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Abstract—In this work, a vector three-dimensional inverse problem of diffraction by a cylindrical body
is solved based on a two-step method. The scatterer is filled with an inhomogeneous nonmagnetic
dielectric material. The initial boundary value problem for the system of Maxwell’s equations is
reduced to a system of integro-differential equations. A numerical method for solving the equation of
the first-kind, entering into the system, in special classes of functions is described. A distinctive feature
of the proposed numerical method is its non-iterative nature; in addition, a good initial approximation
is not required for the two-step method for solving the inverse problem. The calculation results are pre-
sented. It is shown that the two-step method is an efficient approach to solving vector problems of
microwave tomography.
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INTRODUCTION

Problems of reconstructing the structure of objects from the results of near electromagnetic field mea-
surements are used in a various areas of human activity, providing non-destructive analysis, high detail,
and accuracy [1]. In industry, for example, these methods are used to diagnose microcracks, corrosion,
and defects in aircraft components, power equipment, and composite materials, which helps prevent acci-
dents and extend the service life of structures without their physical damage. In medicine and biology,
near-field scanning technologies open up opportunities for studying cellular structures, tissues, and even
teeth with submicron resolution, and miniature electromagnetic sensors are integrated into endoscopic
systems for high-precision visualization of internal organs in real time [2—4].

Microelectronics and nanotechnology actively use near-field electromagnetic field methods to control
the quality of semiconductor elements, nanostructures, and metamaterials, where traditional optics is
limited by the diffraction limit. For example, scanning near-field microscopy allows obtaining images of
material surfaces with nanometer resolution, which is critical for the development of new generations of
processors and sensors [5, 6]. In geophysics, similar approaches are used to explore oil, gas, and mineral
deposits, as well as to monitor soil stability during the construction of infrastructure facilities such as tun-
nels and high-rise buildings.

In telecommunications, these methods help optimize antenna design and improve radar systems,
including synthetic aperture radars, which are used to detail the relief in navigation and mapping. The
defense and environmental industries are also not left out: near-field electromagnetic technologies are
used to scan baggage at airports to detect prohibited items, monitor radioactive contamination in the soil,
or analyze the condition of agricultural crops.

The key advantages of these technologies are their non-destructive nature, the ability to operate in
aggressive environments, and achieve a resolution that is inaccessible to classic optical systems. Modern
development of machine learning algorithms and hybrid approaches combining the near electromagnetic
field with acoustic or thermographic imaging significantly improves the reconstruction accuracy. Thus,
near electromagnetic field analysis methods offer innovative solutions for complex problems.
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Due to the widespread use of reconstruction problems in various technical fields, it is necessary to
develop modern mathematical methods to improve the quality of diagnostic equipment.

It should be noted that methods for solving inverse problems have been actively developed over the
decades and are presented in classical monographs [7—10]. The ideas and approaches presented in these
works are also used in this article.

The two-step method, which is the basis of the numerical method for solving the inverse problem pro-
posed in this paper, was presented in 2017 [11, 12]. Subsequently, it was successfully applied to solve two-
dimensional [13], scalar [ 14—17], and vector electromagnetic [ 18, 19] problems. A theoretical justification
of this method is given in [20].

STATEMENT OF THE FORWARD PROBLEM

We denote by O R’a cylinder with boundary 0Q. We assume that free space ]R3\Q is isotropic and
homogeneous with constante, and |1, where &, > 0 is the vacuum permittivity and [, > 0 is the vacuum
permeability. The body Q is isotropic and inhomogeneous. The material of the scatterer Q is characterized
by the value L = |1, and a permittivity function &(r).

