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ABSTRACT

A scheme for interpretation of electromagnetic data by 
analytic continuation was studied.

Using the Stratton-Chu integrals, it is possible to 
express the electromagnetic field at a point inside the 
Earth in terms of the fields at the Earth's surface and at 
the lower side of the surface bounding the point. The 
Fourier expansion of the Green's function permits us to 
express the field inside the Earth in terms of the fields 
on the Earth's surface only.

The primary purpose of analytic continuation is to 
determine the location of inhomogeneities within the Earth 
through an increase in resolution.. A fair estimate of the 
depth of inhomogeneities can be made from a vidual examina­
tion alone of the continued data.

The noise test performed reveals that the analytic 
continuation can be used to extract a signal which is dut-" 
tered with random noise.

Since the analytic continuation works quite well in 
the problems of depth estimation, resolution, and signal 
enhancement, it offers a better approach to the interpreta­
tion of geoelectric problems that the method of a recons­

truction of the electric conductivity is combined as a 
succèsive step of analytic continuation.

lii
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INTRODUCTION

Inverse problems are current sources of ongoing research 
in every branch of geophysics. Methods of solution of the 
inverse problems of geoelectrics fall into two groups:
(1 ) reconstruction of the surface field by analytic continua­
tion; (2 ) reconstruction of the geoelectrical cross section 
of an inhomogeneity. These are the two trends of modern 
geoelectrical development.

The method of analytic continuation has been widely used 
in seismic, gravity, and magnetic prospecting. In the seismic 
case, the analytic continuation permits to reconstruct the 
subsurface field from the surface data. After that, the 
reflectors are imaged at each step of continuation, which is 
the dominant method in the seismic data processing, known as 
migration. The question of analytic continuation of time- 
varying electromagnetic field has been studied to a much 
lesser degree.

The second problem, which is the reconstruction of the 
electric conductivity, has been solved for a two-dimensional 
problem by Weidelt (1975) and Vozoff (1977) using the itera­
tive algorithm and finite difference method, respectively. 

Recently, the finite element method has been developed by 

Oristaglio and Worthington (1980), which improved the in­
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stability problems of previous algorithms.
It seems that the interpretation of geoelectric problems 

should consist of these two successive steps.
In this thesis, the problem of analytic continuation has 

been studied for the purpose of developing a scheme for inter­
pretation of electromagnetic data, and for deriving a better 
model to reconstruct the geoelectrical cross section.

Several papers by Kertz (1957), Hartmann (1963), and 
Roy (1968, 1969) consider some simple situations using the 
Taylor series. This method has practical difficulty, because 

the radius of convergence of Taylor series is small and we 
need to do successive expansion for further points, which 
produce great error and computing costs. It is possible to 
construct an analytical method which could be free of these 
limitations, i.e. a method by which we can express the EH 
field at a point in terms of the integrals on the boundary. 
Such a method may be elaborated on the basis of the Stratton- 
Chu integrals (Stratton, 1953 ; Zhdanov, 1976, 1978). The 
Stratton-Chu integral permits to express the electromagnetic 
field in some domain in terms of its values on the inner side 
of the surface bounding the domain. By implementing the 

integral in the domain of geoelectrical problem, the electro­
magnetic field inside the Earth can be reconstructed from the 

fields on the Earth's surface.
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Generally, we use very low frequency in electromagnetic 
prospecting; however, in some cases such as tunnel detection 
or depth sounding in permafrost region, we can resort to very 
high frequency electromagnetic waves; then we must deal with 
the propagation problems. Therefore, the general theory of 
the analytic continuation has been developed using the 
Stratton-Chu integrals and applied to both diffusion and 
propagation problems.

In practical electromagnetic situations, the useful 
signal is often cluttered with random noise, at least part 
of which is not instrumental, which may be caused by random 
variations of all parameters of the electromagnetic field.

For this purpose, the effect of the random noise on the 
analytic continuation was investigated using the surface data 
which includes random noise for several different signal to 
noise ratios.

In the presentation, we will start with a discussion of 
the physical basis of the problem and the derivation of the 
equations of the analytic continuation.

The second chapter covers the methods of computation and 
the description of the computer program.

Finally, I discuss the application of the analytic 
continuation to several practical problems.
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PHYSICAL BASIS OF THE PROBLEM

The problem lies in continuing the electromagnetic field 
observed on the Earth's surface upwards into the air or down­

wards into the Earth and in constructing a horizontal section 
of the field.

Let the domain V bounded by the surface r be filled with 
a homogeneous medium of constant electrical conductvity, as 
shown in Fig.l. The electromagnetic field is excited ex­
ternally. The electromagnetic fields E and H in domain V

and on boundary r satisfy the Helmholtz equations ;
2 -  2 -V E + k E = 0

V2Fl + k 2H = 0.

Take any internal point M q within V and circumscribe there­
from a sphere y lying inside V. Then, we can use the 
Stratton-Chu integral formula to express the electromagnetic 
field at some point M ' in y in terms of its values on y 
(Stratton, 1953).

The Stratton-Chu formula may be interpreted in a simple 
physical way. Let electric and magnetic currents and 
charges of the surface densities Je , and , q^ be dis­

tributed over the closed surface r. They excite an electro­

magnetic field inside V:
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Fig.l. Geometry of domains and boundaries.

Fig.2. Domains and boundaries in the geoelectric problem.
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q grad G
Ê(z') =-/ {----------   - x grad G + iwy J^G} dS

q, grad G
H( z ' ) = /r {------------- + J x grad G - (a - iwe) JUG} dSr y e ° n

where E, H are the electric and magnetic field, respectively;
g, e , y are electric conductivity, dielectric, and magnetic

permeabilities of a medium, respectively; G is the free space
Green's function.

Let us compare these expressions with equations (22) and
(27) in the next chapter, which are Stratton-Chu integrals
derived from the Gauss's formula. The electromagnetic field
in V coinsides with the field excited by the currents and 
charges distributed on F with identity

j = { n*H } J, = -{nxÉ}e n
qe = E { n«É } q^ = y{n* H) .

Thus, in the Stratton-Chu formula, the real sources distribut­
ed outside V are replaced by equivalent fictitious sources 
distributed on the surface F .

In geoelectric problems, this can be described as 
follows. A homogeneous Earth with a known electric conduct­
ivity a = constant contains a inhomogeneity D of unknown 

shape or a variable conductivity ^ a , as shown in Fig.2
The electromagnetic fields E q and H q have been specified

on the Earth's surface F. Inside the near-surface domain V ,
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the fields Ê and H must satisfy the Helmholtz equations and 

on the Earth's surface must coinside with Ë q and H q .

The field Ëq, Hq is to be continued into some domain 
V of the Earth. As we pointed out before, the electro­
magnetic field within V can be expressed in terms of its 
boundary value on y and r , using the Stratton-Chu integrals.

The electromagnetic fields on r are known by measure­
ment ; however, the fields on y are unknown. The integrals 
on y can be transformed into the integrals over the Earth's 
surface F via the Fourier expansion of the Green function

(Morse and Feshbach,1953 ).
Then, the data on the plane y in the Earth can be 

represented by the integrals over the Earth's surface F , 
which permits exact formulation of the analytic continuation.
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MATHEMATICAL FORMULATION AND COMPUTATION

1. Derivation of the equation of analytic continuation.

In an isotropic medium, the electromagnetic field is 

governed by the Maxwell equations :

curl H = a É + e —j: + Jex
d t

i 5 3Hcurl E = - y—

div H = 0

div EÈ = q + q6 X , (I)

where Ë , H are the electric and magnetic field, respectively; 
a, e, y are electric conductivity, dielectric, and magnetic 
permeabilities of a medium, respectively; q is the density 
of free electric charge ; Je x , qex are the densities of ex­
trinsic electric currents and charges, respectively.

The values of 3ex and qex are related by the continuity 
equation

div 3ex = - |3 . (2 )

The density of conduction currents is expressed via the 

electric field by means of Ohm's law

J = o É . (3)
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Let us confine ourselves to consideration of non­
magnetic media and, hence, assume that

y = 4ir x 10  ̂henry/m. (4)

Using the Fourier transform, we can represent the 
electromagnetic field as a sum of harmonic fields, whose 
time dependence is expressed by the factor e ^ - ^ "  . The 
harmonics of the field satisfy the equations

curl K = oÉ - iwEË + Jext 

curl Ë = iwyH 

div H = 0

div Ë = -  -— —  (Ê • grad( a - iwe) + iajqe x ) (5)O —  IcUo 0

Equations (5) for a, y, e = constant and for no ex­

trinsic currents or extrinsic charges are

curl H = aÈ - icueË

curl Ë = icuyH

div H = 0

div Ë = 0 . (6 )

Therefore, in this region, the electric field Ë and 
the magnetic field H satisfy the Helmholtz equations

2 -  2 -  V E + k E = 0
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V2H + k 2H = 0  (7)

where = iwya + aj^ye.
Thus, in the region in Fig.l, the electromagnetic fields 
in V and F satisfy equations (6 ) and (7).

By means of the Stratton-Chu formulas, one can express 
the electromagnetic field Ë and H in some domain V in terms 
of their values on a y inner side of the surface F bounding 
this domain.

Resort to the Gauss formula,

/ div F dV = /r F-dS (8 )

and assume that

F= (C • È )grad(u) + (C-Ë) grad(u) - iojy (C-H)u (9)
where C is an arbitrary constant vector, and u is a twice 
continually differentiable function.

Then,

div F = (CeË)v^u + grad(u) curl(C*Ë) - iwy{(uH^curï C 
- u C •curl H) + (C*H) grad(u)} . (10)

Since curl H = aË - iweE
curl C = 0, (11)

_ _ o 9 _ _
div F = (C • Ë)V u + (iayaj + w ye)u(C*Ë)

= (C-E)(V2u + k 2u) (12)
2 2 where k = iayw + w ye .
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and F*dS = (C grad u)(dS*É) + C (dS*Ë grad u)

■+ iojyC (dS’H)u. (13)

Then, the divergence theorem (8 ) becomes 

/v (C-Ë)(v2u + k 2u)dV = /r (C'grad u)(3s-Ë) + 

(dSxË xgrad u) + iww(dSxH)u (14)

Hence, C*(/ Ë(V u + k u ) ) = C •(/p grad u(dS*Ë) +

dSxË xgrad u + iwy(dSxH)u] (15)
Let us introduce unit vector n which is inner normal 

of the surface r, then

dS = -n dS (16)

Since C is an arbitrary constant vector, (15) becomes 

/ Ê(V2u + k 2u)dV = -/p{ (n*Ë)grad u + (n»Ê)

grad u + iojy (hxH)u}dS (17)

This relation can be treated as the electrodynamic 

analog of the Green's formula. Take the fundamental Green's
function 

G =
exp ( ikj z ' - z | )

(18)
4ir j z ' -z | 

which satisfies the equation

V2G ( z '/z) + k 2 G(z'/z) = - 6 (z '-z) (19)

where z and z 1 are the radii vectors of the points M and M ’.
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6 is the Dirac function.
Substituting (19) into (17) and using the equation

/ Ê(-ô(z-z'))dV = -Ë(z') M' C  V
0 M' f  V, (21)

we arrive at the integral Stratton-Chu formula for the 
electric field

Ê(z') = /r{ (n*Ë)grad G + (nxÉ)xgrad G +

iwy(nxH)G}dS for M' C  V
0 for M' f  V (22)

For the case of magnetic field, we define

F = (C «H)grad u + (Cxfi) xgrad u - ( a-iaie) (CxÉ)u (23)

Then, div F = (C-H)(V2u + k 2u) (24)

F*dS = -C«/ { (n *H)grad u + (nxR)xgrad u + (a-iwe)

(nxÉ)u dS (25)

Hence , H( v^u + k^u)dV = - /r { (n «H)grad u + (nxfl) x

grad u + (a-iwe)(nxË)u}dS. (26)

By taking the free space Green function (18), we have

H(z') = / { (n*H)grad G + (nxH) xgrad G + ( a-icue) •

(nxË)G }dS for M' C  V
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Equations (22) and (27) are the Stratton-Chu integral 
equations which describe the electromagnetic fields Ë, H in 
some homogeneous, isotropic, and source-free domain V in 
terms of its values on the surface r bounding the domain V.

Let us consider the geoelectric problem which is shown 
in Fig.2, using these Stratton-Chu integrals.

According to the Statton-Chu integrals (22) and (27), 
at z '£ V _ , we have

É(z') = /r{(n•EQ )grad G + (nxEQ )xgrad G 
+ ioiy ( n ) G }dS
+ /^{(n*É)grad G + (nxË)xgrad G + iwy(nxH)G)dS.

(28)

H(z') = /p{(n •HQ )grad G + (nxHQ )xgrad G 
+ (a - iwe)(nxÈ)G>dS 

+ /y{(n*H)grad G + (nxH) xgrad G 
+ (a - iwe) (nxË)G >dS. (29)

and É and H are the field values at the surface. The field o o
values É and H are known by measurement, however, we have o o J

two unknown field values at z ' and at the surface z in each 
equation.

