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Abstract The paper presents analytical expressions for solving the problem of continuation
of the electromagnetic field in the frequency domain for a horizontally layered medium. The
numerical solution algorithm uses layerwise recalculation of the required quantities, for which
analytical expressions are presented in a form that allows calculations and layerwise recalcu-
lation without the accumulation of rounding errors. The solution to the continuation problem
is obtained as a solution to the cost functional minimization problem. The strong convexity
of the functional is proven, which implies the existence of a unique solution to the problem
posed.
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1 Introduction

The paper presents analytical expressions for solving the problem of continuation of the
electromagnetic field in the frequency domain for a horizontally layered medium. The
numerical algorithm is based on layer-by-layer recalculation. Analytical expressions are
presented in a form that allows calculations and layer-by-layer recalculation without
the accumulation of rounding errors.

The continuation problem to a certain depth is relevant when the electromagnetic
properties of the first few layers are known, and below the electromagnetic properties
of the layered medium are subject to determination. If the continuation problem is
solved, then the inverse problem of determining the unknown medium parameters can
be posed on a smaller domain. This will speed up the solution of the direct problem,
and, consequently, the inverse problem.

As mentioned above, we will use the layer-by-layer recalculation method to obtain
analytical expressions for solving the continuation problem. One of the first techno-
logically advanced layer-by-layer recalculation algorithms for solving a boundary value
problem for second-order differential equation for a horizontally layered medium was
Tikhonov-Shakhsuvarov algorithm [1]. However, it had some limitations: analytical
expressions contained exponential functions whose exponents had positive real parts,
which led to the accumulation of rounding errors during calculations and layer-by-layer
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recalculation. This drawback of the proposed layer-by-layer recalculation method was
eliminated in the Dmitriev’s works (see, for example, |2, 3]). To construct expressions
for calculations, he used the idea of Gelfand and Lokutsievsky [4] for solving a bound-
ary value problem for second-order differential equation. It made possible to obtain
expressions for calculations that are resistant to the accumulation of rounding errors.
Further, this method of layer-by-layer recalculation was developed for solving systems
of second-order differential equations: for a system of equations of the theory of elas-
ticity (horizontally layered isotropic medium [5]-[7], isotropic medium with absorption
8, 9], transversely isotopic medium with a symmetry axis coinciding with the Oz axis
[10], a medium of any type of anisotropy [11, 12]), for calculating the gradient of the
residual functional for solving inverse problems to determine the velocity parameters of
thinly-stratified layer [13, 14], for Maxwell’s equations (horizontally layered medium of
any type of anisotropy [15]), for the system of equations of convective heat and mois-
ture transfer [16], for the fourth-order differential equation of transverse vibrations of a
piecewise homogeneous beam [17]|. Currently, the layer-by-layer recalculation method
for solving a boundary value problem for second-order differential equations or systems
of second-order differential equations for horizontally layered media are recognized as
the most suitable for calculations [18]. In this work, the layer-by-layer recalculation
method is used to find expressions that are resistant to the accumulation of rounding
errors for the numerical solution of the continuation problem, which is the Cauchy
problem for a second-order differential equation.

The layer-by-layer recalculation method makes it possible to obtain a numerical
method for solving the direct problem that is not only resistant to rounding errors but
also requires relatively little time for calculations. This is a very useful property, espe-
cially when solving inverse problems using the optimization method, since in this case
solving the inverse problem is reduced to repeatedly solving the direct problem (see, for
example, [19]-[33]). The time for solving the direct and, therefore, the inverse problem
can be greatly reduced if it is necessary to solve the inverse problem of determining
the parameters of the medium, starting from a certain depth, since the upper part of
the medium is known. This could be, for example, a road surface, an airfield runway,
the upper part of an archaeological section, etc. Having solved the field continuation
problem to a certain depth and excluding information about the appropriate layers
from the known data, we obtain a simpler formulation of the inverse problem.