For convenience, we introduce the relative permittivity € = 8851. We assume that each point r € Q is
characterized by a complex-valued function

&r) = (e(r)—1)". (1)

A source located at a point r, € R3\Q generates an electromagnetic wave E,,H, € C~ (]R3\rs). The
components of the incident field E;, H, satisfy Maxwell’s equations

CLlI'l HO = _iwgoEo, CLlI'l EO = i(ouoHo. (2)

Let E.,H, be the components of the scattered field; then, the total field is the sum of the incident and
scattered fields:

E=E,+E, H=H,+H, 3)

The solution of the forward diffraction problem is the total electromagnetic field E, H satisfying
Maxwell’s equations

curl H= —iweE, curlE = ioyuH, 4)
conditions of continuity of the tangent components on the boundary of the heterogeneity region,
[E.],, = [H|,, = 0, (5)
conditions of finite energy in any limited volume of space,
EHe L, (R’), (6)
and the Silver—Muller radiation conditions at infinity for the scattered field [21]:

H,xe-E, =o(x["), E,=O0(x"),

. o ()
E;xe+H, =o(x[), H,=0(x["), [x|—ee,
where e = x|x|"', x = (x;, X,,x;)", and
E.He C*(RN\2Q) N C(@) N C(R\Q). (8)

Note that the limit relations in (7) are satisfied uniformly in all directions.
Definition 1. A solution of problem (2)—(7), E, H, satisfying conditions (8) is called classical.
We have the following results on the solvability of the direct diffraction problem [20].
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Proposition 1. Let the relative permittivity satisfy the conditions
€(r)e C7(Q), Re(e(r))>1, Im(e(r)) >0, reQ, )]
and
er)=1, reo0.

In addition, everywhere L = ,. Then, the diffraction problem (2)—(8) has at most one classical solution.

The boundary value problem (2)—(8) reduces to a system [22—24] consisting of an integro-differential
equation over the region of inhomogeneity:

E(r) - (ko + grad div) [ G0, n) €n)) " B(w)dn = Eg(r), re 0, (10)
0

and an integral representation of the field outside the body:

E(r) = Ey(r) + (k; +eraddiv) [ Ger,n)E&n)) " E)dn,  re R\, (11)
Qo
where kg = wzeouo is the wavenumber, the Green’s function has the form
G( ) ikolr—ry|
r, r i — b
0 47tlr — |

and the incident field is determined by the Green’s function with one fixed point 7, € ]R3\Q , which deter-
mines the position of the source,

Ey(r) = G(r,r).

The magnetic field in the space R’ can be found by the formula

H:

- curl E. (12)
10U,
We have the following statement about the equivalence of the boundary value problem (2)—(8) and the
integro-differential equation.
Proposition 2. If the boundary value problem (2)—(8) has a classical solution E, H, then the vector

function E € C(Q) N L,(Q) satisfies the integro-differential equation (11). Conversely, if E € L,(Q) satis-

fies Eq. (11), then the boundary value problem (2)—(8) has a classical solution E, H, expressed by formu-
las (10)—(12).

Proposition 3. Let the relative permittivity satisfy conditions (9) at » € Q. Then, the operator

AE(r) = E(r) — (kg + grad div) I G(r, }b)(i(}b))_lE(}b)drO
(4]

is continuously invertible in L,(Q).
Propositions 1—3 were proved in [25, 26].

STATEMENT OF THE INVERSE PROBLEM
Consider the vector inverse problem of reconstructing the inhomogeneity of an isotropic dielectric cyl-

inder Q located in a homogeneous three-dimensional space R’ characterized by a wavenumber &, > 0.
For convenience, we used cylindrical coordinates » = (p,,z), where p > 0, 0 < ¢ < 21, z € R. In the
new notation, we have

O0={r:0<p<RO<O<2M, 0< z< H},

where R is the radius of the base and H is the height of the cylinder Q.

On the scatterer Q, we introduce a uniform grid with nodes
P = hiy, ¢, = i, %, = hiz, i =0,m, k=123,

gl
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Fig. 1. Model of electromagnetic-field diffraction by a body Q with inhomogeneities.

where

are the grid steps and #, + 1 is the number of grid nodes in the kth direction, £k =1,2,3.
According to the grid presented above, the cylinder Q consists of elementary cells

Qi]i2i3 = {}" : pil < p < pi1+1’ (piz < (P < (pi2+1’ Zi3 < < < zi3+l}, ik = O,nk _1: k = 1,2,3'
We introduce piecewise constant functions

1, re iy

Xiiis (F) = {0, re Q. ip =0,m -1, k=1,2,3. (13)