The integrals over the plane y can be transformed into 
the integrals over the Earth's surface r using Fourier 
expansion of the Green's function (Morse and Feshbach,1953).
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The Green function G in the integral over the plane y 
depends on the positions of the points z ' e  V_ and z e  T. 
The coordinates z ' and z of these points satisfy the con­
dition z ' < z , under which

G = -ir/" ^ z ' )S (...Z2  dk dk (30)
n ^

where f, g describe non-uniform plane waves.

f(z') = e-i(kxx ' + V ' V 2 '

g(z) = e i(kxx + (31)

n = ^ kx + ky " k 2

i 2 • ^ 2k = iayaj + ey

Substituting (30) into the integrals in (28) and (29), we have

S^ {(neÊ)grad G + (nxË) xgrad G + iwy(nxH)G)dS

= — — dk dk f  {(n*E)grad g + (nxË)grad gg^z -°°n x y y ° ° °
+ iwy(n*H)g}dS (32)

and for magnetic field

/ {(neH)grad G + (nxH )xgrad G + a(nxÉ)G}dS 
y

= — —y/ 00 — dk dk / {(n-H)grad g + (nxH) xgrad g
8it2 x y y 6 & 6 6

+ (a - ia)E ) (nxÊ)g}dS (33)

Let us transform the integral over r into the integral 
over y in (32) and (33).
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Take the Green formulas (17) and (26) and apply them 
to the region V_ with u = g, then

/v Ë(V2g + k 2 g)dV

= -/r {(neÉo )grad g + (nxEQ )xgrad g + iwy(n*H)g}dS 
- / {(n«É)grad g + (n%E)grad g + iwy(nxH)g}dS 

and (34)

/v H(V2g + k 2 g)dV

= -/r {(n*HQ )grad g + (nxHQ )xgrad g + a(nxËo )g}dS

- (n-H)grad g + (nxH)xgrad g + (a - iwe)(nxË)g }dS
(3 5 )

The harmonic g defined by (31) satisfies the Helmholtz 
equation, that is,

v2g + k 2g = 0  in V_ (36)

Then (34) and (35) become

/ {(n-É)grad g + (nxfi)xgrad g + (a - iwe)(nxE)g}dS Y
= -/r((n«Ëo )grad g + (nxEQ )xgrad g + iwy(hxH^)g)dS

(37)

and

f  {(n*H)grad g + (nxH)xgrad g + (a - i^e)(nxË)g}dS 
Y

= -/r{ (n-Ho )grad g + (nxHQ ) xgrad g + (a - iaje ) (nxËo )g}dS

(38)
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Substituting (37) and (38) into (32) and (33), respectively, 

we have

/^{(n*Ë)grad G + (n%E)xgrad G + iwy(nxH)G}dS 

  S'/-oofdkxdkv /r { (^ ’Èo )grad g + (nxEQ ) xgrad g
8 IT •’

+ iwy(nxHQ )g }dS (39)

/ {(n*H)grad G + (nxH)xgrad G + a(nxË)G}dS

= - — — dk dk / {(n-H )grad g + (nxH)xgrad g g^z -«n x y r o & ° o & &
+ (a - iajE ) (nxÉo )g)dS, (40)

In (39) and (40), the integrals over y are expressed by the 
integrals over r.

Substituting (39) and (40) into (28) and (29), 
respectively, we have

E(z') = /r {(n«Eo )grad G + (nxÊ^kgrad G + iwu(nxHg)G}dS

 /r {(n-Ëo )grad g + (n*Ëg)*grad g
8 TT

+ iojy (nxHQ )g}dS (41)

H(z') = /r {(n•HQ )grad G + (nxH^)xgrad G 

+ (a - iaje ) (nxEQ ) }dS

- -^ô-/00 — dk dk /r {(n»H )grad g + (nxH ) xgrad gg^Z -œn x y 1 o °  ° o ° °

+ (a - iaJE)(nxÉo )g}dS. (42)

The Green function in the first integral in (41) and
(42) can also be expanded.
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Since the z coordinate of points z ' C  V_ and z £  r 
and z ' > z , the Fourier expansion of the Green function takes 
the form (Morse and Feshbach, 1953, Markov, 1967)

_ 1 /- f(z')g(8)dk dk
s n  ̂ x y

(43)

where

f(z') = e 1(kxX ' + kyy,)e'n Z ' 
g(z) = e-i(kxX + V e " :

(44)
> z

Substituting (43) into the first integral of (41) and (42), 
we have

E(z') = — — dk dk / {(n*É )grad g + (nxË )*grad g 8 it n x y i o o
+ iwy(nxHQ )g}dS

12 /-«ofdkxdkv /r {("'Ëo )grad g + (nxÊo ) xgrad g
8 tt

+ iwy(nxHQ )g}dS (45)

H ( z ’) = — ttS— dk dk / {(n«H )grad g + (nxH ) xgrad g 8ir n x y i o o
+ (a - iaje ) (nxÉ)g}dS

- —^t/00 — dk dk / {(n «H )grad g + (nxH ) xgrad g y -«n x y r o oSir
+ (a - iwE)(nxËg)g}dS. (46)

Discarding the atmospheric electrical conductivity, assume
that n* Ë I = 0 ,  and take z = 0 at the surface r, we obtaino 1 p



T-2987 18

E (z 1 ) = — i-s-/” {e°coshnz ' 
x 4 it —  x

+ iw,h° sinhnz' -i(k x' + k y')dk dk 
y n •' x y

E y ( z ' )  = ^ 2 - rI „ {ey coshr' z '

- iw,h° slnhnz')e-i(kxx- + k y')dk dk
x n J x y

E (S' ) - (k e° + k e°)?lnhnz ' .z ^^2 -oo x x  y y n
e-1(kxx ' + V ' ) d k xdky

H ( z 1 ) = — {h°coshnz ' + ( ( o - iwe)e° - ik h°) x / 2 -oo x y x z
}-e"1(kxx ' + kyy,)dkxdky

H ( z ' ) = {h0coshnz ' - ( ( a - iwe )e° + ik h°)Y 4 /  -00 Y x y z
} . e - K V  + V > d k  dky x y

HZ ( 5 , )  = ^ 2 / L {hz COshr,Z' + i ( k xhX + kyky ) —
è-i(kxx' + k y')dk dk

J x y

sinhnz' 
n

sinhnz1 
n

where e° and h° are the Fourier transform of the field at 
the surface Ë°, H ° .
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2. Method of computation

The algorithms for analytic continuation of the electro­
magnetic field have been implemented in the computer program 
ACEF. This program is designed for a two- or three- 
dimensional analytic continuation of the electromagnetic 
field.

The generalized flow of program ACEF is given in Fig.3. 
The first operation involves reading the surface data and 
parameters.

Surface data is read in row by row, with the x coor­
dinate (horizontal ) governed by the I index and the y coor­
dinate by the J index. Row length and number of rows are 
designated by NX, NY parameters. A maximum number of 128x 
128 map values can be read in for each component of a 
surface data.

The surface data is next transformed to the frequency 
domain using the subroutine FOURT, and the values are stored 
in a two dimensional array. The data is next convolved with 
a set of Green’s functions and then inverse transformed back 
to the space domain.

The processing results are represented either in profile 
form or contour form. Graphs of transformed electromagnetic 
fields and maps of contours of various field components are 
contructed using the program TOPO and GRAPH. Thus, ACEF
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PROGRAM
ACEF

I
Input the surface data

^ C h o o s e  2-D or 3-D

> >t

2-D forward 3-D forward
Fourier transform Fourier transform

>
Diffusion filtering 
in frequency domain

ion

Propagation filtering 
in frequency domain

Fig.3. Flow chart of the program ACEF.
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automates completely the analytic continuation of two- and 
three-dimensional electromagnetic fields.

Running time required is 120 seconds on a Dec-10 comput­
er for an input array of 41x41 size.

Fig.4. is the model for testing the algorithm and the 
program ACEF. The input data is a field computed over two 
magnetic dipoles which are 100m apart. The depth of dipoles 
are 120m. All the parameters of this model are known, and 
the downward continuation was made by the program ACEF for 
the field at a depth of 100m.

Fig.5. shows the contour of the in-phase component "when 
the depth of dipoles are 120m. The surface anomaly has been 
continued into the Earth to the level z=100m, which is shown 
in Fig.6. The calculated value of the contour and the 
continued value are almost identical, as shown in Fig.6 and 
Fig.7, demonstrating the varidity of the program ACEF and 
supporting the reliability of the algorithm which uses the 
Stratton-Chu integrals.
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Fig.4. Schematic diagram of the two dipole model.
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Fig.5. Contour of the in-phase component of Hz. The depth 
of dipoles is 120m.
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Fig.6. Contour of the in-phase component of Hz after downward 
continuation. The depth of continuation is 20m.
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Fig.7. Modeling data at the depth of 100m.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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APPLICATION OF THE ANALYTIC CONTINUATION

We will examine the process of analytic continuation in 
detail in this chapter, in an attempt to choose criteria 
suitable for interpreting the analytic continued field. We 
will try to investigate these matters by carrying out the 
computations for several theoretical models.

1. Signal enhancement and localization of inhomogeneity.

The problem is to locate the source of the secondary 
electromagnetic field from the fields measured on the Earth’s 
surface. In a geopotential problem, the analytic continuation 
makes it possible to detect its singular points confined to 
geological structures. In a geoelectric problem, the fields 
are reconstructed by the fields Ë, H specified on the Earth’s 
surface and the reconstructed fields describe fictitious 
electromagnetic fields through the surface of a geoelectrical 
inhomogeneity. These fields may have singular points which 

are confined within geological structures. The relationship 
between the singular points of the electromagnetic field 
and the geoelectric inhomogeneities has been investigated 

using several models.

This analysis of location of inhomogeneities has been
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performed in a three-dimensional electromagnetic field.

Fig.8. shows the log plot of the amplitude response 
of a dipole when the depth of dipole is 100m. In Figs 8 to 
1 0 , only the case of diffusion was considered, which involves 
a quasi-static approximation both in modeling and continua­
tion. The field was calculated on a regularly spaced square 
grid of 20m intervals. In order to see the variations at 
the edge of the grid, the logarithmic contour was plotted.

The surface anomaly has been continued into the Earth to 
the level z = 80m, which is shown in Fig.9. The amplitude of 
the anomalies rapidly increases with depth. The calculated 
values of contours and the continued values are almost identi­
cal except the distortions at corners.. This distortion comes 
from the round-off error in Dec-10 computer during the model­
ing and continuation, because the amplitude at the edge is 

-12about 10 , as shown in the logarithmic plot in Fig.8. Since
the amplitude at the center is about 10 , this distortion can 
be neglected, as shown in the linear contour in Figs. 5 to 7.

Next, we considered the propagation problems in Figs. 11 
to 13. The exciting frequency of 57 M Hz was used, because 
that is the normal frequency used in the tunnel detection.

The surface anomaly has been continued into the Earth to the 
levels z/d=0.1, 0.5, and 0.9, where d is the depth to the 

source and z is the depth of continuation.
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Fig.8. Logarithmic amplitude of vertical magnetic field. 
Depth of dipole is 100 m.
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Fig.9. Contours after downward continuation. The depth of 
continuation is 20 m.
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Fig.10.Modeling data at the depth of 80 m.
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The magnitude of anomalies rapidly increases with depth.
It is well seen in Figs. 11 to 13 where the curves of in-
phase component of Hz are presented. The deep anomaly is 
several times larger than the surface anomaly. At the level 
of z/d=0.5, it is seen that the continued data still agrees 
well with the modeling data at the depth, as shown in the x- 
mark line and A-mark line in Fig.12. At this level, there is 
no indication of instability or oscillation, and the curve 
still retains its original character, although the amplitude 
increases further. Further continuation of the field near 
the source gives fields that show oscillations as shown in 
Fig.13. This final continuation of the fields produces no 
major changes in the peak anomaly, although the anomaly is 
surrounded by oscillations which indicate that the depth of 
continuation is near the source.

We investigate this problem further with two dipole 
model, which is shown in Fig.4, for the case of diffusion.
In this model, the surface anomaly has been continued into 
the Earth to the level z=90m, near the source at 100m.

In Fig.14, we observe that the A-mark line, which is
the continued data with spacing 20m, does not converge to

that with spacing 25m near the source region. We also note 
that the continued data does not agree with the theoretical
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data at the depth, which is the o-mark line in Fig.14.
This phenomenon is more clear when the spacing is increased 
to 50m, as shown in the rectangular mark line in Fig.15.

The oscillations become bigger as the spacing de­
creases from 25m to 20m as shown in Figs 14 to 15. If the 
spacing is decreased further- to 10m, the anomaly is clutter­
ed with big vibrations as shown in Fig.16.

The oscillations generated due to the fine grid can be 
eliminated by increasing the grid spacing ; however, near 
the source region, the two sets of data does not converge 
each other. This phenomenon is a definitive sign that the 
depth of continuation is near the source.

Further continuation of the surface data beyond the 
source region yields larger oscillations, as shown in Fig.
17.

From what has been said above, it appears that we can 
choose two qualitative criteria for the location of an inhomo­
geneity. First, it is the basic change in the shape of the 

continued anomaly curve as compared to that of the surface 
curve. As the surface curve is continued farther and farther 
down, the peaks and troughs of the original observed anomaly 
will become sharper and sharper. The second one is the 
appearence of the oscillations and divergence. When the 
secondary peaks and troughs outnumber the primary peaks or
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troughs and does not show convergence, they are the definitive 
sign that the depth of continuation is near the source.

It should be noted that the depth determined in this way 
gives a maximum depth beyond which the actual body cannot 

occur. In electromagnetic prospecting, the anomalies are 
caused by secondary currents concentrated within the conduct­
ing ore body. The limiting depth determined by downward con­

tinuation would, therefore, correspond to the depth of the 
maximum current concentration in a particular case, which 
ordinarily, occurs near the top of the target body.

Figs 18 to 20 show the log contour of the propagated
field. We again note the distortions at corners of the
grid. In Fig.19, which is the continued data to the level
z/d=0.8, we observe that the amplitude at the center of the

9grid is about 10 , while the value from which the distortion
2appear is about 10 . Therefore, the distortion which appear 

at corners on the logarithmic contour can be neglected in the 
linear scale for both diffusion and propagation problems.
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■e

Fig.18. Contour of propagated field.
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Fig.19. Contour after downward continuation. The depth 
of continuation is 0.2.
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■e

Fig.20. Modeling data at the depth of 0.2.
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2. Resolution problem

Consider the model in Fig.4. The electromagnetic field 
is excited by two magnetic dipoles which are 100m apart. The 

depth of the dipoles is 120m.
The field at the surface may be analyzed as if it origi­

nated from one source since the profile has one signal maxi­
mum at the center, as shown in the line with A-mark in Fig.21. 
The field continued downward 20m shows changes of the 
location of signal maxima, which indicates the anomaly ori­

ginates from two sources. The appearance of this feature is 
credited to the increased resolution of the downward continu­
ation process.

In practical electromagnetic situations, a recording on 
the Earth’s surface will contain noise which represents all 
the events in the recorded data which do not satisfy the wave 
equation. The useful signal is often cluttered with random 
noise, at least part of which is not instrumental, which may 
be caused by random variations of all the parameters of the 
electromagnetic field.

For this purpose, the grids of random electromagnetic 
errors to be used were generated by using the random number 
generator function RAN in Dec-10 computer. The grids formed 
in this manner are shown in Figs. 22 and 23. The grids of
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Fig.22. Real component of the noise generated.

