORE = COORD INUMWORD)/b4++INDSTART
GO TO 140

135 INDSTORE = COORD INUMWORD)
140 DO 380 I = 1,NUMCHAR

CHAR = MASK .AND. INDSTORE
INDSTORE = INDSTORE/b4
IF (CHAR .GT. lR91 GO TO 205
IF (IDNTCHAR .EO. 0) GO TO 151

150 NUMBER = CHAR+I0**INDIGIT +NUMBER
151 INDIGIT = INDIGIT +1
160 INDCHAR = INDCHAR -1

IF (INDCHAR .GT. 0) GO TO 380
190 INDCHAR = 8

NUMWORD = NUMWORD-l
INDSTORE = COORD (NUMWORD)
GO TO 380

205 IF ICHAR .EO. lRN .OR. CHAR .EO. IRE .OR. CHAR .EO. lR+) GO TO 330
IF (CHAR .EO. lRW.OR. CHAR .EO. lR- .0R.ICHAR.EO. lRS.AND.

2(IDNTCHAR .EO. 1 .OR. IDNTCHAR .EO. 2)1) GO TO 340
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210 IF (CHAR .EO. IRS .AND. 10NTCHAR .EQ. 0) GO TO 25U
IF (CHAR .EO. lRM) GO TO 270
IF (CHAR .EO. lRDI GO TO 30U

220 IF (CHAR .EQ. lR.) GO TO 320
225 IF (CHAR .EO. lR ) GO TO 160
230 KEYER = 230

GO TO 600
250 IONTCHAR = 3
255 OECINDX = NUMBER = INDIGIT = 0

GO TO 160
270 IF (IDNTCHAR .EO. 0 .OR. IDNTCHAR .EQ. 3lGO TO 290

KEYER = 270
GO TO 600

290 IF (IONTCHAR .EO. 0) GO TO 291
VALUE = VALUE +NUMBER/I3600.*10.**DECINDX)

291 IDNTCHAR = 2
GO TO 255

300 IF IIDNTCHAR .EO. 2 .OR. IDNTCHAR .EQ. 0) GO TO 310
KEYER = 300
GO TO 600

310 IF IIDNTCHAR .EO. OJ GO TO 311
VALUE = VALUE +NUMBER/(60.*10.**DECINDXI

311 IONTCHAR = 1
GO TO 255

320 OECINDX = INDIGIT
GO TO 160

330 ALSIGN = +1.
GO TO 160

340 ALSIGN = -1.
GO TO 160

380 CONTI NUE
400 IF IIDNTCHAR .EO. 11 GO TO 410

KEYER = 400
GO TO 600

410 CORDCONV = VALUE+NUMBER/(10.**DECINDXI
CORDCONV = SIGN ICORDCONV,ALSIGN)
CALL R90VER
RETURN

600 WRITE (61,10) KEYER
10 FORMAT (*lCORDCONV ERROR AT STATEMENT * 16)

CALL Q80ERROR (O,llH COOROCONV. I
END

C SAMPLE DATA DECK
C
N390 30M W77D 30M
N390 51.125M W87D 29.192M
100 SEGMENTS
NEW VA-WVA FLIGHT PLAN

N340 3.76M W77D 54.787M
N27D 1M 57.32S W80D 6M 53.71S
N390 51M 7.48S W87D 29M 11,51S

11000. 65000.
400. 400. 400.

NEW VA-WVA END POINT
DANA

MASTER (CAPE FEAR)
SLAVE 1 (JUPITER)
SLAVE 2 lDANAI
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100. .005 15. 1.0 1. 000 1 O. o. o.

a
IOU. .005 15. 1.0 1.0001 o. o. o.

a
a

100. .005 15. 1.0 1. 000 1 O. o. o.