The numerical solving the continuation problems is, as a rule, unstable, and there-
fore requires the use of regularization methods (see, for example, [38|-[44]). 2D and 3D
field continuation problems in the stationary case is mathematically formulated as the
Cauchy problem for an elliptic equation, in the non-stationary case — as a problem for
a parabolic or hyperbolic equation with data on a timelike boundary. For numerical
solving the Cauchy problem for an elliptic equation, many methods have been proposed
(see, for example, the review in the work [45]). For the numerical solution of equations
with data on the timelike boundary, we know only two methods — the optimization
method [46] and the adjoint operator method [47]. As a rule, the proposed methods
for solving the Cauchy problem (see [45]) were tested on simulated data, in the works
[47]-[50] the problem was solved on data obtained during laboratory experiments. Also,
the solution to a parabolic equation with data on a timelike boundary was obtained
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after laboratory measurements |51, 52]. Some simple formulations of field continuation
problems can be found in [53]-[55].

In our case, when the continuation problem is solved in the frequency domain, it is
necessary to obtain analytical expressions for solving the Cauchy problem for a second-
order differential equation. This is a well-posed problem. This means that a correct
method for solving this problem must be presented. Here we propose a solution method
based on layer-by-layer recalculation: in each layer, analytical expressions are obtained
for solving the problem such that numerical calculations and recurrent recalculation
do not accumulate rounding errors.

2 Mathematical formulation of the problem

Let the medium be a horizontally layered structure with inter-
z, | r faces z, (n = 0, M), the n-th layer is the interval [z, 1, 2],
0 thickness of the n-th layer h, = z, — 2,1, (—00, 2] is air,
[za1, 00) is underlying the half-space (see Fig/ 1).

The propagation of the electromagnetic field is described
by the Maxwell equations. The medium is characterized by
permittivity €, conductivity o and magnetic permeability pu.
Permittivity e =epe (¢p=8.854-107'%(F/m) is the permittivity
of vacuum and € > 1 is the relative permittivity of the medium).
For most geophysical media p = 47-10~"(H/m). Relative per-
mittivity of air e=1, conductivity of air c=0. We will assume
that the relative permittivity ¢ and the conductivity o of the
medium depend only on depth, i.e. e=¢(z) and 0 =0(2), and
are piecewise constant functions. The electromagnetic proper-
ties of the n-th layer are determined by the constants ¢, and
O

Assume that the electromagnetic field is excited by a source
of external current of the following form:

€. On

Zy
i 0

jrg,zt) = |Js | = Js | (1)

zZ jz 0

Figure 1: Medium qu(T, 2, t) = f(t)(s(r - TO)(S(Z - Z*),

model. where z, is the coordinate of the source on the Oz axis, 2z, <0
(the source is in the air), z, is small enough, 7o > 0 is the source parameter.

Since the medium is assumed to be isotropic and the source does not depend on
the angle ¢, the Maxwell equations can be written in cylindrical coordinates, and the
components of the electromagnetic field not depend on the angle ¢. Taking into account
the type of source (1), three of the six components of the electromagnetic field £y, H,
and H, are non-zero (see, for example, [33, 34]). For the component E, the following
differential equation can be obtained

O*E, 0E, 1[?E, 0 (11 djs
5= o o o 9] )

3
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At the initial moment of time there is no electromagnetic field
E¢|t<0 = 0. (3)

The tangential components of the electromagnetic field when passing through the in-
terface between the media remain continuous, therefore, at the interface “ground-air”
2o and the interface points z, the gluing conditions

E,]. =0 {%} 0, n=00L. (1)

are satisfied. The boundary condition
Eylo = 0, (5)

holds, its rationale for which can be found in [35].
Let’s assume that the following measurements have been made on the surface

Eglemo = &(r,1). (6)

We assume that the receivers recording electrograms are located along the r axis.
Let us apply the Laplace and the Hankel transforms to the function E4(r, z,t):

(v, z,p) /e pt/')“E¢ r, z,t)Jy(vr)drdt, (7)
0 0

where p = av+1i2nf is the Laplace transform parameter (« is the attenuation parameter,
f is the time frequency (Hz)), Ji(r) is the 1-st order Bessel function (see, for example,
[36, 37]), v is the Hankel transform parameter.

