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ELECTRODYNAMIC ALGORITHM FOR CALCULATION OF THE REFLECTIVE
ELEMENT OF A RECONFIGURABLE INTELLIGENT SURFACES

The article is devoted to the study of a new approach to calculating the reflective element of a reconfigured
intelligent surface. The solution of the electrodynamic problem is carried out based on a conditional division
of the entire region of determination of the electromagnetic field in a single reflective element into two regions.
The correctness of the application of the proposed approach for calculating the characteristics of a single reflective
element is shown.

In this article, a calculation of a single reflective element of a reconfigured intelligent surface is carried out.
The numerical convergence of the proposed approach for reflection coefficients is investigated when the order
of truncation of the system of linear algebraic equations increases. It is obtained that the modulus of the reflection
coefficient R, coincides with the exact solution. That is, for the case of scanning in the H-plane for all scanning
angles, good convergence of the solution to the problem is obtained.

The aim of the work is to develop methods for calculating waveguide reflective elements of reconfigurable
intelligent surfaces.

The methodology consists of the conditional division of the entire area of determination of the electromagnetic
field into two areas and the application of the integral equation method.

The scientific novelty lies in the fact that we have shown the correctness of applying a new approach
to calculating a single reflective element of a reconfigured intelligent surface.

The conclusions can be formulated as follows. The feasibility of using a waveguide reflective element
in reconfigurable intelligent surfaces is shown. The use of a rigorous electrodynamic calculation of this structure based
on the integral equation method is proposed. The correctness of the algorithm is shown by a boundary transition
fo a known exact solution. This allows us to recommend the proposed methodology for building reconfigurable
intelligent surfaces in 5G and 6G.

Key words: reconfigured intelligent surface, reflective element, integral equation method, reflection coefficient,
numerical convergence, wireless network.
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ENEKTPOOAMHAMIYHUA ANFTOPUTM PO3PAXYHKY BIAEMBAIKOYOIO ENIEMEHTY
PEKOH®IF'YPOBAHOI IHTEJNIEKTYAJIbHOI MOBEPXHI

Cmammio npucesiyeHo 00C1idXeHHI0 HO8020 Midxo0y 0 po3paxyHKy 8i0bu8ar4020 efleMeHmMy PEKOHI2ypos8aHoi
iHmenekmyarnbHOI MogepxHi. Po36’s30k enekmpoduHamiyHoi 3adadi npo8odumMbCs Ha OCHO8I YMOBH020 po3rodiny
eciei obracmi 8U3SHaYeHHsT €/1eKMPOMazHimHO20 ossi 8 00UHUYHOMY gidbusaroHomy enemeHmi Ha dsi obrnacmi.
B daHomy nidxo0i sukopucmosyembcsi Memod iHmezpasibHO20 pieHSIHHS. [1oKka3aHa KOpeKmHicmb 3acmocy8aHHs
3arnpornoHo8aHo2o nidxody sl po3paxyHKy xapakmepucmuk nooOUHOKo20 8i0busarodo20 ernemMeHmy.

B OQanii cmammi nposedeHO po3paxyHOK MOOOUHOKO20 8i0busaroyo20 enemMeHmy PeKoHiayposaHoi
iHmenekmyarnbHOIi noeepxHi. [ocnidxeHa 4qucenbHa 306iPKHICMb 3arporoHo8aHo20 Midxody Ons KoegbiujeHmig
8idbumms R, npu 36inbweHHi nopsidy ycideHHsI cucmemu fliHilHUX aneebpaidHux pigHsiHb. Ompumaro, wo Modyrib
KoegpiuieHma 8idbumms criignadace i3 moYHUM piteHHsM. Tobmo, 0ns eunadKy cKkaHyeaHHs1 8 H-rowuHi dns ecix
Kymie CkaHy8aHHS ompumaHa 2apHa 36iKHicmb piueHHs 3adaui.

Mema po6omu nronseae 8 po3pobui mMemoldy po3paxyHKy Xxeunegso0HOo20 e8i0busar4020 efleMeHmy
peKoHebi2yposaHOi iHmenekmyarsnbHOI M08epPXHi.

Memodonozis ronseae 8 ymoeHoMy po30ini eciei obracmi eu3Ha4eHHsI ernekmpomMagHimHo2o nons Ha 08l
obracmi ma 3acmocysaHHi Memoda iHmeapanbHO20 PIBHSIHHS.

Haykoea Hoeu3Ha ronisicac 8 moMy, WO MU [oKasanu KOPeKmHICmb 3acmocyeaHHs H08020 mioxoly 0ns
po3paxyHKy MOOOUHOKO20 8i0buBarH020 efleMeHmy PEKOHi2ypo8aHoI iHmeekmyanbHOI MOBEePXHI.