010 
0
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O

Fig.23. Imaginary component of the noise generated.
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41 x 41 values were prepared for each in-phase and quadra­
ture components of the electromagnetic fields.

It will be noted in Figs 22 and 23 that there is a sort 

of directional effect which may cause random error anomalies 
to have trends. However, we use three components of the 
electromagnetic fields in analytic continuation which corres 
ponds to over ten thousand random numbers; therefore, it is 
to be expected that the statistical properties of the noise 
generated would reflect the measurement error and the geo­
logical noise.

The investigation of the effect of the random noise on 
the analytic continuation was performed by decreasing the 
signal to noise ratios from 40 to 5, as shown in Figs.
24 to 27.

The signal to noise ratios were calculated as follows,

, a l s !

where E represents the signal to noise ratio and and
IL j are the signal strength and noise strength at each grid 

point, respectively. If a different signal to noise ratio 

is desired, it is only necessary to multiply the grid values 

by the ratio R, which is

R = /  E ' / E
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where E ' is the new signal to noise ratio. Then the new 
signal to noise ratio is

The original surface data without noise shows a symmetric 
and smooth pattern, as shown by the o-mark line in Fig.21. As
the signal to noise ratio decreases from 40 to 5, the asymme­
try and the random oscillations of the surface data become 
larger, as shown by the A-mark line in Figs. 24 to 27.

The x-mark line in Figs.24 to 27 show the data sets 
which are continued downward 20m for the signal to noise 
ratios from 40 to 5. We note that the random variations 
start to appear when the signal to noise ratio decreases to 
5. The peaks and troughs of the continued data agree well 
with the theoretically computed data at the depth, which are 
the o-mark lines in Figs. 24 to 27. Therefore, the analytic
continuation scheme still works well in the resolution pro­
blems even for surface data with much noise.

In a usual electromagnetic survey, the random error is 
often as much as 5 percent, which corresponds to a S/N ratio 
20. In Fig.25, which shows the surface data of S/N ratio 20, 

we note that the downward continued data agrees well with the 
theoretical data except for small random variations of the 
continued data at the edge of the profile.
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Considering the large noise in the surface data, this 
can be credited to the enhancement of the S/N ratio by the
analytic continuation process. That is, the analytic

continuation can be used to extract a signal which is clutter­
ed with random noise.

Let us discuss this problem further by considering the 
concept of analytic continuation in the frequency domain.
The implementation of the analytic continuation involves a 
transformation of one frequency domain data into another.

In the analytic continuation process, we first Fourier
transform the surface fields H(x,y) to obtain h (kx , ) .
This information lies on a grid in (k^.k^) space between
limits of +k _ and +k , where the subscript-N refers to the - xn - yn r
respective Nyquist frequency, as shown in Fig.28. After
that, the data is continued downward by convolving with 
hyperbolic functions which are derived from the Fourier 
expansion of the Green's function.in (kx ,k ^ ) domain, as 
shown in Fig. 29.

In Figs. 28 and 29, we note that the amplitude of the 
high frequency part is amplified more than twice of the 
original spectrum, while the low frequency part shows a 
slight increase. This amplification of the high frequency 
is the main feature of the downward continuation.when we 

continue toward the source.
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The spectrum after convolution is almost the same as 
the theoretical spectrum calculated at the depth, as shown 
in Figs. 29 and 30. This demonstrates the accuracy of the 
analytic continuation process in the frequency domain.

Next, we considered the problem of signal enhancement 
in the frequency domain.

Fig.31 is the amplitude spectrum of the surface data 
with 10 percent noise. After convolution in the frequency 
domain, we note that the irregular contour tightens and it 
becomes identical with the spectrum of the modeling data at 
the depth, which is shown in Fig.32.

This process is more clear in the three-dimensional 
picture generated by the SURFII package in Dec-10. Fig.33 
is the spectrum of the surface data with 10 percent noise. 
Fig.34 is the spectrum after convolution in the frequency 
domain. We observe that the random noise is compensated 
out after the convolution.

In the geopotential problem, oscillations are generated 
if the surface field is noisy. However, in the geoelectric 
problem, three components of electromagnetic fields are 
stacked in the frequency domain ; therefore, the noise is 
compensated out in the analytic continuation process.

This noise test reveals that the analytic continuation 
is a good stacking scheme to extract a signal which is clut­
tered with random noise.
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Fig.28. Amplitude spectrum of the surface data. The depth 
of the dipoles is 120m.



T-2987 58

2 . 7 5

2. 75

W  t.‘t I 4̂ 4-

Fig.29. Amplitude spectrum of the surface data after convolu­

tion in the frequency domain.
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Fig.30. Amplitude spectrum of the modeling data at the depth 

of 100m.
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T-2987 60

Fig.31. Amplitude spectrum of the surface data with 10 percent 
noise.
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Fig.32. Amplitude spectrum after convolution in the frequency 
domain.
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Fig.33. Three-dimensional view of the amplitude spectrum 
of the surface data with 10 percent noise.



T-2987 63

Fig.34. Three-dimensional view of the amplitude spectrum 
after convolution.
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3. Accuracy of scale or computer modeling.

The electromagnetic field over a rectangular thin plate 
was calculated by a numerical method and used as a test case 
to measure the accuracy of the numerical modeling.

The plate model is particularly useful for Turam inter­
pretation because of the important effect of conductor size 
on the Turam response. Several numerical methods to calcu­
late the response of the finite thin plate model has been 
developed.

The convenient solution of the plate model is the inte­
gral equation solution of Annan(1974), because the method 
can handle any type of EM systems.

Annan computed the set of eigenpotentials, and used 
these to represent the individual current flow in the plate 
as a sum of those eigencurrents. After that, the magnetic 
fields were calculated by summing up those individual current 
systems using the Biot-Savart law.

The geometry of the model is shown in Fig.35. The 

electromagnetic field was calculated at a grid interval 20m 
using the program PLATE (K.D. Kim, 1983) which implemented 
the integral equation algorithm. For this response, the 

frequency used was 100 Hz. The width and length of the 
plate are 100m and the depth is 100m below the grid of
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of observation.
The line with o-mark in Fig.36 is the theoretically 

computed in-phase component of vertical magnetic field 
produced by a rectangular line source.

The line with x mark is a profile continued downward 20m 
toward the plate. The continued data shows difference with 
the curve with V mark which is theoretically computed curve 
at the depth as shown in Fig.36. To check the accuracy of 
downward continuation, we double the grid spacing and test 
the convergence between the two sets of data. In Fig.37, 
we observe that the two sets of data for grid spacings 

of 25m and 50m, respectively, converge well.

We already pointed out that the continued data with 
different grid spacings converges each other except at the

source region. Therefore, the difference between the model­
ing data and the continued data is due to the numerical error 
in the computer modeling.
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Fig.35 . Schematic diagram of the plate model.
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CONCLUSIONS

An interpretation scheme of electromagnetic data using 

analytic continuation was studied and found to yield results 
of satisfactory accuracy in several cases tested.

The strength of the method seems to lie in its ability 
to handle the problems of depth estimation, resolution, 
signal enhancement, and accuracy of scale or computer model­
ing. Another advantage is that the method does not require 
any priori knowledge about the shape of the anomaly-causing 
body or the source.

Reliability of the analytic continuation depends on the 
grid interval selected and the depth of continuation. The 
oscillations are generated if the sampling grid is too fine, 
or if the field is continued too close to the source of the 
anomaly. The oscillations generated due to the fine grid 
can be eliminated by increasing the grid spacing; however, 
near the source region, the two sets of data does not con­

verge each other. This singular behavior of a field near 
the source region is a good diagnostics to locate geologic 
inhomogeneities.

The optimum grid interval is about one-fourth the depth 
to the top of the anomalous source. A fair estimate of the
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depth of the inhomogeneity can be made from a vidual examina­
tion alone of the continued curves. The log contours are 

more definitive than the profile to locate the body.
The analytic continuation scheme using the Stratton- 

Chu integral does not involve any assumptions except the 
uniformity of medium; therefore, it is a good method for 
estimating the error of the scale or numerical modeling.

The noise test performed in this thesis reveals that 
the analytic continuation can be used to extract a signal 
from a random noise which may be caused by random variation 

of all parameters of the electromagnetic field. in the 

geopotential problem, oscillations are generated if the 
surface field is noisy. However, in the geoelectric problem, 
three components of electromagnetic fields are stacked in the 
frequency domain; therefore, the noise which does not satisfy 
the wave equation is compensated out in the analytic continua 
tion process.

Since analytic continuation works quite well in the pro­

blems of depth estimation, resolution, and signal enhancement 
it offers a better approach to the interpretation of the geo­
electric problems that the method of a reconstruction of the 
geoelectric cross section is combined as a succesive step of 
analytic continuation.
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APPENDIX A. INTERACTIVE U S E R ’S MANUAL - SAMPLE SESSION FOR 
MODELING AND CONTINUATION FOR A MAGNETIC DIPOLE SOURCE.

.EX ACEF1.FOR

TYPE OF MODELING: MAGNETIC DIPOLE, LINE SOURCE, TUNNEL (1ST
LETTER) ..... M

DIFFUSION OR PROPAGATION (1ST LETTER) ..... D
ENTER THE COORDINATE OF STARTING POINT OF THE GRID. THE

POINT IS AT THE LEFT TOP POSITION OF THE GRID.......
-500, -500, 100 

ENTER THE HORIZONTAL AND VERTICAL LENGTH OF THE GRID ...
  1000,1000

ENTER THE HORIZONTAL AND VERTICAL SPACING OF THE GRID .. 
  50,50

ENTER MOMENT OF DIPOLE, CONDUCTIVITY, AND FREQUENCY ...
  1 0 .E 6 ,1 . , 1 0 0

ENTER THE OUTPUT FILE N O .......... 10

FILE NO. NX NY DELX DELY
10 21 21 50 50

THE OUTPUT IS READY IN THE FORMAT OF INPUT FOR THE COMPUTER 

PROGRAM OF ANALYTIC CONTINUATION. IF YOU WANT PLOT THE 

MODELING DATA EXECUTE PLOT.FOR.

END OF EXECUTION
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.EX ACEF2.FOR

ANALYTIC CONTINUATION OF EM FIELDS (15/11/84)

TYPE OF DATA: PROFILE OR CONTOUR (1ST LETTER) ..... C

TYPE OF FIELD: DIFFUSION OR PROPAGATION (1ST LETTER) ... D

INPUT THE FILE NO. OF SURFACE DATA ...... 10

ENTER THE NO. OF SURFACE DATA POINTS NX,NY ..... 21,21
ENTER THE SPACING OF RECEIVER DELX, DELY ..... 50,50

ENTER THE CONDUCTIVITY, FREQUENCY, AND RELATIVE DIELECTRIC

CONSTANT ..... 1. ,100,1.
ENTER THE DEPTH OF DOWNWARD CONTINUATION ..... 20

ENTER THE NO. OF THE FFT POINTS ......  64
INPUT THE OUTPUT FILE N O ....... 11
THE OUTPUT FILE IS STRUCTURED FOR THE PLOTTING PACKAGE 

IN DEC-10 AFTER EX PLOT.FOR. IF THE OUTPUT IS PROFILE 
R LEY:GRAPH. IF THE OUTPUT IS CONTOUR, DO FOLLOWING 

STEPS: R M N L :KGRID, R MNL:FIT, R MNL:TOPO.

END OF EXECUTION 

.EX PLOT.FOR
ENTER THE NO. OF DATA POINTS NX,NY ........  21,21
ENTER THE FILE NO. OF SURFACE DATA............  11
ENTER SPACING DELX, DELY .......  50,50
IF MODELING DATA, ENTER XM AND D FOR CONTINUED DATA .. D
ENTER THE OUTPUT FILE NO. FOR PLOTIMG PACKAGE ..... 12
END OF EXECUTION
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APPENDIX B. TEST DATA - MODELING AND CONTINUATION.

Test data of a magnetic dipole source.

X
0 . 0 u 0 v 0 u 9 E + C C ,  j
5 v • v 0 v 0 v 
1 u 0 • 0 v 0 u 
IbO.OwOC 
2 u 0 •OwO 0 
2 d0 .0 u0 u 
3UC.OvOC3 50. 
4=c:

O v O G  
0 u 0 u 0 v 0 v

5vÔ.ÔvCJ 
550.0uCû 
5 v0.0 v0ù 
650.0vCv 700.OuOv 
7oO# OvOv
8 vO•0 u0 C d bC # OvOu9 u0e OvOv 9 b 0 e 0 U 0 Ù
Iv0w«v0w 0 . 0 v 0 v 0 v 5 v.u 0 vO v 
1 u 0•OuOv
1 bO.2 vO. 
250

OvO j 
OuOv Û v 0 V

3 u Ô « 0 v Ô v
3 50.Ovûv
4 v 0 . 0 v 0 u
4 5 0 # 0 v 0 v
5 v0.Ou0U 
550.OvOv
5 vO.OuOv
6 3 0.OvO v
7 u 0 . 0 u 0 v 
7 oO.OvOv 
3 VO . OuOv 
SbO.OvOv 9 v 0 . 0vOu 
9bO.OuOv 
IvOv.wCv 
0 • 0 v 0 v C u 
5 u.uOvOu 
IvO.OvCv 
1 bO•OvOv 
2 vC•OvOG

3:
'Qv O uO l ^OO , 0 v 0 u 0 c ,  +  0 CvvÔ'. OvCÔCÔCË^ÔÔ 

0 .OvOvOvQ£ * 0 0  O.OvOvCuOb+OO
0 .OvOv0 v0 £ * 0 00.OvOvCuOE+OO 0.OvOvCvOc+OO 0. OvOvOuCL + OO  ̂ OvOOOuOi+OO0.OvOvOu 0. CvO vCu 0. 0 vO v0 v 0.OvOvOO 0.OvOvOV0.OvOvOuOc+OO
0 .O u Ô Ô C v0•OvOvOu 0.003 v O w  O.OuOvOv £>00/ 50. 
50.0300* 

v O O O v  
v 0 V 0 0 vO V v  JvOOC v vO vO * 
uOvOv JO vO* v 0 v 0 u V O O O v  uOvOv * 0 v 0 u u O u C  V
uOvOv v 0 v 0 v uOvOv v O O O v  .vOJOv 

50. vOOC v 50.vOuC* 
£ + 0 0 / iOv100.0 vO*
100.0 vOu 
1 0 0 .0 0 0 *

535050
13
50

113
50
50

10 0.OvOv

£ + 00  
£ + 00 L + OO 
£ + 00  
£ + 00

i:88C.+00 1 + 00 v O O O  
-7

Y In-phase(Hz)
vOuOOOOE+OO, -o. i 1d 9373E-07

1. Hb85d3E-C6 
5.6693315E-06 i.3 2^3 59 4E-0 5 
2•16 d5 ̂ 3 oE-05
2. 857517 7E-05 
v .24v2 *5j E-0 5 
d . 36o6^2**E-05 
3.38v4o8 9E-0 5 
3.36o6924E-05
3. 2432 ̂ 5 3E-05 
2. 85 7517 7E-05 
2.16 o 5 *8oE-05 
1.3293594E-C5 
5• 86 93 315E-06 
1.llb858vE-06 - 8 .5 dO 0344c,-C7 
- 1 .O55o3vOi~Oo -6.1l5 9379i-C7

, -1. 0 o5 03 vOc.-Oo 
. . 329570IE-07 

2.191^6411-06 
9, 490d 455c.-v6
2.C685884i-v5
3. 109 zO 431- 05 
3.31171v2£-v5 
2.169b059£-05 
-1.7419575E-07 
-2.1579d4dE-0b 
-3.044073jE-05 
-2.1579o4oE-05 
-1.7419 57 5E-0 7
2. 16950592,- v5 
3.3117102i-v5
3, 1092043c.-05 
2.06358341-05 
9. 490 5455i-06 
2.19118 4li-v6 
-7. 32 95 701E-C 7 
-1.05 aO 30 vE-0 o 000/ -8.5d0v344c.-C7 
2.1911841£-06 
1.092o2o5£-v5 
2. 470 o7 o 11- v5 
3.38046d9i-05
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2 60. 3 w0. 360. 400. 460. 5 w 0. 5 50.
6d0.* 7 uO • 7 50. 3u0. 
9d0.