Let’s introduce the following notation: £(v, p) — image of the function &(r,t), f(p) —
Laplace image for the function f(t), k(z) =\ +p>peoe(z) +puo(z) (Re{k(z)} > 0), in
n-th layer k, = \/1/2+p2ueoen+puan, in the air ko= /v2+p2uey, and g(v) = roJy(vro).

For z € {(—00,00)\{20}..-\{2znm}} the function u(v, z, p) satisfies the following dif-
ferential equation:

Uz — K (2)u = ppf(p)g(v)d(z — 2.), (8)

and at the points z = z, (n = 0, M) the gluing conditions
[uz] =0, [u]zn =0, (9)
hold, and additionally we must assume damping conditions

Since §(z — z,) is present in the source (1), for z € {(—o0,00)\{z:}\{z0}...\{20}}
we can consider the homogeneous differential equation

U, — k*u =0, (11)
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with additional gluing conditions at the point z,

[uz],, = wpf(P)9(v),  [u].. = 0. (12)

From (6) follows
ul,—0 = &(v, p). (13)

Requirement z, # 0 is mathematical because the product d(z)w(z) has no a sense
if the function w(z) is discontinuous at the point z = 0. Using the smallness of the
value z,, we can go to the limit z, — 0 and simplify the statement (8)-(12).

Using the condition of damping at —oco (10), the solution of differantial equation
(11) in the interval (—o0, z,), the gluing condition (12), the solution of differantial
equation (11) in the interval (z,0), the gluing condition (9) at point z = 0, we can go
to the limit z, — 0 and obtain the boundary condition

(us — kou)|,—o = upf(P)g(v). (14)

Thus, the function u(v, z,p) can be found as solution of the differantial equation
(11) for z € {(0,00)\{20}..-\{za}}, for wich the boundary condition (14), the condition
of damping at oo (10), and the gluing condition (9) at the points z = 2, (n = 1, M)
hold. Here it is assumed that the electromagnetic properties of the layers [z, 1, 2,]
(n =1, M) and the underlying half-space [z, c0) are known.

Let us assume that the electromagnetic properties of layers from the first to the
N-th are known, but below are not.

We could formulate inverse problem statement for reconstruction unkown electro-
magnetic constants €, and o, (n = N+1, M) using additional information (13). But
in this case we would need to solve the direct problem in the interval z € [0, z/]. We
would like to use the knowledge that the electromagnetic properties of the first NV layers
are known and solve the direct problem in the interval z € [zx, zps]. Reducing the in-
terval over which the direct problem is solved significantly reduces the time for solving
the direct problem and, consequently, the inverse problem, since solving the inverse
problem using the optimization method is a multiple solution of the direct problem.

Therefore, we need to put the continuation problem: assuming that the €(z) and
o(z) (z € [0, zy]) are known piecewise constant functions, it is necessary to find ex-
pressions for values

wl, and ., (15)

where the function u(v, z, p) satisfies the differential equation (11) and boundary con-
ditions (13) and (14).

This statement is the Cauchy problem for a second-order differential equation. This
problem is well-posed. Thus, it is necessary to propose a stable algorithm for the
numerical determination of the values (15).

3 Derivating the main relations

Let us consider the new functions «(z) and (z), which are connext with the function
u(v, z,p) by the following equality:

u, = a(z)u+ B(z). (16)
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It should be noted here that since the constants v and p are included as parameters in
the formulation of (11), (9), (13) and (14), then the functions a(z) and B(z) depend
on them, but for brevity this dependence is not indicated.

Substituting the relation (16) into (11), (9) and (14), we obtain that the functions
a(z) and ((z) satisfy the following problems (n =1, N—1):

o +a?=k, a(0) =k, [a]., =0, (17)

B +aB=0, B0)=upf(p)g(v), [Bl:, =0 (18)

For brevity, we denote: " = a(z,), " = B(z,), un = u(v, 2y, p).
In each n-th layer, the solution to the Riccati differential equation (17) can be
represented in the following forms:

(an 1+k >+(an 1_ n) —2kn(#2n—1)