BucHoeku moxHa cghopmynoeamu makuMm YUuHOM. [lokasaHo, OouinbHICMb UKOPUCMAaHHS X8unegsodHO20
8i06busal4020 efleMeHmy 8 PeKOHbieypo8aHUX iHMeNeKkmyanbHUX NMOBEPXHSIX. 3arpornoHO8aHO 8UKOPUCMAHHS
CmMpo2020 enekmpoOUHaMiYHO20 po3paxyHKy OaHOi cmpyKmypu Ha OCHO8i Memoda iHmezapanbHO020 PIGHSIHHS.
lNokasaHa KOpeKmHicmb an2opummy WIISIXOM MEX08020 rnepexody 0o 8i0oM020 MO4YHO20 pileHHS. Lle dosesorsie
pekomeHAysamu 3arporoHo8aHy MemoOuky 01151 MoOydo8U PEKOHbieypo8aHUX iHMeneKkmyasnbHUX Mo8epxoHb 8 5G
ma 6G.

Knro4oei crioea: pekoHpieyposaHa iHmenekmyarnbHa nosepxHsi, 8idbusaroduli enemeHm, MemoQ iHmeapanbHo20
pigHsIHHSI, KoegbiyieHm 8i0bummsi, yucesibHa 36ikHicmb, 6e30pomosa mMmepexa.

Relevance of the problem. Reconfigurable capacity and coverage of wireless networks by
intelligent surfaces (RISs) are known as intelligent  smartly reconfiguring the wireless propagation
reflecting surfaces (IRSs), or large intelligent environment. Therefore, RISs are considered a
surfaces (LISs), have received significant  promising technology for the sixth generation (6G)
attention for their potential to enhance the  of communication networks.
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Analysis of recent research and
publications. The development of 5G mobile
communications has led to the implementation
of massive MIMO techniques at base stations.
Although this technology allows you to control
the beam, it fails to solve the blockage problem.
The problem of blocking electromagnetic waves
becomes particularly acute in large cities with
dense buildings (Basar E., 2021; Sharma T,
2021). More densely deployed base stations can
help eliminate blockages and fill coverage holes,
but this is a costly solution both in terms of its
infrastructure (and backhaul requirements) and
power consumption. To solve this problem, you
can use reconfigurable intelligent surfaces (RIS),
which allow you to get rid of the above-mentioned
problem. A RIS is a flat surface consisting of an
array of passive reflective elements, each of
which can be controlled by imposing a required
phase shift on the input signal (Tapio V., 2021;
Liu Y., 2021). Based on the specific materials of
the reflecting elements, the RIS can be classified
into antenna-array-based (Tan X., 2016) and
metasurfacebased structures (Hassouna S.,
2023). By carefully adjusting the phase shifts of all
the reflecting elements, the reflected signals can
be reconfigured to propagate towards their desired
directions.

In RIS, surfaces can control the propagation of
electromagnetic incident waves in a programmable
smart radio environment (Liu R., 2023; Pan C.,
2021). Therefore, RIS is an artificial surface of
electromagnetic (EM) material, electronically
controlled with integrated electronics (Renzo M.D.,
2022). It is a novel and cost-effective solution to
obtain enhanced energy and spectral efficiency for
wireless communications. RISs can be installed on

A

Z

large flat surfaces (e.g., walls or ceilings indoors,
buildings or signage outdoors) to reflect radio-
frequency energy around obstacles and create a
virtual line-of-sight propagation path between a
microwave source and the destination (Yildirim I.,
2021; Ellingson S.W., 2021).

The communication model for RIS can be built
based on a phased array antenna (Magro V.I.,
2023). Local design at the unit cell level is a widely
used method to determine the reflection and
transmission characteristics of RIS. The accuracy
of the RIS model can be improved by applying
the integral equation method, which has already
been tested for the calculation of waveguide
antenna arrays. Improvement of RIS properties
can be achieved by using different designs of
reflective elements (Magro V.I., 2022). However,
in the general case, the calculation of a two-
dimensional waveguide antenna with a complex
shaped reflective element requires complex
modeling. Thus, RIS can be used to support
cellular networks beyond cellular 5G networks; for
RIS-assisted indoor communications; in case of
RISs in unmanned systems for smart city; in case
of RISs in intelligent 1oT networks.

The purpose of research is to develop
methods for calculating waveguide reflective
elements of reconfigurable intelligent surfaces.

Presentation of the main research material.
Let’s take a closer look at the reflective element of
the intelligent reflective surface, which has the form
of an open end of a waveguide with a diaphragm
inside. These elements form a two-dimensional
reflective surface of the appropriate size. The
angle in which electromagnetic energy is reflected
is determined by the phase shift between adjacent
elements. To simplify the calculation, we will use
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Fig. 1. One cell of an intelligent reflective surface having a finite thickness diaphragm
inside the waveguide
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the method used to calculate an infinite phased
antenna array. A feature of the single element
considered in this work is the presence of a finite-
thickness diaphragm located inside the waveguide.
We will consider the case of reception-reflection
of an electromagnetic wave in the H-plane (the
electric field strength vector is directed along the
QY axis), Fig.1. We conditionally divide the domain
of definition of the electromagnetic field into two
regions: 1 — section of the waveguide starting at
the phase control element and ending in the plane
of the reflecting surface —a/l2 < x < al2, —0 <z <(;
2 — Floquet channel -f/2 < x <f/2, 0 <z < o0.