K1 vOO
0 .Ov5 u. u1 wO. 150.2 vC. 
2d0.
3 50.* 4u0. 460. 5u0. 
5d0.6 00. 650. 7u0. 760. 3 w 0.3 3 0. 9u0. 950.
1 vO V0 . C v 5 u. v 1 vC. 150.
2v0.250.
3v0.
350.4 wO.4 dO .5 jO .5 dO .6 uO • 6 3 0.

0 u 0 u
U k

OvOu OvOv Ô v 0 w 0 v 0 v OvOv OvOv OvOv OwOCv v v vO v• v 0 v 0 v 0 v OvOu 0 v 0 v
0 y 0 V 
OvOv0 w 0 v OvOv 0 v C v 0 v C v OvO v OvOv OvOv OvOv 0 v ÇV OvOv OkOv 0 v C v OvOv OvOv OvOû• v 0 v OvOv C v 0 V OvOv OvOv OvOv OvOv OvOu OvOu OvOv OvOv OvOu OvOvOvOvOvOv

100.OvOv 10 0.0 v C v 100.0vOO 100.OvOv 103.OvOv 100.OvOu lOO.OvOOlog.pocu100.0vCv 100.OvOv 100.OvOv100.0vOv 100.0v^v
m - M klOO.OOOv
150.OvOu150.0000 ISO.COCv 15 0.OuOv 150.0JOv 150.0J0W 15C.3JOv150.0000 150.OvOv 150.OuOv 150.3uOu 150.OvOu ISO.JvCu
118:88?!: 15 0.OvOu 150.0vOu ISO.OUpv loO.OvOv C+00/ 23u 20C.0v0v 200.OuOv 200.0OOv 200.0JCO 200.OvOv 2 u 0.0 v C u 230.OvOv 2u 0.0 vO u 200.OvOu 230.OuOv200.OvOv2 0 3.0 v C v 23 3.OvOv

1.94591o95-u5 -4.02713255-05 -1. 4214495E-04 -2.5973591E-04 -3. 5200 28uE-04 -3. 36 58 52 5E -0 4 -3•52u0 235E-0 4 -2.5973591E-04 -1. 4z14 49 5E -0 4 -4•02 7132 dE-0 5 1 • 845 91696-35 3. 330 46392.-05 2.47067616-05
1 . J 9 2 o 2 6 5 6 - J 5  2*19118416-U6 -d.58vC544E-07300 0/ 1. 1138 58 3E-06 9. 4906455c.-06 2•470o7ol6-05 3.3552319w-v5 -1. 741957 dE-07 -1•2353ti6dE-04 -3.52Ù0283E-04 -6.314 2449E-0 4 -8.6711d2dE-04 -9.98o2152E-0 4 -1.03ol45dE-0J -9.93d215 6E-0 4 -3.6711Ô28E-Ç4 -6.319244,E-C4 -3.52v028uE-04 -1. 235386aE-0 4 -1. 741957 5E-0 7 3. 355 23 18c.-u52. 470 o7 61c-u5 9. 490 54556- v61. 11535d3 c.-v6 uOOO/ 3.6693 3156-062. 06S58o4w-u53. 33046896-05 -1•741957 5E-07 -1 • 62 29 62 oE -0 4 -5.016316UE-0 4 -9. 1312 30oE-0 4 -1• 1197 74oE-0 v -9.15b0u8dE-0 4 -4.70o335oE-04 -2. 395791 IE-04 -4.70638566-04 -9.15oC33dE-04 -1.119774oE-03
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20 0•0 00 v200.0vOu 20 0•0 UO v 20 0.OuOv 200.OuOu 20Q.gU0u 20 u.0 UO u >00, 25u 250.0UOu 250.OuOu 250.0UCu 250.0vOu 25 0.0 UOu 250.0UCJ 25 0.0UCv 25g.guov ïbô.OvOv 25 0.Ô 00 v 250.OuOv 250.OuOv 250.OvOu 250.OuOu 25 0.0 UO u 250.OuOu 25 0.0 UOU 250.OuOv 250.OuOu 250.OvOu >0 0, uO u 300.OOOu 300.OuOu 300.OuOv 30 0.0 uCv 30 Ô.G vO v 300.OUOv 300.0v0v 30 0.0 UO v 30 0.OuOu300.0 uOv 300.000v 30 0.0 uC U 300.OvOu 300.OUOu 300.OUOU 300.OuOv 300.OOOu 300.OuOv 30 0.OuOv 30 C .0 00 v. >00, j 5 u• 350.OvOv,

-9• 1312305E-0 4 -5•01o316OE-04 -1•62 2982 oE-04 -1.7419575E-07 3. 3 90 46 8 9 U5 2.06858845-055. 869u315c.-u6 uOOO, 1.3293594E-05 3.10920436-05 
1 . 8 4 5 9 1 6 9 l - U 5  -Î.2353868E-O4 -5.016316uE-04 -9•986 215 ̂ E-0 4 -9.99l2l2uE-04 3.95739545-04
S:«iî8»i:î37. 734o757c,-03 6.403l049z.-u3 3. 30156 485-u3 3.65789545-04 -9.9912i2uE-04 -9. 99 62152E-0 4 -5•0163i6ùE-04 -1•2353 660E-O 41. 84591t>96-u5 3.1092C436-U5 1.32935^45-05 vOOOf 2•16d5^8oE-05 3.3117 102c,-U5 -4.0271328E-05 -3 • 52u0ü8 j£-0 4 -9.1312305E-04
7.734o7â7t-J3 
1 . 7 0 7 u 6 2 9 g - v 2  
2 . 4 7 0 o C 4 8 g - j 2  2.740jl^7a-wi22.4 7 0 6 0 4 8 g - u 2  
1 . 7 0 7 U 6 2 9 g - U 2  7.7340737 t-o3 1.282Ü6J93-03 -9.991212oE-04 -9.13l230oE-04 -3.52U0283E-04 -4.02713230-053.31171025-35 
2 . 1 6 8 o 9 3 5 g - j 5  uOOO, 2. 35 751776-05 2.1595C59i-j5
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10 0 eOvOu 150 # 000w 2u0e OvOG2 50#OvOw3 uO #OvOv3 50.OvOG4 v0 #OvOv 450.OvOG5 G C #OvOV5 o0.OvOu6 uO.OvOv 6 50.OvO v 700.OvOv 750.OvCu 3 vO.0v 0 v 350.OvOu 9vO.OvOv 9 50. OvOv. IvOv.vOv/ O.OvOvOvOE5 v•V OvOv1 u 0 • C v 0 v 1dO.OvOv 
2 0 0 .OvOv2 50.OvOv3 vO.OvO v 350.OvOG4 uO.OvOv 450.OvOv 5GC.OvOG 550.OvOv SvO.OvOv6 d 0.OvOv7 u 0 • Q v 0 v 7 d 0 « C v 0 v3 v 0•OvOvSdO.OvOv 9 v 0•OuOv 9oC.OvOv, IGOv.vOv/0.OvOwOvOE5 U. j û v Q v /1uO.OvOG/15 0.OvOuz2 00.OvOGz 2oO.OvOvz 3v0.0v0vz3 jC.C v 0 v z4 v 0 . 0 v C v z 4 50.OvOv z 5ù0.0v0vz

350.OvOv 350.0vOO
3 5 0 . 0 0 0 0  35 0 . 0  00 v 
35 0 . 0  0 0 v 
3 5 0 . 0 0 0 V  
35 0 . 0  OC v 
3 5 0 . 0 0 0 v  
35 û.5 0 0v
3 5 0 . 0 0 0 0  
3 5 0 . OOOu 
35 0 . 0  00 0
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-1.4214495E-04 -6. 3192-44 ̂ £-04 -1 . 1197 74oE-0 3 3. 8 57 69 54c-v4 7.734o757c-v32. 204^327n.-v23. 443o854c.-v2 3 • 42575 46c.-v23.02640715-v2 3. 425 7546E-02 3.44368545-02 2.2042327E-v2 7.734d757E-u3 3 • 857 39 54 E-04 -1.1197746E-03 -6.319244^5-04 -1.4214495E-042. 1695C 59t-05 2.8575177E-v5uOOO, 3. 2432 ̂5 vE-05 -1.741957dE-07 -2.59 7 359xE-04 -8•671162 aE-0 4 -9.15603865-043. 3015648£.-031.70706296-02 3• 443o8 546-022. 2871963 a-v2 -3. 27 3516 2E-0 2 -6.63i369tE-0^-3• 27 3516 2E-0 ̂2• 28719 o36-02 3.443o854E-o21.70706296-J2 3.30156486-03 -9.156C383E-04 -8. 671182 oE-0 4 -2.59735915-04 -1•7419575E-07 3.2432953c-05vOOO, 0.36o6*24E-05 -2.15798465-05 -3 * 5200z935-04 -9.936215^5-04 -4.7063d5o5-0 4 
6 .403i0 49c-o3 2.470o048E-o23. 4 25 75 46 c- 0 2 -3.27351615-0^-0.13o541/-0.1118696
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APPENDIX C - COMPUTER PROGRAM LISTINGS

THIS IS A MODELING PRJGkAM PGR THE EM RESPONSE uF MAGNETIC u IPOlES, LINE SOURCE AND 1*0 DIMENSIONAL SCATTk ING OF EM WAVE
cue ro t u n n e l .

INTEGER TYPEM/TYPEP

SELECT THE TYPE UF MODELING

1

2 v
3 v 
4u

5 v
6 u
7 v 3 v

*RITE(4,10) FORMAT( 1 A, "TYPEi # L inenEAD(4,2U)TYPEm‘  j)

OF MODELING: Mh u NETIC DIPOu E, SOURCE/ TUNNEL (1ST LETTlR) Ÿ
r'OixMATC AS.*kiTE(4/Jû ) rCnMA T(1X/'DIFFUSION n£ AD ( 4/ 4 v y TYPER On PRUP AGAATION (1ST LETTER)')
rOnMAT(A3)IF (TYPE M .Es). M) GO ir (TYPEM.EO.L)GQ 1F (T Y P c M•E 0• I)GO uALL DIPOL(T<Pc,P) uO TO dOCALL LI N EiM ( T i P £ D )uO TO 3 0CALL TUNnE(Tï'PgP) CONTINUE

TOTOTO 1870

THE OUTPUT IS READY iN TnE FORMAT OF INPUT FOR THE COMPUTER PROGRAM OF ANALYTIC CONTINUA­TION. If YOU WANT PwOT IHE MODELING DATA/ .*%ÏSS*I§.^*ûT.FOR.^
aR1TE(4<YO)9v rOnVAT(lA/'THE OUTPUT IS REAUY IN THE FOnMAT OF1 ' I iiPUT OF THE CONTINUATION PROGRAM2 ' If YOU WANT ANALYTIC CONTINUATION,3 ' EaECUTE ACEF2.FJR. IF YOU WANT PLOT4 ' THE MODELING DATA, EXECUTE PLOT.FOR.aTuP c Nu

/,/,
)
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aUüRüUTIüS D I P J L ( T / P c P )