The permeability of the body under study is assumed to be known and constant with the value p, > 0.
The permittivity of the cylinder Q is unknown and is to be determined. We assume that the permittivity
function &(r) = €(r)g, is piecewise constant. To be more precise, we assume that

8(")z{8 re Qi]i2i3’ ik =0’nk_17 k=1’2,3

hiiply >
The permittivity at points on the boundaries BQ,.],-zi3
neighboring cells.
Using the basis functions (13), the permittivity €(r) at » € Q can be represented as

&) = 2 ).

can be defined as the limit of () in one of the

where i = (jji,i;) is a multi-index.

In free space outside the body Q, we select a bounded domain D. Thus, D N Q = &. We assume that
the values of the total field at a fixed frequency m > 0 in the domain D are known.

An example of the geometry of the problem of diffraction of an electromagnetic field by an inhomoge-
neous body Q is shown in Fig. 1, where the black dot corresponds to the source and the outer cylindrical
body with a ring-shaped base corresponds to the domain D.

Definition 2. The inverse diffraction problem consists in reconstructing the function €(r) in the region
of inhomogeneity Q from the results of measuring the total field E(r) at observation points in the domain D,

(ks + grad div) j G(r,r)E)) "E(r)dr, = E(r) —=Eo(r), re D, (14)
0

under the condition

E(r) — (ko + grad div)jG(r, 1) &) "E(ry)dr, = Ey(r), re Q. (15)
0
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Next, we describe a two-step method for solving the inverse diffraction problem. First, we introduce a
vector function J(r) on Q in the form

3(r) =20

&(r)’
where the function §(r) is defined by formula (1). We assume that the condition |e(r)| > 1issatisfied every-
where at € Q. In the new notation, the representation of the field outside the scatterer (14) has the form

(%+gﬁdﬂkM%mm%=EM—%m,reﬂ (16)
(0]

And the equation (15) for a point inside the body can be rewritten as

Er)J(r) — (ko2 + grad diV)IG(r, wdr)dry = Ey(r), re Q. (17)
(0]

The two-step method for reconstructing the permittivity of the cylinder Q is as follows. The first step
is to use the known values of the incident field E (r) and the total field E(r) in the domain D outside the
scatterer Q to find the values of the current J(r) in the body Q from Eq. (16). The second step is to explic-
itly calculate e(r) in Q, using Eq. (17).

In [20], the uniqueness of the solution of such an inverse problem was proven.

NUMERICAL METHOD

Both the direct and inverse problems are solved by the collocation method. To implement this method,
it is necessary to select the basis functions and collocation points.

Implementations of the method with basis functions of the form (13) were presented in [11, 13—15, 20].
For such basis functions, the carrier is one elementary cell. However, with this approach, it is impossible
to introduce the divergence operation under the integral sign and “transfer” this operation to the basis
function. Thus, we have a singular integro-differential equation. In this connection, there is a need to use
special methods to take into account the singularities of the integrals.

In [22], basis functions of the following form were proposed:

|p_pi+1|
l——"——, reQu, YOy . ;
V() = h Gon OOmie G2, i=0m 1, k=23, ()
0, 7¢Oy Y0
|(P_(pi+l|
l-———, re 0, Y0, .
viP(r) = h, Qo Qi i =0,m—1, k=123, (19)
0, re Q[]i2i3 o Qi,i2+1i3a
|z =zl
———, r€0,;, Y0
Vi(Z)(r) = h3 123 Q123+1 i3 = 0,”13 - 2, ik = oank - la k = 1927 (20)

0, re QY0
where

Qiln2i3 ={"3l3i1 <p<pi1+1a (pnz <(p<(pn2+h’2>zi3 <z<zz‘3+l}v ik zovnk_la k=173>

orQ,,;. = Qo> i = 0,m —1, k = 1,3, which leads to the same result. With this choice of basis functions,
we obtain integrals with only a weak singularity. It should be noted that three types of basis functions (18)—
(20) are selected. In addition, the supports of these functions (18)—(20) are two adjacent cells.