PROGRAM LORANR
C
C PROGRAM TU CALCULATE THE TIME DIFFERENCE~ FOR A RADIAL LORAN PATH
C

DIMENSION LATHEGI3J.LUNBEG(3J .START(4J .LATEND(3).LUNEND(3).
1 FINISH(41.LATXMTI3J.LONXMT(3J ,LUCXMT(4)
D IMENS IUN XLA T (1U5 J,XLUN IIU5 J•D IIU5 J•BERXMT(1U5)•X (1U5 I•xo I1U5 )•
1 BEREND (105)
DIMENSION DENTIF(4J
COMMON DIS.~IGMA.E2.ALFA.ETA
TYPE INTEGEk DSTNCE.REG.START.FINISH.TYPATH
DSTNCE=6HDSTNCE
REG=4HNORM
C=2.997925E8
TWOPI=6.283185307
PI=3.141592654
CON=1.E9/C
CONST=1.E3/TWOPI

1 FORMAT 1212(2A8.AltlX) .4A81l t13tlUX.A5)
2 FORMAT (2(2A8.Al.lX).4A8l
3 FORMAT (BEIO.O)
4 FORMAT (IIO/8EIO.0)
5 FORMA T (I10l
6 FORMAT (4A8)
7 FORMAT (lHl.39X.4A8J
8 FORMAT (30X.4A8.* TO *.4A8)
9 FORMAT ( 8X.llHDISTANCE IN.7X.lUHAZIMUTH TO. 2X.
2 19HCOORDINATES OF PATH.2X.17HFIELD STRENGTH IN.5X.
3 4HTIME.7X.14HGRADIENT ALONGI
4 7X.13HKILOMETERS TO.5X.llHDESTINATION. 2X.8HLATITUDE. 2X.
5 9HLONGITUDE.3X.14HDB RELATIVE TO.4X.luHDIFFERENCE.3X.
6 17HTHE GEODETIC LINEI
7 5X.6HORIGIN.2X.11HDESTINATION.3X.7HDEGREES.
8 2(4X.7HDEGREESJ.5X.13Hl MICROVOLT/M.3X.
9 12HMICROSECONDS.3X.15HMICROSECONDS/KMl

11 FORMAT lIX.2Fll.4.F12.4.2Fll.5.4X. F9.2 .6X. F12.4.5X. Flu.5)
12 FORMAT (18X.4HLAT=2A8.A2.4HLON=2A8.A2.* TO *.4HLAT=2A8.A2.4HLON=

1 2A8.A21l
13 FORMAT (28X.4HLAT=2A8.A2.4HLON=2A8.A2.12HLOCATION OF .4A8)
14 FORMAT (I)
16 FORMAT (64X.6HMASTERI

2 22X.26HRADIATED POWER (KILOWATTSl.IOX. F13.31
3 22X.37HDIPOLE CURRENT MOMENT (AMPERE-METERS). E13.4/)

17 FURMAT (lHl.3X.*HOMOGENEOU~ CASE*112X.5HKDEL=llu/5X.2HF=E16.9.
14H KHZ/IX.6HSIGMA=E16.9/4X.3HE2=EI6.9/2X.5HALFA=E16.9/3X.4HETA=
2 E16.9/2X.5HBORA=E16.9/3X.4HANN=E16.9/4X.3HH2=E16.9)

18 FORMAT 12FIO.4.2FIO.5.FIO.2,FIO.4.FIo.5J
19 FORMAT (IIO/FIU.2,FIO.4.FIO.1.FlU.2.FlO.6.2ElO.2.FlO.1)

C
C
C
C
C
C

READ THE COORDINATES OF A GIVEN PATH

LATBEG = LATITUDE OF 8EGINNING POINT
LON BEG = LONGITUDE OF BEGINNING POINT
START = IDENTIFICATION OF BEGINNING POINT
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C LATEND = LATITUDE OF END POINT
C LON END = LONGITUDE OF END POINT
C FINISH = IDENTIFICATION OF END POINT
C NOSEG = NUMBER OF SEGMENTS TO BREAK THE PATH INTO -- MAX OF 100
C

10 READ 1. LATBEG,LONBEG,START,LATEND.LUNEND,FINISH,NOSEG,TYPATH
IF IEOF,601 200,20

C
C READ IDENTIFICATION

20 READ 6, OENTIF

READ 3. PRMAS

C
C READ THE COORDINATES OF THE TRANSMITTER
C
C LATXMT = LATIIUDE OF MASTER
C LONXMT = LONGITUDE OF MASTER
C LOCXMT = IDENTIFICATION OF MASTER
C

READ 2, LATXMT,LONXMT.LOCXMT
C
C READ RADIATED POWER IN KILOWATTS OF TRANSMITTER
C
C
C CHANGE COORDINATES lDEGREES,MINUTES,SECONDSI TO DEGREES