SUBROUTINE UIPOL iS DtSIGNEü FüR IH£ £M RESPON­SE OF A MAGNETIC DIPOlE. THE OUTPUT IS PRE­PARED IN IHe ORDER OF HZ, HY, HX, WHICH IS THE ORDER OF INPUT DATA IN THE PROGRAM FOR ANALYTIC CONTINUATION.
COMPLEX nX<1*9z123),riY(128,1zd ;,HZ(123,123)COMPLEX CI/XK,CEX,CEXl,Cc.X2 IiUEGER IY PE P DIMENSION X(i2o)/Y(128)
******* the papameters#of g h i d j n d  dipole 

wRITS(4,50 ;5v F0j\MAT(1a, 'EnTER THE CQORDINa Tl OF STARTING POINT V ,1 ' TnE POINT IS aT TnE LEFT TOP POSITION 0f ,2 ' OF THE GRiD ')nEkD(4z*)DX,DY,DZ*RiTE(4,20 Ù 2^Cu rCnMAT(lXz 'Ei*T£R THE HORIZONTAL AND VERTICAL LENGTH'/,1 ' OF THE GRID ')nEAD(4z*jXcEN,YLEN 
aRITE(4,jOO)

jOw r CrtVAT( 2X, 'E^Tl 3 THE HORIZONTAL AND VERTICAL SPACING V ,  1 ' OF THE GRID ')nEA0(4z*;OELà,üELY *RiTE(4,dOU) 500 FOrtMATC 2A, 'FnTER MOMENT , CO ND UC 11VI TY AND FREQUENCY') ixEAD(4z*>FMCM,SIGz0ME PAi = S. 1 4x5 3*2 
aMU=4.*PmI/1U.**7 CI=(u.z1) 
n Da=XLEN/DELA>1 NDY=YLEN/DiL:+i 
a K=CI*SIG*XMU*2.*PAI*0ME XK=CSQRT(XK)DO 500 I=1,NJYuO 600 J=1,NJXA(0 )=P£LXW (J-1 )>DX:(i)=DELY*(I-l)+DYR=A(J)**z+Y(i)**2+DZ**2 R=SQRT(R) CEa=CI*XX*R CE Xl = CE XP( CE a ) cEA2=XK**2*P*+z
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DEN0=4.*?\I* R* *5nX(I,J)=rMüM*X(J>wDZ»C£Xi*(3.-3.*CEX-CEX2)ZDENO aY(I,J)=rMJM«Y(I)*DZ«CLXi* (3 . - j .  *CEX-Cc,Xi)/OENO h Z ( I , J ) = F M G M * C E X 1 * ( 2 , * D Z * * 2 * C E X -  &ll.-CEX-CEX2j*lX(J)**2+YlI)**2))/OENC o9j CGNTINUE*RiTE(4,i00)ICO rOrtMATC2X/#ErtT£R THE TAPE NO. OF MODELING DATA') nEAr(4/*)IPTAPc. uO RJO 1=1,NuY6HiTE(IPrAPE/*)(HZ(I,J)/J=1,NDA)• RiTEdPiAPE,* )(HY(I,J)/J = 1,^DX) NRiT£(iPIAPE,*)(HX(I,J),J = i,:«DX) oOv CONTINUEARiTE(4/70ù)IPrAPE/NüX,NjY,DELA/DELY 7Cv r'OnMAT(2x, 'FILE OF DATA NX Nt DELX DELY'/, NiX<I12, 14,i4,F7.3,F7.3) nElURN L N b
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jUoROUTIàE LINEM(TYPlP>
SUBROUTINE LINEM IS DtSiGNEu FOR THE EM RES­PONSE Or a-Ü LINE SOURCE.

COMPLEX z.Y(lv?),HX(lUO>znZ(lvO)COMPLEX CK/CüN/CI/CKU/CKi/d/ARO INTEGER TYPER DIMENSION X(iOU)»RITE(4/iO)1Ù FGnVAT(1a,'EfrTER THE FREuUENvY AND CONDUCTIVITY') 
kEaD(4/ *)HEP.ZzSIG ARITi(4,20)2C FORMATC1A/'EwTER THE STARTING RECEIVER POSITION '/, *' kNO NO. OF MEASUREMENT ')nEAP(4/*)STARTZ/STAR IX/RING/NM *RITE(4,jl)3i FOrtMATC1 a , 'EùTER THE MOMEN I') t<E AD ( 4/ * )R J rAx=3.1415^2 CI=(0 ./1 .) aMU=4.*PAI/(I0.**7)OME=2.*PAl*Hl9Z CK=CI*SIG*a MU*OME CK=CSGRT(CK) uO 30 1=1, NM 
a (I)=STARTX-(I-1)*RImC 30 CONTINUEu 0 40 I= a, N Ma=jQRT(AlI)*«2+STARTZ**2) c = rt*CK oP = PEAL(i3)CAlL MODoESCoB/CKO/CRl) 
lY(I)=-Ci*RJ*OME*XMU*CXO/2./rAi nXlI)=STARIZ*CK+RJ*CKl/2./RAI/n nZ(I)=X(I)*CE+Rj*CKl/2./PAl/R 4u CONTINUE 
aRiTEC4Z oO )

6u rORVAT(1 a , 'EnTcR THE OUTPUT FIl E AND OUTPUT FOR PLOT') Rl AD(4,»)IOUT,IPOUT 
aRITECIQUT,*) <EY(I),I=1,NM)*RlTE(IOJT,*)(riX(I),I=1,NM)DO 50 1=1,A* mRG=EY(I)
l YM=SQRT(REAu (APG)**2>AIMAG(ARG)**2) 
a ( i) = (I — x ) *P1NC 5c *RITE(IPOU I,*) X( I ),c.YM 
k EVJRN END
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SUoSOUriaE MüDoESCB/KC/Ki) ùOUBLE Pk lCIoIü N B8,BV(3)COMPLEX K0,K1b8=B«l,4i4^1j5o23730 95D0
CAL L K E L V I N C d S / B / B V )
n O=CMPLX(SNGu ( BV(3)),SiNGu(dV(4j ) )Kl=CMPLX(-SNGL(3V(é)>,5NGL (BV(/)))itEiVRNcNu
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bUoRGUT I NE KELVINjfX/M/B)IMPLICIT DJUdLE PRECISION (A-H/O-Z)UOUBLE PkECISIüN B(8),CN( 8 SN(8 )J A 1A CN /.70710o7dli3o5475D0,G. u0,-.707i>0t>78*-1.00,-.70 71u67 911855475U0,0.DU,.7 0710 67 011365475 00,1,.
: : ; , 0 , ï s . ’ ( 2 ! S S S S i ; ê 8 ; ! i ï 2 6 ; ï : ? M ; î S 2 t S l 2 a » ? S 8 , 4n 2 b 0 -ü A i A PI4/. 78039816339744 33j0/,h22/.7071007 811865473DO/, *l/1.ÔD-10/ ,♦PII/.3135098061837907/IFCV.LT.l.ÜP.M.GT.3.UR.X.LE.û.UD0)GQ TO 9 IFCX.GE.d.JDv)ûO TO 8 à2 =0.5üû*X 11=-0•2 5JO *X4 51 =T1 
12=0.000 13=0.000 14=0.0D0 115=0.ODU T26=0.0DJ 175=3.ODv i8o=0.ODOlF(M.Eu.i)GO Tü 10012=X2**2o2 = T21F(M.FQ.2) Gu 10 13015=1.500o5=Tl*T5iFCVf.EQ.j) GJ PO 103 15=1.ODO 56 = T2j. F ( V • F!Q • 4 ) GJ l'O 100 13=-0.50J*X2**5 5 3 =T3 14 = X 2 d4 = T4IF(M.L2.d) GU 10 100 17 = -0.2 5D0*X^**3 ^7=2.000*17*15 13 =X2 58 = T3

100 1K=2.0D0101 lKz=IK+TK 1K^1=TK2-1.0üO IK^2 = Ti( 2-2 . 0 jO %K< = 1 .0 D 0/fK 2 kK2l=l.0J0/TK21 xKz2=1.0D0/T62< r<l=-X4*(HK2l*PK2)**2 rl=Tl*RIol=Sl+Tl
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iF(Y.FU.i) GU rO 200 n2=-X4*(riK22*RK2i)**2 12=T2*R2 
j 2-S 2 + T2iFCM.EU.2) GU rO 200 T5=T5+RK21+RA2 I' 15= X1 * T 5 S3=S5+T15 iF(M.EU.j) GU T O  200 T6=T6+RK22+PK2l r2o=T2*To o6=So+T26iFcM.EQ.4) GU TO 200 l3=T3*(-A4»(RKz2*RK2i**2*RK2))U3=S3+i3I4 = T4*( -X4*PK2^.**2*RK21/ (TK2-3.0DO))U4=S4+T4IF(M.LE.o) GU TO 200 17=T7*R1 
l7D=TK2*r7*T5 >7=S7+T73 %8=Td+R2 13o=rK21*Td*l6 38=S8>T8o 200 1K-TK^1.0D0iFtDABSCil ) • GT.F.OR.UABSCT2).GX.E.0R.üA3S(T15) .GT.t. OR.* D aBS(T2o ) .GT.h.OP.DABSC r3).uT.£.ÜR. ÜAB5(T4).GT.c.ÛR.» DARS(T75) .GT. £..OR.DABS( r8o) .GX. E) GO TO 101 a(i)=l.0ü0+Si iF(M.FU.i) GU rO 9 U(2)=S2lFi''.EQ.2) Gu 10 9C=U.11593l3lb6584124DO-DLOG(X)d(j)=C*8(l)+rI4*B(2)+S5iF(M.FQ.j) Gu 10 9d(t)=C*B(2)-FI4*B(l)*S0IF EQ.4) Gu TO 9d(3)=P22*(S3-S4)1F(M.EQ.5) Gu rO 9 D(b)=R22*(S3+S4) iF(M.Ej.o) GU 10 9 a7=C*S3-d(1)/X+PI4*S4+S7 u9=C*S4-B(2)/X-PI4*S3+S8 
d (7 ) = R22«(37-Sd )Ir(M.EQ.7) GO TO 9 o(o)=R22"(37+Sd) ̂ nEIURN d w ll = 0 
a 2  = P 22* X X8 = 8•ODO *X dX=DSQRT(X)
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Ül = l. 25^3141j7j15^00D0*EX2/SXC2 = l.000/< 2.b0o62?27 46 3lJ0lDu*3X*£X2 + 1.0D-38)MAaK=30IF(X.LT.15.0u0) MAXK=X+X 1 X N J = N UAMü=4.0DJ*XNüALP=X2+P14*(XNü+X%U-v.5Dv)bEIA=ALP>Pi4<JB = DC0S (3STA )CA=DCOS(ALP) jB-DSIN(d£IA)3A=DSIN(ALP);,4 = 4*%U f M = 0 • 0 D 0 r P = 0. ? 0 0 UM=0.ODO ÜP=0.ODO iM=l.ODO 1P=1.ODO
i\ = xi i K=Ki=(XMU-(TK>TK-i.ODO)«*2)/(rK»Xo);PL=DA9S(T?)TP=-TP*T1F(DABS(TP).GT.TPL) GO Tu 21 IM = T M * T iN = MOD(K,d)Ir(ii#£Q»0 ) ii = d 11=TP*C.N(N) rP=FP+Tl I2=TMWCN(N) tM=FM+T2 T3=TP*SN(N)GP=GP+T3 14=TM*SN(N) uM = G:4 + T4 & = K+1IFVK.GT.MAAK) GO TO 3 GO TO 2 21 PP-FP-T1 FM=FM-T2 GP=GP-T3 GM = GM-T 4 3 rP=FP+l.vDJ 
tM=FM + 1.uD v
d (n 4>4) =C1 *(-FtM*SP-GM*CB) ti(:«4>3)=Clw( f M*CB-GM*Sd) b(:*4>2)=C2*(rP*SA-GP*CA) +PIl*Bl\4+3) a(%4+l)=C2*(FP*CA+DP*SA)-Pil*B(N4+4) iF(NU.£Q.l.On.M.LE.4) GO TO *
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»N U = 1 ÙO TÜ 1 lNù
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SUoRÜUTINE TJNNE(TYPEP)

3wi

50

7u

SUBROUTINE TUN NE IS DcSIGiNEu TO CALCULATE THE EM RESPONSE OF A TUNNEL DUE TO A LINE SOURCE.THE OUTPUT IS PREPARED IN THE ORDER OF ELECTRIC FIELD AND HORIZONTAL MAUNl T i C FIELD IN THE DIRECTION OF LINE SUURCc..
C O M P L E X  H A N G S , M A N O R , MAN OA,T E Z,1 H R , T H F /HANOkD,HANDD,HANMRD 
C O M P L E X  E Z ( l v O ) , H X ( l ù C  > , H Y ( l u O ) , C l  
C O M P L E X  r t R O C l O j ) , H F I ( l u O )COMPuEX ttANO / HAND / HANMS, HA NMK/ hAN.M A / HANMa D, CGNM/CMPLX INTEGER TYPERDIMENSION CYtx( 100 ),RHOR( TOO)/FA1R( 10 0,351 (4), BS2( 4) u Im ENSIOn riSS( iOQO)/HS4( iCuO ),dS5( 1000 I/ESodOOO/FA DIMENSION d S7(iOuO)/dSd(i0ù0),bS9( 1000 ),FAID(100),«K RAl=3.14blS9^*RITE(4,iO), *RITE(4,iO)10 r OrtMAKlX, #E nT C.R THE kEaD(4,*;HEPTZ *R1TE(4,20)20 fG«MAT(lX,'ENTER the «EaD(4,* ) A A *RiTE(4,30)FOnMATcix,'Enter theREAD(4,*)RDE «RITE(4,50 ) rOnVATcIX,'enter the REaD(4,*)0UT,IjUT mRITE(4,oOJ r GkMAT( IX, 'ENTc.R THE <EAD(4, *)CaS,C^S .RITÈ(4,70).•h ^u a t z i v » r mT * □

FREOU C.NCY ' )

TUNNEu RADIUS') 
DIEuECTn IC CONST(RELATIVE)')

OUTPUT FILE NO,AND OUTPUT FOR PLOT') 

SOURCc. COORDINATE(X,Y )')r<E AD ( 4, *)Ca S,C^S *RITÈ(4,70)rOtxMATClA, 'ENTER THE STARTING RECEIVER POSITION &1N1ERVAL A,ï,JELY X.LT.O AND NP ')
r E a D(4,*)Ca R,CYRR,DEd NP,NP *RiTE(4,dO )