= T k) — (@ T e ) (19
Q" + k,,)e2kn(z=zn) a™ —k,

a(z) :kng * ; o e i’ E — kn; (20)

From (19) and the gluing conditions (17) it follows that o™ can be defined “top to
bottom” recursively:

0 __ n__ _
P N e e (21)

and from (20) and the gluing conditions (17) it follows that o™ can be defined “bottom
to top” recursively:

(a"+k, e 2knln 4 (a"—k,) N N1

=l =N, 1. 22
@ (o +ky)e=2hnhn —(an—k,)’ ’ (22)

If in the relation (21) we express a"~! in terms of o™, then the relation (22) will be
obtained, and vice versa, if in the relation (22) express a™ in terms of o', then the
relation (21) will be obtained.

In each n-th layer, the solution to the differential equation from (18) can be repre-
sented in the following forms:

- fz a(z)dz o2k Bn—le—kn(z—znfl)
— n—1 Zn—1 — n 23
s (@ k) (ke T )
— fza(:r)d:v an n okn (2—2n)
B) = fre = o (24)

(@ +ky)e2n(z20) — (an—k,,)’

From (23) and the gluing conditions (18) it follows that 5" can be determined “top to
bottom” recurrently:

anﬂn_le_knhn

8% = upf(p)g(v), "= =y ey peo e 1,N. (25)
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Note that in the expressions (19)-(25) there are only exponential functions whose
real parts of the exponents are negative. This means that the calculation of the func-
tions a(z) and f(z) and recurrent recalculation will be done without the accumulation
of rounding errors.

To obtain expressions that allow calculations without accumulating rounding errors,
in each n-th layer the solution to the differential equation (16) can be presented in the
following form:

j a(z)dz f o(z)dx . — } a(z)dz
wrzp) —wem wemn 0 [pge "y

Zn—1

Using the representations (20) and (24) we obtain

T (s o )e2kn(en) _ (o _ k)
(@ ha)e TR,
o 2knhn _ o2kn(2—2n)

(a"+ky,)e=2knhn —(an —Fk, )

w(v,z,p) = Up_1e€

From (26) and the gluing conditions (9) it follows that w, can be determined recur-
rently:
Up = f(lj, p)7
2 kn —2knhn

1—e _
= —knhn n _
Up = (@ + k) e—2nbn — (an — k) (un—1€ - T), n=1,N. (27)

The obtained relationships allow us to suggest the algorithm for solving the continua-
tion problem, which will be presented in the next section. The denominator of the first
factor in (27) does not vanish, since the Cauchy problem for a second-order differential
equation for a layer has a limited unique solution, but it can be quite small, if the
product h,Re{k,} is large.

4 Solving the continuation problem

First, calculate o™ and 8" (n = 1, N) with the help of the recurrent formulas (21) and
(25).

Second, using known o™ and " (n = 1, N) calculate u™ (n = 1, N) with the help
of the recurrent formula (27).

Thus, the following values

U=z =un and  ul,_, = oMNuy + Y (28)
are obtained which means that the stated problem of continuation of the electromag-

netic field in the frequency domain has been solved numerically. Note that all expres-
sions for calculations are calculated stably, without accumulating rounding errors.
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Knowing the quantities (28) allows us to formulate the direct problem statement:

U, —k*u=0, z€lzn,2um, (29)
(u, + k?M+1U)|Z:ZM =0, (31)
[uz]zn =0, [u],,=0, n=N+1,M—1, (32)
and assume that additional information
Ul = UN (33)

is known. The boundary condition (31) was obtained similarly to the condition (14).

The inverse problem (29)-(33) can be solved using a well-known approach (see, for
example, [31]). Since the inverse problem is solved on a smaller interval [z, z)/], the
speed of determining the parameters ¢, and o, (n = N + 1, M) will be higher.

5 Conclusion

In this work, analytical expressions are obtained for solving the contimuation problem
for the electromagnetic field in the frequency domain for horizontally layered media.
The algorithm for the numerical solution of the problem is based on the layer-by-layer
recalculation method. The resulting analytical expressions are presented in the form
that allows calculations and layer-by-layer recalculation without the accumulation of
rounding errors.
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