BEGLAT=CORDCONVILATBEG,171
BEGLON=CORDCONVCLONBEG,171
ENDLAT=CORDCONVILATEND,171
ENDLON=CORDCONVILONEND,171
XMTLAT=CORDCONVCLATXMT,171
XMTLON=CORDCONVILONXMT,171

C
C CALCULATES THE DISTANCE BETWEEN THE TWO END POINTS OF THE PATH
C

CALL PATH IbEGLAT,BEGLON,ENDLAT,ENDLON,DSTNCE,XINT,DIST.XLAT,XLON.
1 D.BERATX.BERATR,BERXMT,NMAX.TYPATH)
SEG=NOSEG
XINT=DIST/SEG
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C
C CALCULATES THE LATITUDE, LONGITUDE, AND DISTANCE OF INOSEG+l)
C POINTS ALONG THE GIVEN PATH

CALL PATH IENDLA~,ENDLON.BEGLAT.BEGLON,REG,XINT,DIST.XLAT,XLON.RD.
1 BERATX.BERATR.BEREND,NMAX.TYPATH)
CALL PATH IBEGLAT,BEGLON.ENDLAT,ENDLON.REG.XINT.DIST.XLAT,XLON.D.
1 BERATX.BERATR.BERXMT,NMAX,TYPATHI

C
C IHOM NOT EQUAL TO ZERO GIVES INHOMOGENEOUS CASE

40 READ 5. IHOM
C
C READ NECESSARY PARAMETERS TO CALCULATE THE PHASE CORRECTION FOR
C THE HOMOGENEOUS CASE
C
C EXPLANATION OF INPUT DATA TO CALCULATE THE PHASE CORRECTION
C
C KDEL = KDEL NOT EQUAL TO ZERO PUTS PROGRAM IN ROUGH GROUND MODE



C OF OPERATION
C KDEL EQUAL TO ZERO OPERATES PROGRAM IN CLASSICAL GROUND WAVE
C MODE OF OPERATION -- SMOOTH SPHERICAL GROUND
C F = FREOUENCY IN KHZ
C SIGMA = CONDUCTIVITY IN MHOS/METER
C EZ = DIELECTRIC CONSTANT
C ALFA = VERTICAL LAPSE FACTOR OF THE ATMOSPHERE ACCORDING TO N8S
C CIRCULAR 573.
C ETA = INDEX OF REFRACTION OF AIR AT THE GROUND LEVEL
C BORA = RADIUS OF HEMISPHERICAL SURFACE PROTUBERANCE.
C ANN = NUMBER OF HEMISPHERICAL BOSSES PER SOUARE METER.
C HZ = ALTITUDE OF RECEIVER IN METERS
C

50 READ 4, KDEL,F,SIGMA,EZ,ALFA,ETA,BORA,ANN,HZ
PRINT 17, KDEL,F,SIGMA,EZ,ALFA,ETA,BORA,ANN,HZ
PUNCH 19,KDEL,F,SIGMA,EZ,ALFA,ETA,BORA,ANN,HZ
CONS=I.E6/IZ.*TWOPI*FI*SQRTFI37.673041
IF IPR~AS.EO.O.1 GO TO 880
DIPMAS=CONS*SQRTFIPRMAS)
DBMAS=ZO.*ALOGI0(DIPMAS)
GO TO 885

880 DIPMAS=1.0
DBMAS=O.

885 CONTINUE
PRINT 7, DENTIF
PRINT 8, START,FINISH
PRINT 1Z, LATBEG,LONBEG,LATEND,LONEND
PRINT 13, LATXMT,LONXMT,LOCXMT
PRINT 16,PRMAS,DIPMAS
PRINT 9
PRINT 14
NS=NOSEG+l
PUNCH 6,DENTIF
PUNCH I,LATBEG,LONBEG,START,LATEND,LONEND,FINISH
PUNCH Z,LATXMT,LONXMT,LOCXMT
PUNCH 5,NS
NP=O
NNP=O

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

DO 150 I=I,NS
C
C CALCULATE DISTANCE FROM GIVEN POINT TO MASTER (OM)