Based on the second Green’s formula, the
integral representation for the complete field of the
second region has the form:

1
E,(X,2)=E, ., (X,2) +

—ip/2 aEl X
+ J l:Gl(x,z;x’,—ZZ) ! , Z) _
-wi2 6 ,
7'=-272
OE X (x',2
-G'(x,z,x/, —zl)# ]dx’ +
az z'=-z1
wiz OE(x',z
+ _[ G'(x,z,x',— 2# -
ipl2 Z'=-22
X',
-G'(x,z,x' —zl) ( Z) ]dx’ +
Z'=-z1
-z1 aEl X!,z!
+I[—Gl(x,z;—ip/2,z’) ! - ) +
-22 ox X'=—ip/2
1 X/ zr
+G*(x,zip/2, z) t , ) ]dz'—
aX X'=ipl2
wi2
- | ENx 0)aG (X O ax
-w/2 7=0

When recording the integral representation, the
extended domain method was used to consider the
presence of a diaphragm in the waveguide. Here
G'(x, z; X', Z') is Green’s function for a semi-infinite
domain with Dirichlet boundary conditions at z = 0.

:

/Cgl
Here d1mg(x) is a transverse function of the
waveguide; cg1mg are propagation constants in the
waveguide.
The electric field strength in region 1
represented as:

G'(x,z,x',z
20222
m sh]cglngz,z <z

"*shjcgl

= 3 a1, ()1, (x)—

1,
mg=1 .Icgl mg 1o

is

E,(x,.2)=E, .. (X,2)+ Y R, d1, (x)e/“n?,
m=1
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here E _ (X, z) is electric field strength of incident
H,, waves in a waveguide; R are the complex
reflection coefficients that need to be found.

The electric field strength of region 2 is

represented as:

EZ(x,2) = Z T df (x)e /o™=,

Here T . complex coefficients of passage of
region 2; df (x) are transverse eigenfunctions of
the Floquet channel (Amitay N., 1974); cgfmf are
constant propagation in the radlatlon field.

We use the boundary conditions for the electric
and magnetic field strengths at the junction of the
regions at z= 0. We obtain a system of functional
equations

S T df, () =E, 0 (60)+ Y S R fIm, d1, (x)

mf=—w m=1 mg=1
z T Cgfmfdfmf (X) =
mf=—w
oE X,Z o @
_%EyelX2) z > R, f2m, d1,(x).
0z o molmg
Here fim_and f2m__are complex functions

that are obtalned bec%use of mathematical
operations.

To eliminate the dependence on transverse
functions in the obtained equations, we multiply
the equation for the electric field strength (the first
equation) by the function df,,(x) and integrate
from —f/2 to f/2; multiply the equation for the
magnetic field strength (second equation) by
d1_ (x) and integrate from —w/2 to w/2.

As a result, we obtain a system of linear
algebraic equations with respect to unknown
complex coefficients T_and R :

}:f41mfv

omf T . + i R, {

Z T.f5mv,, +ZR fam,, =51,,f61,,

mf=—c

> fim, f3mg,,,

mg=1

Here f3mg ., f41 .. fdmv_, f61_  are
complex functions that are obtained as a result of
performing mathematical operations; smf_., &
are Kronecker symbols.

To verify the proposed calculation algorithm,
a test check of the limiting cases was performed.
A study of the convergence of the solution for the
modulus and phase of the reflection coefficient
R,, of incident H, waves in waveguides at f/\ =
0.5714; w/h = 0.5714; 6 = 2.87° (scanning angle)
was performed, Table 1. The same number of M
wave types were selected in the waveguides and
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Table 1
Convergence of the solution for the modulus
and phase of the reflection coefficient R,
of incident waves H, in waveguides

in the radiation region. For example, three types of
modes in the waveguide (H,,, H,;,, H,;) and three

harmonics of the Floquet channel (-01, 00, 10)
were chosen. For this case, the exact solution is

presented in (Amitay N., 1974). It is respectively
0,347 for the modulus and 155,9 for the phase of
the reflection coefficient.

Conclusions and prospects for further

|R1o| phase, deg. reseqrch. Thus, this publication provides an

m R overview of the development prospects of
6 =287 reconfigurable intelligent surfaces for 5G and 6G.

g 8%4218? 12(8)?? This technology allows you to control the direction
7 0.3433 157.22 of electromagnetic wave propagation, which allows
9 0.3447 156,80 you to get rid of signal blocking and accordingly
1 0.3455 156,56 expand the service areas of the wireless network.
]g ggigg Féggg A major challenge today is the creation of effective
17 0.3464 156.23 methods for calculating reflective elements of RIS.
19 0.3465 156,18 The proposed calculation method makes it possible

to develop complex waveguide reflective elements
and improve the accuracy of the calculation. In
the future, it is planned to conduct research aimed
at generalizing the methodology for calculating
reflective elements of RIS.
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