Remark 1. Adding basis functions (19) with index i, = n, — 1 is possible due to the periodicity in @.
The implementation of the collocation method requires calculating the following integrals:

@§+gmdeijﬂwhmwm
(0]

where J is an approximate solution.
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First, we introduce the following notation. Let p, ¢, z be unit vectors in the corresponding directions.
In this notation, the gradient operation in cylindrical coordinates for an arbitrary scalar function ® at a
point ¥ = (p,®, z) has the following form:

grad® = 9P 19@ 0P 1)
P p 0Q 0z

Moreover, the divergence operation for an arbitrary vector function F has the form
_ 190K) 10K,  OF

p dp poe Jz

First of all, we find formulas for calculating the gradient. Using the formulas for the conversion from
cylindrical coordinates to Cartesian coordinates

divF (22)

X =pcosQ, y=psinQ, z=4zg

we obtain

I =l = P + P — 2ppy cos@ — @) + (2 - z)’.
where r = (p, 0, 2), K, = (Pg, Py, Zp)- Hence, using (21), we find

av—m%+lmr—m¢+av—mu)
ap p 00 0z

(23)

grad G(r,ry) = g(Ir — ’b|)(

where

a|r_]b| _ p_pocos((p_(po) a|r—r0| _ PPo Sin((p—(po) a|r_r()| — Z— 2
ap =l 0o r=nl 70z rnl

and the function g(7) has the form

ikot

8() = (iko - %) Zm '

Next, we find formulas for calculating the divergence using vector basis functions
W =v?epw), i =0m =2 i =0n -1 k=23,
v =vi®rer), i =0,m —1, k=1,2,3, (24)
v = v, i5=0m-2, i =0mn -1, k=12

Now we find the divergence from the basis functions (24) using formulas (18)—(20) and (22). We obtain
the following formulas for calculating the divergence from the basis functions (24) within their supports:

sign(p — p;41)

i] :0,}’11—2, ik:(),l’lk—l, k:2,3,
hy

divv®(r) = 1v®P(r) -
p

_sign(@ - ,,,)

i=0m -1, k=123, (25)
ph

div v§‘f” (r)=

_sign(z - Zi3+l)
hy ’
and at points not belonging to the carriers, the divergences are equal to zero. Due to the specificity of the

basis functions, the divergences from them are found in a standard way, and not as generalized functions,
and are piecewise continuous.

divvi?(r) = b=0,m—-2 i=0,m—-1 k=1,2,

It is convenient to seek an approximate solution J in the form
Jr) =37+ IV + 390, (26)
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where J®, 3 and J® are linear combinations of the corresponding basis functions with unknown coef-
ficients:

IO =3I, i=0m-2, i =0,m -1, k=23,

IV =2 RO, i =0~ k=123, (27)

IO => I, i=0m -2, i =0n-1 k=12

We emphasize an important property that the normal component of the current J vanishes at the smooth-

ness points of the boundary Q. In other words, J(r) - v(r) = 0, where v(r) is the outer normal to the
boundary at the point » € dQ. It should be noted that the introduced basis functions have the approxima-
tive property in the space L,(Q).

The next step will require a formula for calculating the divergence of the volume integral. In [22], it was
proven that

div, j G(r, ) J(ny)dn, = j G(r, ry) div J(ny)dr, (28)
o o

is satisfied forany r € R’. Since the gradient and divergence operations are invariant with respect to coor-
dinate systems, formula (28) can be obtained in Cartesian coordinates and applied in cylindrical ones.

In addition, we calculate

grad, div, j G(r, 1) 3 (ry)dry, = j grad, G(r, r,) div J(r,)dr,
0 (0]

as an improper absolutely convergent integral, because the kernel has a singularity of order O(|r — r0|_2) at
|r — | = 0 (weak singularity). Using (23) and (25) we obtain grad, G(r,r)) and div j(ro), respectively.
Finally, we get

2n

R2H
(k02 + grad, diV,)IG(r, "o)j("o)dpo = kgj I J.G (PP, 2,P0> P05 20) j(pm(POa %) PodPod 9ydzy
0 000

R2nH
+ [ [ [ £rad G (p, 92,00, @0, 20) div 3 (o, 90, %) PodPud 9ot2y:
In [22], three types ofO c(z)l(;ocation points were proposed for the forward problem in the form
r® = (p,-l +h, 0, +%,z,3 +%} i=0,m-2 i =0m-1, k=223,
A = (pil +%,(pi2 + M,z +%j i =0,m -1, k=123, (29)

ri(z):(pil+%,(piz+%,zi3+h3), LE=0,m—-2 i =0,n-1, k=1,2.