CALL PATH IXLATIII,XLONII),XMTLAT,XMTLON,DSTNCE,XINT,DM,X,X,X,Y,Y,
1 X,NMAX,TYPATH)
IF (IHOM.EO.O) GO TO 90

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

READ 4, KDEL,F,SIGMA,EZ,ALFA,ETA,BORA,ANN,HZ
90 DIS=DM

AMP=I.0
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FAZCOR=PI
IF lDIS.LE.O.) GO TO 901
CALL G~OUND IF*IUOU.,AMP,FAZCO~,KDEL,BORA'ANN,H2)

901 FSMAS=20.*ALOG10IAMP)+DBMAS+12U.
C
C RESOLUTION UF TWO PI AMBIGUITY OF THE GROUND WAVE PHASE
C GOOD ONLY FOR 100 KHZ -- MUST BE MODIFIED FOR ANY OTHER FREQUENCY
C THE SAME TEST IS USED AFTER EVERY CALL TO GROUND WAVE SUBROUTINE
C THE DISTANCE SHOULD NOT BE MUCH GREATER THAN 2000 KM

IF IFAZCOR.GE.O.1 GO TO 91
FAZCOR=FAZCOR+TWOPI

91 IF lDIS.LE.1000.1 GO TO 95
IF (SIGMA.GT ••0051l GO TO 95
IF (FAZCOR.GT.PII GO TO 95
FAZCOR=FAZCOR+TWOPI

95 TCDM=FAZCOR*CONSTfF
C
C CALCULATE THE TIME DIFFERENCE

DELT=ETA*CON*DM+TCDM
IF II.EO.1) GO TO 140
DS T=D II)-D II-I )
GRAD =IDELT -SDELT IfDST
.IF (NNP.NE.30) GO TO 120
PRINT 7. DENTIF
PRINT 8, START,FINISH
PRINT 12, LATBEG,LONBEG,LATEND.LCNEND
PRINT 13, LATXMT,LONXMT,LOCXMT
PRINT 16,PRMAS,DIPMAS
PRINT 9
NNP=O

120 NNP=NNP+1
IF INP.NE.10l GO TO 130
PRINT 14
NP=O

130 NP=NP+1
11=1-1
N=NS+1-11
PRINT lit DIII),RDINl,BERENDIN),XLAT(III,XLONIIII,SFSMAS,

1 SDELT,GRAD
PUNCH 18,D (II),BE REND IN l,XLA T (III,XLON III l,SFSMAS. SDEL T ,GRAD

140 XLONII)=-XLONII)
SFSMAS=FSMAS
SDELT =DELT
IF II.LT.NSl GO TO 150
IF INP.NE.101 GO TO 145
PRINT 14

145 GRAD =0.
PRINT 11, Dl I) ,RDI 1) ,BEREND(1) ,XLATI I) ,XLONI I) ,SFSMAS,

1 SDELT,GRAD
PUNCH 18,D(I),BERENDl11 .XLATlll,XLONlll .SFSMAS,SDELT,GRAD

150 CON TI NUE
GO TO 10

200 CALL EX IT
END
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C SAMPLE DATA DECK
C
N39D 30M W77D 30M
N39D 51.125M W87D 29.192M
100 SEGMENTS
NEW VA-WVA FLIGHT PLAN
N39D 51.125M W87D 29.192M

400.
a
a

100. .005 15.
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NEW VA-WVA END POINT
DANA

MASTER IDANA)

1.0 O.1.0001 O.



TABLE INDEX

Figure or
Table Number Page other Reference Conducti vity

I 77 ':'Va-W Va. .005

2 82 ':'NC-T'erm, .005

3 87 ':'Penn. .005

4 92 4(a)':":' .005

5 97 4(a )':":":' .005

6 102 4(b)':'~' 5.

7 107 4(b) ':":":' 5.
8 112 2(a)':":' .005

9 1 J 7 2(a) '~':":' • 005
10 122 2(b)':":' 5.
11 127 2(b)':":'" 5.
12 132 3(a)''':' . 005
13 137 3(a)~:~~:~~:~ .005
14 142 3(b)'~':' 5.
15 147 3(b)':":":' 5.

* Smooth, homogeneous terrain only,
normal time differences.

:~~,Srnoo th, homogeneous terrain,
cumulative phase along a radial.

,~,~,~Rough terrain,
cumulative phase along a radial.
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