AND

8u F 0 h M A T(î X,'E uT E R THE NUMdER UF SUMMATION') 
i <EAD( 4 , * ) MAXM  LMc=2.*PAl*HcRTZ SIC=0.0 C I — ( 0 • , le) tPv=3.3 5 4 / 1 0 . * * 1 2  lP1 = k DE* EP J 
aMU = 4.*?AI/1u . * * 7a M U  = 4.*?AI/1u . **7 
c KUUT=SQaT(0ME**2*XMU*EPi) CKiN=SURI(JMc**2*XMU*ERC)A I C — 1 eDÜ 100 1=1,NP CY k (I)=CYRR-iI-l)*DELNP
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*HÜR(I)=30xT(CXR**2+CYR(I)**4)JP AIP( I)=ATAN^(CYR(I)ZCXR> lOv CONTINUEnHuS=SQRr(CXS**2>CYS**2) t AiS = ATA.m2CCYS/CXS)COMPUTE r1ELJ AT EACH RECEIVER PUINT üO 1000 1=1/ho b£LFAI = FAlR( 1)-FAISüM.AG=PHOS**2+9rtOR(I) **2-^. «RriOo*RHOR( I ) *CÜS(DELFAI )D M A G =3 Q RT ( D MA o )CÜN=-CKÛUTw*2*XIE/(4.*ÜMEwEP1)ARGMEnTS>»Rul = C.<OUTwDMAG aRC2=CX3UT*RkOS ARG3=CKüUT*RnOR(I)ASG4=CKüUr*AAaRù5=CKI^*AACaLu imslCALL M43SJR(APG1,0,2,BS1,*K,IER1)CAuL MM8i V A P G1 /0/2/B32/1 tR2)CALL u%3SJK( k?G2/0/MAX.M/dSJ/*K, IER3)CALL MM 3 o'/ N ( aR G 2 / 0 / M A X M / d S 4/ 1ER4)CAlL MM33JR(ARG3,0,MAXM/dS5,*K,IER5)CALL MM33YN(ARG3,n,MAXM,dSo,lEnb )CALL MMBSJRC APG4,0,MAXM,dS7,<iK,IEk7)CALL MM B 3Y M(A P G 4,0,M A X M,dS d,1ER8)CAwL MM B 3J K ( aP GS, 0,M AX'M, dS *K, IER 9 )wRITECIO,*)IERl,IER2,IERd,IE R4,IER5,1ER6,IER7,IER8,IER9 CuMPUXE THE FiPdT TERMi.Rl = -BS2(l) 4 .£,AkO=CMPLX(RSl(l),HRl)hR^=-P52(3)r.A ̂D = -CMPL A ( oS i ( 3 ) , HR2 ) i:Rj=-BS4(l )ti A.<03=CMPLX(oSj(1),HR3) hR4 = -P36(l )nAN0R=CMPLX(dS5(l),HR4 ) nRd=-PS3(l)n A .NO A =CMPL X ( dS 7 ( 1 ), H R5 ) nRo=-B36(3 )hA:,0RD = -CMPLX(dS5(3) ,HR6 J cS9D=-BS>(3) oS7D=-BS7(3) ttR7 = -BS8(3 )nANCD=-CMPLX(337( 3 ),riP7)
fË2=riAN§d*^Aiol<*'(BS^(ï)-iE*BS7ü)/(HANOA-L£*HANOD; lHk=(0e,0e)iHr =HAN03*riA.N0t<D*CKOUT*(dS7(l)-ZE*BS7D)/(HAN0A-ZL*riA?;0D) SUM UPTU M=MAXM-1 mAXM1=MAXM-2
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uO 50 0 M=2,MAXMlnRd=-BS4(M>M-l)h A iNMS =C MPL X ( oS 3 ( M + M-1 ) , Hk3 )nR9=-BS6(M>y-1)nAi\VR = c.v!PLX( dSd(M>M-1)/H1-<9)nR iC = -8 Sd(M+tM-l )h A i\MA =Ç MPLX ( dS 7 ( ,M>M-1 ) , H Rl v )nRil=“8So(M+H+l)hRi2=-jSdiM+M+i)h A NMRD = -CM?LX( dS5 ( M+M> 1 ) / H Rl 1 )*♦■ C M-l ) *H AN’MR / ARG3 hA1iMAD = -CMPLX( dS7 ( 1 ) ,HR1 ̂ ) ♦ ( M-1 ) *H ANMA/ ARG4bS>D=-SS9(%+d+l)+(%-!)*6d9lM+M-l)/ARG5 DS/D=-oS7(M+a+l)+(%-!)*Bd7(M+M-l)/ARG4 
bc=XHU*Bd9lM+%.l)*CKûüT/lC<Iü*oS9D)CCi»M=(B57( M+M-i)-2E*dS7D > / CHaNMA-ZE*HANMAD ) KAi(I)=(M-i)*(FAIS-FAIk(l); iEb = TEZ + 2.*CuSCFAI(I))* H A N H S * H A N MR * C G N M i H « = T H R•2•*(M"i)*SIN(FAI(I ) )*HANMS*HANMR*CUNM I Hr = THF + 2* *CuS ( FA I ( I ) ) *HaNMS*HANMRD*CKÜ'JT< CONM 50v CONTINUEFAID(T)=rAIS-FAIR(I)LZa)=CUN* (HhNu-TEZ)nPL(I ) = -!. /(Cl*aME*X:iU*RHOR( i) )*CÜN*(HAND*CKüUT*(-2. )* $KHüS*DH0k(I)"SIN(FAIJ(I))/(2.*üMAG)-THR) hFid ) = !. / CC i*JVE*XMU) «CJN^C fiAND*(2. *RtiOR( i)- *RHQS*Cü5(FAiD(I))j/(2.*JMAGj-ThF) nX(T)sciRü( I)*CüS(FAIR( In-rtFI(I)*SIN(FAIk(I)) hy(I>=HRj(i)*SiN(FAIS(I)>>dFl(I)*CÛS(FAIR(1)) luOu CONTINUEuO 1010 1=1,NPlUlu CYR(l) = (i-iVDEL.NP uO 3000 i=l,NP aRITECOUI,*) CiR(T),EZ(I)3u0u CONTINUEUO 4000 l=i,n?ARlTECJUr, * ) CfR(I),HY(I)400w CONTINUEuü 5000 i=l,n? rEcZ=R£Au(EZ(I))AIEZ = AIMmG CFZ(i)) 
lEcZ=SQST(HEzZ**2+AIEZ**^) vYR(l ) = (1-i)*DtLNP 
miR1iE(1uüT/*)C^P(I)/EE£Z 500C CONTINUE rEîükN c N uC



n
o

o
c.

r.
o

cj
 

oo
r.

o 
or

.o
r.

o 
00

00
 

o
rj

o
n

T-2987 105

THIS PRuGkAM FCLLJWa iNIEukAL EQUATION ALGORITHM FOR AnAuYIIC CONTINUATION UF ELECTROMAGNETIC FIELDS. IT IS WRITT&N FuR USE ON DEC-10 COMPUTER.
OUTPUT MAPS ARE THE SIZE OF INPUT MAPS UP TO A MAXIMUM OF 64 X 64.

1N1EGER TYPED,TYPEF
READ It* PARAMETERS Or THc SURFACE DATA

«RiTE(4,10 )lu FORMAT!1X£"ANALYTIC CONTINUATION OF EM F IELDS(15/11/84)#) *nRiTE(4#20 )2v rOrcMAT(lX^ "TYPc. OF DATA: PROFILE UR CONTOUR (1ST LcTTER)") 
kEaD(4,3D)TYPED30 rORMAT(AS)«RITE(4,40 )40 r0**AT(IX, '?YDE OF FIELD: DIFFUSION UR PROPAGATIONS OR P ) ' ) aEmDC 4, 50)TYPEF5 0 r ChMAT( AS) ew|t#ew<rwwwitw#wewitiriew)re#wwwiririrv<t)r>)titwwwirww)r##<rwjrww

SELECT T*0 OR THnEc.-DIMENSIONAL CONTINUATION
IF(TYPED.EO.P) CO TO 70 uAuL DQWCÛ(T YPtF)GO TO 30 7 u CALL DûXPD(TïPc.F)9v CONTINUE

THE OUTPUTS ARE READY IN THE FORMAI UF PLOTTING PROGRAM IN THE LIBRARY Or DEC-10. FOR THE PROFILE OUTPUT, R LBV:GHAPa AND r OR THE CONTOUR OUTPUT,R MN L:nG RID, R M N L : F IT, AND R MNLîTOPO.
mRlTE(4,,0)9v r OnvAT(1 a,'THE OUTPUT FILE IS STRUCTURED FOR THE PLOTTING"/,1 " PaCnAGE IN DEC-10. If THE OUTPUT IS PROFILE "/,2 " P LdY:GRAPH. IF THE OUTPUT IS CONTOUR, DO '/,3 ' FOLLOWING STEPS: h MNL:KGRID, R MNL.'FIT, R MNL:"/,4 " TUPÜ. THn. PRuCEDDLl IS SELF-CONTAINED IN THF "/,5 " PLOTTING PACKAGE. ")sTuP
l NL
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dOl

oO 2

dUcPJUTLtS DûWpD(TYP£F)
q ***********#******#*#*##******************
C SüBPûJTiN'c. OOaPD IS DcSiGiiEu TO CALCULATE THEC TWO DIMENSIONAL ANALYTIC CONTINUATION FOR TE
Ç .*82* WAVc.

l0U9le p r e c i s i o n e p s o ,epsiINI EGER IYPE,I,Q,Y,N,CKfR,IYPEF COMPLEX EZ(64)/HCOS,dSlN/EEEZ COMPLEX dX(6 4),CI,C0N(64j,CQ(64) 
u IME.NSICN WO«K(20600 )/ A( o4)DIMENSION AKa (o 4),AKY(o4 ),KEEZ(64),AIEZ(b4) uAIA MN/04/DAI A I/'I'/(^/'Q'/,Y/"*'/,M/'N'/,R/'h'/‘ *RiTE(4,dOi)cGnMAT(zX, 'I^PuT THE FILe NO. uF SURFACE DATA') h£AD(4,*) IFILe hEüIND IFILE «KiTE(4<802)r CkmAT( 2 A, 'E iNTER THE NO. OF SURFACE DATA POINTS NX') kEaD(4,*)NX AhiTE(4<d03)oCJ FCnMAT(2A/'ENTeR THE SPACING OF RECEIVER DELX') kEaD(4,* ;D EL X *RiTE(4,99)9^ rCnVAT(2A/'EnTER THE CONDUCTIVITY, FREjUtNCY, AND '/, 1 ' PcLATIVE JIeLeCIRxC CONSTANT ')IFCTYPEr.e O.D)mDE=0.U rtEAD(4,*)SIG,0MF,RDE *RiTE(4,dO 4)d 0 4 F0rMAT(5x,'Enter THE DEPTH OF DOWNWARD CONTINUATION') nEAD(4,*)0EP *RiTE(4,d3S) tiC5 FOn.MAT( 2X, 'ENTER THE NO. OF FF I POINTS') nEAD(4,*) NFFT CI — (u •, 1 .)PA i = 3•14i5 92 
a MU=4.*PAI/1d.**7 EPjn=9.634/(10.**12) 
ePS1=PDE*EPSvCK = (2.*PaI*CmE)** 2 *XMU *EpS i NXi=NX+l NXN=NFFT/2+l AXNl=NXN+l DO 41 1=1,NX nEAD(IFlLE,*)S,EZ(I) uO 42 1=1,NX nEADClFIuE,*)S,HX(I) uO 50 1 = ̂, <X

41
42
50 a ( i ) = ( I - i ) *DeLX uC 200 I=NA1,NFFT
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& Z 1 1 ) ~ ( 0 •/3• ) hX(I)—(0«/V« )20w CONTINUECAuL FJU*T(HX,NN,1,-1,1,«0HK)CALL FüURr(ELfNN,l,-l,i,*ÛKK)
ü e l :<a =2 . * ? a i / n f f t / d e l x
u ü  1 0  J  — x /  iNX N AKX(J)=(J-1)*DgLKX Iw VÜM1 NUEÜÜ 30 j = ;ixni/nfftA K a (  J )=(iNFFT-J>1 )*OElKX 30 CONTINUE
u0 600 J = 1,N c F I lQ(J)=AKX(J)**2-CK oOu CONTINUEDO 700 I=1/NFFIvONCi ) = DGp*CSQr<T(CQ( I) )70u CONTINUEA K a ( NXN ) = 0 .0 uû 100 I -=1, Nr F IhCCS=rCEXP (CuN(I) )+Cc,XP(-CUN (I > ) )/2. iiSiN=(C£X?(CüN(I) )-CdXP(-CjN(D) )/2. lZ(I)=£Z(I;*riCuS-CI*(2.*PAi*uMl*XMU * * H a  ( I ) ) *.tS I N */CoQRT(Cu(l)>79J CONTINUE iOu CONTINUECAlL FjUkTCEl,NN/1/1/1/WüRÀ)DÛ P50 I=1,MFFÎ o5v cZlI)=EZ(W/i,FFT *R1TE(4<90 4)904 rOnMATCzX, 'Ii,PuT THE OUTPUT r Il£ NO. FOR PLOT') i\EAD(4/*>iOUT 
u U 9o0 1=1,N a  
l£EZ=FZ(1)^6v kEgZ(I)=SQRT(Pg AL(EEgZ)**2*AIMAG(EEcZ)w*̂ ) u C 1U 0 v 1 — I, *« X a R x T E C I G J T / * )XCT)/REEZ(I) l u 0 v  c o n t i n u e  hEIURN END

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 

G O L D E N , COLORADO 80401
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uUbR0 Uri;<£ DüWC0 ( TYPcF)

SUpRûuTlNc jOWCD IS DiSiGüCÜ TO CALCULATE THE THREE DlMc.VSIGNAL A.NAuYTIC CONTINUATION.