In this case, the collocation points correspond uniquely to the basis functions and the number of nodes is
equal to the number of basis functions, which leads to a square matrix of the system of linear algebraic
equations

Mc = —f
in the collocation method, where ¢ is the vector of unknown coefficients

i il =O,l’ll—2, ik =O,nk—1, k=2539
i o ik =07nk_1’ k=1:2’3: (30)
Ji(Z), i3=O,n3_2, ik =0,nk—1, k=l,2,
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f is the vector of values of the incident field at the collocation points (29). The matrix M is a block
3 x 3 matrix and can be represented as M = A — B, where the elements of the matrix A are defined as
follows:

R2n H
ai(jaﬁ) = ng- _[ J.G(”i(a); P0>(P0aZo)Vj(B)(po,(P0: 20)PodPodPydzy
R2mH ey 31)

+ J‘ _[ J‘ grad(a) G('}(a)é Po> Py Z) div VEB)(PO, ®o> Z0)PodPod Pydzy,
000

and the elements of the matrix B have the form
((XB) _ &(r(a))v(ﬁ)(r(a))

i = (iii;) and j = (j, j,j5) are multi-indexes, o, 3 = p, @, z, and grad(“) are the corresponding components

d((P)

of the gradient grad = (grad(p), gra ,grad(Z)). In the chosen notation, the elements of the vectors ¢ and

f have the form
Ci(Uv) — Ji(u)a ji‘(a) — EO(’;(Q)).

It should be noted that the upper bounds of the indices i,, k = 1,2,3, in the multi-index i depend on the
direction o. Similarly, the upper bounds of the indices j,, K = 1,2,3, in the multi-index j depend on the
direction J.

Thus, numerically solving the forward problem, we find the values of the current J on Q, using (26)
and (27). The forward problem allows us to model the values of the near field for further solving the inverse

problem. Using J, we calculate the values of the near field using the formula

R2n H

E(Fi(a)) B fi(a} + ng. J. J.G(fi(a);P()a(POaZO)j(po,(POazo)Podpod(Podzo

000
R2n H

+ J‘ _[ I grad(w G(;}(a)§ Po> Po> Zp) div j(POv o> 20)PodPodPydz,
200

at the selected observation points Fi(“) e D, o= p,0,z. As before, the upper bounds of the indices i,

k =1,2,3, in the multi-index i depend on the direction ot. The observation points Fi(p),i’i(‘p),ﬁ“) € D are

located in several layers around the lateral surface of the cylinder Q at a small distance.

Next, the problem of reconstructing the heterogeneity of the body, as mentioned above, is solved in
two stages. At the first stage, we obtain the system

Ac =q-f, (32)
where the elements of the matrix 4 have the form (31), the elements of the vectors q and f are defined as
¢ =EG”), ] =E@"),

and, as in the forward problem, ¢ is a vector of unknown coefficients (30). The matrix A is a block matrix
of size 3 x 3.

At the second step, we reconstruct the value of the function & at the collocation points (29) using the
recalculation formula

-1
&(r(a)) _ (zza(aB)J(B) + ﬁ(“)j[zzi/;ﬁ)(};(a))];ﬁ)j s (33)
B i

where o, = p, 0,z
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Fig. 2. Absolute value of permittivity in the problem of reconstruction by two-step method (32) and (33) with a 1% error:

(a) original structure of the body Q; (b) body structure reconstructed at a frequency of 5.76 GHz; (c) body structure
reconstructed at a frequency of 5.87 GHz; (d) body structure reconstructed at a frequency of 5.87 GHz with a rotation of

the source around the axis of the cylinder Q by 60°.
(a) (b)
40
35
30
25
20
15
10

Fig. 3. Reconstructed structure of the body Q with a 1% error: (a) filtering by data at different frequencies; (b) filtering
by data for different source positions.