LATA NN/o4/6 4/uAU 1/ 'r Z,^/ 'QV/Y/'ï V,N/ 'NV/R/'RV i aR1TE(4/1Dx)101 c Q k m a t c Sx/ #i n ? ut t h e f i l e  n o . uf s u r f a c e  ü a t a #)kE-mCM,*) IFILE 
REMIND I f  I «E aRiTl(4<102)102 fCnVAT(5A/#E;.Tc.R THE NO. Or SURFACE DATA POINTS NX,NY')

cPv=d.d5t/(Iv. £12)LPS=kEEPS*£PvCK=CI*SIC*XMu*2.*PAI»GME*(2.*Pa1*OME)*«2*XMU*£PS NXi=NX+l NYi=NY+l NXN=NFFT/2>1 NYN=NFFT/2+1 NXNl=NXN+l àYn1=NYN>1 lü 50 1 =1, NY 
5j A(i)s(i-i)*DtLA lO 1 0 Ô 1=1 ,N*

i r« i c, u c. .*<i x r c.rCOMPLEX HZ (6 4,o 4)COMPLEX riYC64,o4),HSIN,HC0SCOMPLEX nX (6 4,3 ^ j <ci,CK,C0N(b4,64),CU(64,5 4) DIMENSION àOkK(2UOOC ),NN(2),X(t)4)
LI M A N S I O N  A K A f 6 4 ) # A i C Y ( 6 4 ) J. R E n Z ( ô 4 ^ 6 4 ) # A l h Z ( 6 4 ^ 6 4 )

INTEGER rYPE,I,Q,Y,N,OK,R,TYPEF

n E A D ( " , w ) ü S.L A, J h'L Y*RiTE(4,99)9 y rCriMAT(2A/ 'Ei»T £R THE CONDUCTIVITY, FREQUENCY, AND 1 ' Pz.L aTIVE D I EL£C TR iC CONSTANT
iF(TYP£F.EQ.u )k EE?S=Ü.v rvEAD(4,*)SIC,0ME,PEEPS *RlTE(4,i0 4)104 r O k MATC 2a , 'F;<T£R THE D E P T H O r  DOWNWARD CONTINUATION'). 
k EAD(4,*)Dc.F *RiTE(4,10 5) xO 5 rÜ«MAT(2X,'FNÎC.R THE Nu. OF r FT POINTS')*\EAD(4,*) aFrT CI = ( 0 ., 1 . )PA1=S.141592 
a M ij = 4«*Pa I/1li« **7

xxE à DC 4, • JNX, NY
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*£*0(1?IlE/*) (HZ(I,J),J=1,NX) i\ZaD( TF luC s * ) (HY(I,J),J = 1,Na) a£AD.(IFILE>*) (HX( I, J)/J = 1/NX) lOv CONTINUS
uO 2JQ I=NYl/NrFT 
u0 200 JsMXl/NFFT rlZ(I/J) —(G • / J • )
nX(I/J)=(0*/O* )20u CONTINUECAuL FOUkTlHX,NN,2,-l,l,aOkK)CAlL FQUhTCHY, NNz2z-1, 1, jiOxK )CAlL FOUXTIH^, NN,2,-l,i, *0c<K) ü£LKX = 2. •PhI/N’?FT/DELX uEL^/=2.*PAl/NfFT/DEuY
u U 1 0  U — 1 /  N X
hKX(J)=(J-l)«DiLXX 10 lünTINUEuü 20 J=^XNl,NrFT mKa (J)=(nFFT-J>1)*DELXX 2v lCNTiNUE
dO 30 I = a/XY« mKY(I)=(a-1)*D£LXY 3 0 CONTINUEl G  40 l=NYNl/NfFT 40 hK Y(I)=(NF F T-I>1)* DE uX Ï uG 500 I=1/N FF T lu 500 J=lz Nr F ICQUz J) = AKa ( u)«*2>AKY( 1) **2-CK 60w l G n T i N u EuO 700 1=1,Nr F I uC 700 0=1,Nr F I 
l ü n(1,0)=û £P*ClQRT(Cu(I/O) ;70 l CONTINUEaKa(NXN)=0#C kKi(NYN)=0.C uü 900 1=1 /NrF I lû 900 0 = 1,Nr F IIF(5IG.E^.w.ANU.I.EQ.l.AND .O.Eu.l) GO TO 7 90 iiCuS = (CExP;CuNT(I,0) WCc.XF(-CCN( 1,0)) )/2. n5iN=(CEXP(CuN(IzO))-CEXP(-CuN(I/0)))/2. uZCl/O)=nZ(I/0)*HC0S>CI*(AKX(0)**Ha(I#0 )̂ Aî(Y(I )*HY(I/J) )*HSIN */CoQRT(C0(I/O))79u CONTINUE oOj CONTINUECAlL FUURTIHl,NN,2z1/1/W0R<)L O  350 1 =1, NFr I u O  950 0=1,Nr FI d5v ri Z ( T / J ) =rtZCl/0 )/f«FFT/N?F I *RiTE(4,9u-è)
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*04 r 0*MAT( Ik, #l:,PUT THE OUTPUT FILE NO. FOR PLOT*) k E a D M ^ H J U I  uü IJOU 1=1,NYa hITECIGuT, *)(riZ( I,J), J = l, nX) lOOu CONTINUE r<ElURN L Nu
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SUüPÜUriNE FuU*T(DATA,NNzNJlM,1S1GN,IFORM,WORK)
uiy.ENSIÜN JAiA(l ),NN(1 ),£FACI(j2)/W0RK(l)uAlA TWGr*I/6 .2 3313530717^6/ /üTtlLF/0. 70 7106 79118 635/fiPzxFVrJi,PV = ÔXF(NDIM-1)11^0,10/10 1 v N T u T — 2vO 20 ID1M=1,NDIM

2 „ aPl = 2
MAiN LOOP fO k EACH DIMENSION
uO 1180 iDlM=l,NDIM N=rtN(I0lM)NP^=NP1*N1F\N-1)119v,1170,30
IS V A POWER Of TWO AND IF NuT, WHAT ARE ITS FACTORS

3 0 M = üNTaO=VP1 i F -1 „IDiV=2 4u iQ00r=.M/ ID IVlRcM=M-IDIV*lQJ0T ir(TQUüT-IuIv)l20,50,50 5v IF(IREM )70,6u,70 5 v .\TA0 = NI*0+\T*0 IFACTCIF)=IDIV 1F-IF*1 ri=iQJ0T GO TO 40 
7y ID 1V = 3lNuN2=IF dv lQuOT=M/IDiViRLV=M-IJIVwiQU0T IFllQUOT-IDIV)140,90,90 9v IF ( I REM ) xlO,10 u,11Û 1vO IFACTCIF)=iDiV iF=IF+l M=lQUOT uU TO 80 110 lDiV=IUIV+2 GO TO 80 llC 1N u N 2 =I F1F(IKFM)140,13^,140 loO 1nT*0=NTWu>.'«TaO uù TO 15o
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140 if«CT(Ip ) = .«!
aErARATE F j U k  CASES--1. CuWPL&X TRANSFORM OR REAL TRANSFORM FUR THE 41H,DIMENSIONS.2. FEAL TRANSFORM FOR THc. ZND uR 3RD DIMENSION.TRANSFORM nALF TriE DATA, SUPPLYING THE OTHER JUGATE SYMMETRY.3. PEAL TRANSFuRM FOR THE 1ST DIMENSION, N ODD.SET THE IMAGINARY PAkTS TO ZERO.4. REAL TR ANSF uRM FOR THc 1ST ulMENSIÜN, N EVEN.transform a complex array of LENGTH N/2 whose ADE THE cVEN NUMBERED kEAL VALUES AND aHOSE ARE THE uDD NUMBERED RcAL VALUES. SEPARATE THE SECOND HALF BY CONJUGATE SYMMETRY.

150 iCaSE=1I F MI N = 1 ilRNG=NPiiF(IDIM-i)I6u,210# 21U loO i. F v IF ORM ; I 70,170,5iC 170 iCaS£=2II r< N G = N ? w * (l^NpREV/2 ) iFlIDIM-l)18U,190,210loO ICaSE=3*lRNG=N?iaF(NTWO-N?1)^10,210,1901 9 0 ICA Sc =4i F MIN = 2 NTaD = NT Rj/2
4» —  N / 2nP^=Nd^/znTuT=NTOi/21 = auO 200 J=l,Nini uAiA(J)=uAfAU)

2 00 1=1+2
cHUFFLE DATA BY BIT REVERSAL, SINCE N=2**K. AS THc LAN BE DUNE dY SIMPLE INTERCHANGE, NO WORKING ARRAY

2 iC IF(NTWO-NP2)^9 0,2 20,220 220 NP^HF =NP2/2 j = iDO 2BC 12-i,NP2,NP1  ̂ m iFlJ-T2)230,z5v,2502 30 ilMAX=l2+NPl-2uU 24C Ii=i2,IiVAX,2 uO 24° Ij=il,NIOT,NP<J3=J+13-12 IEMPR =D A TA(Io)
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IE«PI=OArA(Ij+l) uAiA(13)=DATA(J3) uAiA(I3>1)=DaTA(J3>1)uA1A( J3 )=r^Mcip240 uAIA( J3>j.)=TcMPT 250 M=i,PzHF 
2b0 iF(J-M)230,200,270 270 J=J-M M-M/2iF(M-NPl>230,2o0,2002 oO u = J>Muü Tü 37u

oHuFFLo JAIA DIGIT REVERSAL FOR GENERAL N
2^0 û W ü P K = 2 * ̂uO 360 Ij.= 1, NP1/2 J O  360 13=11,NfOT,NP2 u — 13LO 350 I=1,Nw0kK,2 ir(ICA5E-3 >3^0,310,3ÛC 3u0 *LnK( I) rJATAU)*GnK(H-l) = jAlA(J>l)GO TO 323 310 *ÜrK(I)=JA TA(J ) 

aCRK(I+l)=j.3z0 iFP2 = NP 2 1F=IFMIN 3jO 1FP1=IFP2/IFACI(IF)J=u+iFPl1F(J-Ii-IFP2)350,340,3 40 340 J = J-IF? 2 iFP2=IrPI 1F=IF+1iFlIFP2-.,Rl)j5v,353,33v 350 CONTINUE12MAa=I3+NP2-NP1
iÔX3oO U=I3,I^MAX,NP1 üAiAI 12 )=#»OPK( I) uAiA(I2+i)=WuPA(I+l)3 dC 1 = 1 + 2
MAiN LOOP FOR FACTORS OF TRO. PERFORM FOURIER TRANSFORMS LENGTH FOUR, WITH ONE OF LaNGTh Tn.0 IF NEELSD. «=cXP(I31GN+<*PI*SjRT(-l)*M/(4*MMAX)). CHECK FCk ANu REPEAT FuR W=W*(1+1SiGn*SORT(-1))/SORT(2).

3 70 iFiNTWU-nP1)09 3,680,38 0 3 oO nPiTa = N?i+ nP1 1PAP=NTWJ/WPi
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390 iFClPAa-i)43w/410/40j 400 lPAR=IPAr</4 GO TO 390 410 uO 420 I1=1,11rNG/2uO 420 Ki= li ,N TOT, NP iTwl K2=K1>NP1 1 Eî P S =D A i"A ( K 2 ) IE.MPl=DAIA(K2*i) uAIA(K2 )=OATm(K1 )-TEiMPP LAIA(K2+i)=DATA(Kl+l)-TEMPI jAIACKI)=UATa(K1)>TEMPk 420 uAIA(K1*A)=DATA(K1*1)♦TEMPI 4 30 M.MmX = NP1

hI = S!N( TriE TA )490 *2K=ÀR*AK-Al*WI # 2 l=2 .*AK*Wl *3.4 = * 2 R * i i a - W ^ T  * W I  A3i=w2a*«I+WzI*WR 5 vO jC 630 Il=i,ilKNG,2 rv%iN = Il + i P A P " Y  iFlVMAX-NPi)510,510,52 0 510 K M I .N = 11 
5 z 0  n D i F  =  I p  Ar t * i MM AX  5 jO NSIEP =4 *<0 IF1 F(K5TEP-N TWu)540,540,630 5 40 Ù0 620 Kl=K.MiN,NTOT,xSIEP K2-<1>KD1F &3%K2+KD1F K4=K3*KDlFiF (M.MAX-NPl) d 5 v ,550,560 5 50 Ulh=JATA(Kl )>DATA(K2)Uli=JATA(Kl*i)*DATA(K2*l) u2R=DATA(K3)^DATA(K4) u2l=0AIAlK3+l)+DATA(K4+l) U3k=JATA(Kl)-DATA(K2) 031=0ATAlKi+i)-9ATA(K2+l) iFiISIGN)5oC,^70,57u 5 oO U4H = ÛATA(K j>l)-0ATA(N4*U U4i=DATA(K4)-DATA(K3)Gü TO 61j 5 70 U4h = 0 AT A (K 4+ j.)-0ATA(K3 + lj u4i=0ATA(Kj )-DATA(K4>

4 40 iF (MM AX-^T#iO/2> 450,660,6604 dO uMAX = MAXO(NFIT*,MMAX/2)
n n  C T / t  r — • i n 1 t ^ i s v  n * r  ^

1F (ui4 AX-.«PI ) DO 0,50 0, 4b 0 4 oO lHc.TA=-r*3PI*c,LnAT(L)/F *F(ISIGN)43C,470,470 470 IricTAs-rnETA 4 d 0 *R = CüS( TtiETA J 