NUMERICAL RESULTS

The initial structure of the inhomogeneous cylinder Q is shown in Fig. 2a. The absolute values of the
complex-valued permittivity function in the problem of reconstruction by the two-step method (32) and
(33) are shown in Figs. 2—6. The results are visualized using the freeware ParaView program. The calcu-
lations used the parameters described below. The radiation source is located at a distance from the lateral
surface outside the body and the observation points, as shown in Fig. 1. The radius R of the cylinder bases
is 0.05 m. The height H of the cylinder is 0.05 m. For the body Q under study, a uniform computational
grid in a cylindrical coordinate system was constructed. The number of divisions of the grid in each direc-
tion is 8. The size of each matrix is 1408. The numerical experiments were carried out at different frequen-
cies in the microwave range.

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS Vol.65 No.10 2025



2506 SMIRNOV et al.
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Fig. 4. Absolute value of permittivity in the problem of reconstruction by two-step method (32) and (33) with a 3% error:
(a) body structure reconstructed at a frequency of 5.80 GHz; (b) body structure reconstructed at a frequency of 5.88 GHz;
(c) body structure reconstructed at a frequency of 5.88 GHz with a rotation of the source around the axis of the cylinder
Q by 60°; (d) body structure reconstructed at a frequency of 5.87 GHz with a rotation of the source around the axis of the
cylinder Q by 120°.

(a)
50
45
40
35
30
25
20
15
10

Fig. 5. Reconstructed structure of the body Q with a 3% error: (a) filtering by data at different frequencies; (b) filtering
by data for different source positions.

(b)

Into the calculated near field used to solve the inverse problem shown in Figs. 2—6, we introduced
white noise. The percentage of error is indicated in the figure captions. For correct reconstruction of the
inhomogeneities of the body, we used preprocessing of the initial data and filtering of the results.

At the preprocessing stage, the initial data on the near field are cleared. In this case, the error is ran-
domly introduced several times into the same calculated values, which are then averaged. This corre-
sponds to averaging the data from the device, which are measured several times under the same condi-
tions. This approach allows us to reduce the measurement error.

The procedure for filtering the calculation results consists in finding and removing “artifacts.” To do
this, the problem is solved several times under different conditions. It is possible to change the frequency
and position of the source. Then, the solution results are compared with each other. Real inhomogeneities

COMPUTATIONAL MATHEMATICS AND MATHEMATICAL PHYSICS  Vol. 65 No. 10 2025
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Fig. 6. Reconstructed structure of the body Q at the final stage of filtering with a 3% error.

remain in their original places, and artifacts are moved to different positions. This property is used by the
filtering procedure. By comparing the corresponding solutions of the problem at different frequencies,
non-repeating inhomogeneities are discarded. Inhomogeneities that remain in constant positions are
averaged.

Figures 2b—2d demonstrate the reconstructed values of the piecewise constant function of the permit-
tivity of the body Q, obtained using the two-step method (32) and (33), where white noise at a level of 1%
is introduced into the calculated near field. Figures 2b and 2c are plotted for different frequencies. They
demonstrate that the position of the artifacts changes and the inhomogeneities remain in the desired cells.
A similar situation is observed in Figs. 2c and 2d, where the position of the radiation source was changed.
The result of using the filtering procedure described above is shown in Fig. 3. Figure 3a shows the result
of reconstructing the structure of the body Q with filtering at different frequencies. Given the results at
different frequencies, it was possible to filter out all the artifacts. Figure 3b shows the result of reconstruct-
ing the structure of the body Q with filtering for different positions of the source. Due to rotations, it was
possible to filter out false inhomogeneities, and the absolute values of the true inhomogeneities in this case
are closer to the original structure shown in Fig. 2a. The maximum relative error in the comparison of the
reconstructed final results presented in Fig. 3 with the initial data does not exceed 5%. The numerical
results obtained show that, with a 1% error in the initial data, two measurements in different configura-
tions are sufficient for complete reconstruction of the body structure.