)/FLuAr(4*MMAX)
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580

5 *C

5 v0 
510

6 ^ 0

6 jO

5 tC
6 dO

6 û0

670

GO TO 61Jl2h=W2R*uAlAlK2)-W2I*CATA(K2+l) *ï2i=*2R*UATA(K2+1)+*2I*DATA(\2)i3t< = AR«DATA(K3 )-iwI*0kTA(K3*l )l3l=wR*DATA(&3+l)+wI*DATA(K3jÏ4« = W3R*DA fA(K4)-d3I*DATA(K4 + l)i41=d3R*uATAlK4+l)+W31*DAÎA(A4)u1m=DATA(K1)+T2RUli=uATA(Kl+l)+T2Iu2h=T3R>r4K
u2l=r3l+r4iU3«=DATA(K1)-T2Ru3i=DATAlKl+ij-T2IlF(ISlGN)5iG/6uO/60Cu4h=I3I-r4lu41=T4R-r3RGO TO 61uu4R=T41-r3iu4i=T3R-I4RuA!A(Kl)=U1P+U6PjAlA(Kl+i)=UiI+U2IL- A i A ( K 2 ) = U 3 P ♦U •* P.bAiAlK2+i)=U3T+U4IuAIA(K3)-UlP-UlPuAIA(K3 + l)-UlI-'J2IuAï A(K4)=ü 3R-U4PuAIA(K4+i)=UjI-U4I&DlF=KST&PKM1N = 4*UM1N-I1) + I1GÜ TO 5 3gvO^TiNUEh=M+LYAXiFlM-MMAX)o4u/b40/67-J iF(lSlGNjo5C,660,560 IEMPR=*R*R = (*R><vI)*P1HlF *l=(dI-TEMRP)*RTHLF uü TO 49J x E iM P R = W RAR=(wP-dl)*PlHLFAl=(TEMPR+*I)*xTHLFGO TO 4 9Jvü^TlNUEiPmP = 3- IPARMMaX = MMAX>i4MmXGO TO 44w
î AiN LOOP FOk FACTORS NOT cQUAL TO TwO. APPLY ThE * = cXP(ISI3., + 4*RT*SORl'(-l )*( J2-J1 )/( IFFl^If P^> ).rEnFORM A FOURiER TRANSFuRM ÛF LENGTH IFACT(IF), OOüJUGATc, SYMMETRIES,
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C6d9 IFiNTWO-NPii) o9 0,9n0, *0 0 690 iFPl=NT*J IF = I NON 2 ;nPiHF = ,NP1/2 700 lrr2=IFACT(Ir)*IFP1 J1MIN=NP1+1iFUlMIN-Ir Pi) 710,710, 76 j 710 uO 750 J1 = J1iMI^,IfP1,nP1ihtTA=-T»üPI*FLüAT(Ji-i)/FuOAT(IFP2) iFCISIGN >7dC,7^0,720 7 i O IHlTA =- Tdc. IA7jO aS1PR=C0J(I H l T A )*SiPI=SlN( IH A)*R=WST?R * I=WS T? I u2üIN=Jl+lrFi u2«AX=Jl^IrP^-iFPl00 750 J2=j2dI.N,J2MAX, 1FP1 llüAX=J2 + I 1P.N0-2uO 740 Ii=J2,IiMAX/2 uO 740 Jd=Il,N TOT,IF?2 iEMPK=DAIA(Jd)uAIA( Jj )-D ATa( J3) *'aR-D ATA( J3>1 j WWI 7 40 uAIA(J3 + i)=?iMRR*dI + üAIA(Jj + i)*ÜÜ1 E^PK=XkwR-WR*XSi’PR-wI-WSTPI 750 aI=TEYPa*XdTPI+WI*ASrPR 7oO ïHc.TA=-TaOPI/FLOAT( IFAC T d r )  > iFlISIGN)?30,170,770 7 70 THc.TA=- TrtE i’A 7oO hSiPk = COS( rh'cTA)«S1PI=SIN(IHlTA) u2nNG=IFPl*(i+lFACT(IF)! lû 890 11=1,11kNG,2 JO 8 9 0 Ij=Il,NTOT,NPj. j2mAa = I3>J^R,%G-IFP1 j G  830 J2=l3,J^MAX,IrPl JldAX=J2+IFPi-NPi DO 85n Jl=J2,JiMAX,NPl j3mAX=J1>NP2-IFP2 DC 850 Jj=Jl,JdMAX,IFP2 uMlN=J3-j2+IJ JAMX=JMIw+IFr2-IFPl i=i+(J3-l3)/NPiHF 1FCJ2-X3)790,7^0,820 7>0 bUMR=0.JUmI=0 .uO p10 JrJ.XlN,JVAX,IFP1 900 5UdP = SUMn.+ JA IA ( J)310 5UHl=SUMl+UAiA(J+l)
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*0éK(I) = SU.4R *GnK (1+1)= SUiMl Ù0 TO 35U8z0 iCuNJ = l + (Ir P2-z*J2 + I3 + J3 j/.iPlHF 
J =J AM XoUrtR=DATA(J)3UMI=DATA(J+l) u L ü S R — 0 • üLDSI=0 .J=u-1FP1 330 1E M P R = S U MR TEMPI=SUMI3UrtR = TA/C*R*SuMrt-0LDSK+DAIA (J ;SUM I = T>i 0 aiR »S UMI-0LDSI + Ü A TA (J + l j ULDSR = T£MPR uLuSI=TEMPI J =J-1FP1i F ( J-JM I .<) j4v,d40, 530 9 40 TEmPR = #iR*SüVc<-üLD§R+üATA(J)1EMP1=w I*3üy1 wChK( I ) = IEMPr(-TEMP I *Gt<K( IC0NJ)= IEMPR +TEMPT iEMPR=*R*3uMi-OLDSI+uAIACJ+l}TEMPI=a I*3JMR aC«K(1+1)= TEmPk + TEMPI AÛhKI ICûiNJ + 1 ;= I'EMPR-TEMPI 9 50 CONTINUEiF(J2-I3)8o0,9o0/970 9o0 *R=*jTPR *I=WSTPI CO TO 38J 370 iE M P R = W R* R = W R * W 3 T? K- a I * W S T PI *I=TEMPR"*3TRI+WI+RSTPR 3d0 TWCWk = v«'x + ̂R
i2mAX=I3+NP2-NP1 uO 990 I2=I3,I2MAX,NP1 uA!A(12)=a JPn(I) uAiA(I2+x)=WGPK(1+1)9 90 1 = 1 + 2IF = IF +1 iFp1=IFP2IF(IF PI-NP2) 700,900,90 0
COMPLETE A PcAu TRANSFORM iN TriE 1ST DIMENSION, •« cVEN, uUvATE SYMMETRIES.

9vO GO TO (li7j,1090,1170,913),ICAS£910 i«h aLF =N N = N + N
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9 20 9 jO

94C

950

9fc0
9dO9,0
1 Ù0 U

lOlv
1 u2 j 
1 030

1040

1 v5 v
1 v6 u

IH£,TA=-T<»ü ?I/FlGAT(N)1F(ISIGNJ930,920,920 iHcTA = -THE TA *SrPR=CC5(THlTA)*SiPI=5Irt(T H i T A )«R-WSTPRa I=WSTPIiMlN=3JMlN=2wNrtALF-l uû TO 960 J=uMINuO 950 I=IHI^,.'«TÜT,NP25üîmP= (0 A TA ( I J AT A ( J ) ) / 2 •aUMl = (DAl'AlI+lj+DATA(J + l))/2.uIFR = (OArA(I )-jATA(J;)/2 .uIFI = (DATA(I>1)-DATA(J>1 ))/2.IEMPR=Wa*SJMl+aI*DIFRïEüPI=jI*SJVi-*P*DIFauA1A( I)=SUHP>Tc.MHPwAIA(I+l)=JlFI+TEMPI
u A  ib (  J )  =  3 ’J M P - T c . MP RJAiA(J+1 ) =-D iF i + TEMPIu=J+NP21M i N = IM I N+ 2
lE,MPR = rtRaR=Wk*a STPH-aI*WSTPI *I-TEMPR*AjTfI+di*wSrPR i.F(lM I N-JMlN)9tO,970,1000 iF(I5IGNr9d0zlv00, lOvO00 990 I-IMI N, ;«T0T,NP2 bAIA(I+lj=-DATA(I+l);«P< = NP2 + NP2ù T L T = N T 0 » T uTu = nTJT* 11M a X = N T G T/2+iiMlN=!MAX-^*:iKALFi=iMINGO TO 10jO
O A i A ( J ) = j A i A ( T )lA1A(J>1>=-DmTa(I>1)
1 = 1 + 2 J=J~2IF(I-IMAX)10^0,10 40, 1C 40 ÙA1A(J)=JA TA(IHIN)-DATA(IMIN + I ) bATA(J+l)=v. iF(I-J)lo6o,I0d0,1080 U A I A ( J ) = j A T A (1 ) lA1A(J>l;=jAiA(I+l) i = i - 2  
u = J-2
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IF (I-IMI i«) 10 70,1070,1050 lv7u uAH( J)=JA TA (lMlN)*DATA(IMINtl )U A i A ( J* 1 )- V #
1.MàX = IM In GO TO lOiO lu8v uAlA(l)=uArA(l;*DATA(2)ÙAÏA(2)=G.GO TO 1170
COMPLETE A RcAL TRANSFORM FOk THE 2ND OR 3kD DIMENSION BY CONJUGATE SYMMETRIES.

1 u9 v IlOu

H l ï

UUr«UUUAiC JÏMMZ.1K1LD.
iF U  1RN5-.N?1;1 100, 1170,117 0 DO 1160 13 =1,NTOT,NP2 i2MAX=I3*N?2-NFl uO 1160 12=1j,l2MAXzNPl iMlN=I2+IlRNG 
iMaX=I2*N?1-4 jMAX=2*Ij+NPl-i. r / t T _ r o x i i ~ . iUMAX=2«IJ*NP1-1MIN ÏF(I2-I3)ll2v,1120,1115 1110 u MaX = JM A a> l<P 2 112 v 1F(ID.IM-^)i1d0,1150,1130 113v u = uMAX*NP01 r \ 1 U 1 .n 4 / 1 1 3 v , l * 3 V / 4 .u = üMAX+ npouO 1140 1=1M1N,IMAX,2 uA I A ? I ) =uA TA UT) ÜATAXI*1)=-DàTà (J+l) 
u = u-2 u =JM A Xuü 1160 1= i M i N , IM A X / iN P u uAIA(I)=JArA(J) 
uA1A(I+1)=-DaTA(J>1)
. , - i - M D1 1 5 u  u = j - N P 0
c.NL OF LûüP u.N EACH ûlMEiiSIûN

117 U 11P w = N ? 1 :«P1 = NP2 119 v P « E V = N 
1 19v rEIURN &Nu

PROGRAM PLOT.FOR IS DcSlG^Eu FOR THE uUTPUT IN THE FORMAI üF PLOTTING PACKAGE. FOR TH c. PRO­FILE uUIPJT, RUN Lüf:GRAPH. FUR THE CONTOUR DO F ülLjW iNG SEQUENCE; R MNL:KGRID, R MNLîFIT, P MNL: TUF ù.

iNIEGER jz Av/TVPE COMPLEX hC ( 6 -î, o 4 )
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COMPLEX rtY(6*t/64)/HSIN/HC05 C0MDLEX dX(6 4,04) 
u ImENSION X(o4),Y(64)ülMENSIÜ^ AKX(b4), AK/(64),r<EnZ(64,64), AIhZ(64,64) uAIA D/ 'ù '/z aM/ 'XMV i *RiTE(4,i0i)101 FCaMAT(2X, 'INPUT TriE FILc. NO. OF SURFACE DATA') hEAD(4,*) IFiLc 
r EaIND IrluF ARlT£(4,i02)

idz FürMATC 2X, 'EnTER THE NO. OF SURFACE DATA POINTS NX,NY') riE*D(4,*)NX,NY ARITE(4<49d)^9o rOrMATX zX, 'ENTl P DELX,DELY ') 
r EàD(4,*;D£LX,u ELY *RîTE(4,49,)^9 ̂ fChMAT(2a, 'IF MODEL DATA, 1N1ER XM AND D FUR DOWN DATA') A kEaD ( 4, 9 v 3 m ? £FCrmAT(A4) jO 50 I=i,NY 5v A(i)=(l-i)*D&LX LlC 100 1=1,NX
k SaD( IFIlE,.*; (H2(I, J),J = l,Nn iF (Tï'PE.wQ.D>Gü T O  luO 
a EmDCIFIlE,*) (HY(I,J),J=1,NV) 
r EaD(IFIlE,*; IHXU, J),J = l,Nt) lOv CONTINUE cOj CONTINUE 14o LO 901 1=1,NX uO 901 J = 1,N A RtnZ (I,J) = r(F. AL(HZ(I,J) )Alr.Z( I, J) = AlMA C(HZ(I, J) ) yOl C O N T I N U EuO 775 1=1,NX 775 ï(I ) = (I-l;*Dc.LY *RiTE(4,;04)^04 rOrMAT(zX, 'INPUT THE GUTPUi FILE NO. FOR PLOT') rEAC(4,*)!jUI 
uÜ 777 1=1,Nx CO 777 0=1,Nk*RiTE(IOUT,*)X(J),Y(I),R&HZ(I,J)777 CONTINUE STuPiN u

Pr OGRaAM r An DOM IS uEj InEj ,TO CENERATt THE RANDOM ^HiTE^NOISE.

COMPLEX NÛIS&l(128,128),«G ISt2(128,128),NO I SE 3(128,128 )



T-2987 121

10
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40
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NX ANU NY ')
XBlG=9y9^9 *RiTE(4y100) r QrtVATC LA/ 'EûT&P *EAD(4,*)NX,üY *RiTE(4<^0u)FürtwAT( i A/ 'E î'iTc.R OUTPUT FIuE') n E * D ( 4 ,*)ÎÜU1
FOrtMA^CîA/'lnTER THE SIGüA 
i-ORVATdX,'EüT&R THE SIGNAL 10 NOISE RATIO')

oTRENGTH HZ HY HX')

h£AD(4/*)SNN 
u0 lu 1—1/NX

RAN(IBiG)-v.b,SAN(I3IGJ-Ù.5) RAN( iBIG)-w.5/RAiN( IBIG)-ô.5 ) FAN(1B1Gj-u.5,RAN(IBIG)-0.5)
UO 1U 0 = 1/nY NOiSEK I,J )=lMPLX N C1SE2(I/J; = lM PLX iiOiSE3(I/J) = CMPLX CONTINUE mA1=Ü•À A ̂ — u •AAû=0 •
Lû 3ù 1 = 1 , NX lC 30 0=1, nYAl=REAL(NOIStl(I,J))**2+AIMAG(«ü ISE1(I,J))**2h2 = R£AL(N0ISc.2(I/J))**24>hI:4Aô(Nü 1SE2(I/J))**2h3 = deAL(NÜîSl3( I, J) V*2>Àl.4Ab(^OISEj (I/O )) **2hA1=A1+AhIAAZ=A2+A42AA3=A3+AA3CONTINUE
k EC1= AAAI/S.mN/AAI nEC2= A Aa2 / S .mN/ A A 2 nEC3= A A A3/S NN/A A 3 UO 101 I=1,Na Du 101 0=1,hY NOISEIC1,0)=nOISE1(1,0)*0QkT(RlC1)NÛiSE2(1,0)=N0iSE2(1,0)*03kT(RlC2)NUiSE3(1,0) = NOISE 3(1,0)*0QRT(RlC3)CONTINUE uû 20 I = i., NXrtRITE(IüüT,*>(NOlSEl(I,0),J=l,NY)*R1TE(IGUT,* )( tN0IS£2 ( I,Û),U = 1,NY) *R1T£(IÜUT,W)(N01SE3(I,0),0=1,NY)CONTINUE A Al = w • aA^=0.A A j = 0 uO 31uO 31 0 = i, ;,Y1 =1, NX y ôi 0 = i, n Y 1=REAL(nOIS&1(I,J)) 2+AIMAG(NOIoEl(I,0))**2
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a2 = Pc;AL(.<üIS£2(I/J))**2 + hIMàü(NüISE2(I/J))**2 a3 = R£AL( .iülSc.3( I/J))*»2>aI;4Au(N0ISE3(I,J)) **2 AA1 — Al + Afil AAi=A2+ A*2 AAj = A3+Art3 31 CONTINUEAhlT£(4z*)AAx,AA2/AA3oTuP
l NL