Figure 4 shows the reconstructed values of the piecewise constant function of the permittivity of the
body QO with an introduced white noise at a level of 3% into the calculated near field. Figures 4a and 4b
were plotted for different frequencies, and, in Figs. 4c and 4d, the position of the radiation source was
changed. Due to the increase in the error, the number of artifacts has grown and the values of some of the
true inhomogeneities have approached the background values.

Figure 5 shows the intermediate stages of filtering the obtained data. As a result of applying the filtering
procedure using calculations at three different frequencies in the range from 5.8 GHz to 5.88 GHz, it was
possible to reconstruct the structure of the original object after introducing an error at a level of 3%. This
solution is shown in Fig. 5a. Taking into account the results at different frequencies, it was possible to
completely get rid of all artifacts and find all necessary inhomogeneities, but all their absolute values at
this stage of filtering differ from the original ones. The results of reconstructing the body structure as a
result of applying the filtering procedure using calculations at different positions of the radiation source
are slightly worse. This solution is shown in Fig. 5b. Using rotations, it was possible to filter out most of
the artifacts and not lose the true inhomogeneities.

The final data reconstruction with a 3% error is shown in Fig. 6, where the filtering based on all the
data (both with a change in frequency and with a change in the source position) was used. Using this com-
bined approach, it was possible to completely get rid of artifacts and reconstruct inhomogeneities with val-
ues close to the original ones with a 3% error in the initial data. The maximum relative error in comparing
the reconstructed final results presented in Fig. 6 with the original data does not exceed 4%. Thus, the
numerical results show that introducing an error into the initial data even at a level of 3% at the stage of
measuring the near field does not significantly affect the final result of reconstructing the inhomogeneities
in the body.
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The matrix 4 used in solving the inverse problem is ill-conditioned. Therefore, we used the regulariza-
tion procedure [27] in the form

(A*A +yl)e = AX@g 1),

where [ is the identity matrix. The value of the parameter v is selected taking into account the specifics of
the matrix A by selection in accordance with Tikhonov’s method proposed in the book [27, p. 78].

In this article, solutions of the direct problem are used to simulate the field values at observation points
in the domain D. However, in practice, the actual field values at observation points are measured using
special devices.

Calculations of the inverse acoustic problem by the two-step method for a hemisphere and a cylinder
are given in [12, 16, 17]. Solutions of direct and inverse electrodynamic problems by the two-step method
for structures in the form of a rectangular parallelepiped are presented in [18, 19].

CONCLUSIONS

In this paper, we have studied the problem of reconstructing the structure of a cylindrical body from
the results of measuring the electromagnetic field outside the body. The problem is solved in cylindrical
coordinates and at the electrodynamic level of rigor. A two-step method for solving the inverse problem
has been implemented. To improve the properties of the resulting matrix of the system of linear algebraic
equations, a numerical method for solving the inverse diffraction problem was proposed, based on the col-
location method with piecewise linear basis functions along one of the coordinates. This approach allows
using integration by parts to transfer the divergence operation to basis functions, which leads to the need
to calculate integrals only with a weak singularity. For the two-step method described in the paper, the
regularization procedure is performed at the stage of solving the system of linear algebraic equations.

The following advantages of the two-step method should be emphasized. Firstly, it is stable with
respect to errors. Secondly, this method does not require any initial approximations, which differs from
iterative approaches. In addition, computational experiments have shown that increasing the frequency
allows detecting inhomogeneities of smaller sizes. Thus, in essence, a technology for solving the inverse
problem of reconstructing the permittivity of an inhomogeneous body from the results of measurements
of the electromagnetic field in the near zone has been proposed, which includes

» preprocessing of input data (averaging several measurement results);

» solving the inverse problem by a two-step method;

* repeatedly solving the problem with a change in the source position and at other frequencies in order
to detect and remove artifacts;

* averaging the results of solving inverse problems.

In conclusion, it should be noted that the proposed two-step method can be used to solve a wide range
of applied problems, including medical diagnostics.
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