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ELECTRODYNAMIC ALGORITHM FOR CALCULATING AN ANTENNA ARRAY
BASED ON AN INTEGRAL REPRESENTATION FOR A COMMON REGION FIELD

The article is devoted to the study of a new approach in the integral equation method. The solution
of the electrodynamic problem is carried out based on conditional selection of the common region in the entire area
of electromagnetic field definition. In our previous publications, we proposed an integral equation method based on
the selection of a penetrating region for solving the problem of electromagnetic wave diffraction on a periodic structure.
The legality of using the proposed approach and its equivalence with the previously proposed approach are shown.

In this article, the calculation of an infinite antenna array scanning in the H-plane is carried out. The numerical
convergence of the proposed approach for reflection coefficients R,, with increasing order of truncation of the system
of linear algebraic equations was studied. It was found that the modulus of the reflection coefficient coincides with
the exact solution at M = 1 and subsequently does not change with the growth of M . While the phase of the reflection
coefficient changes with the growth of M and when M >11, the difference between the phase value of the exact
solution and the calculated value is less than 1%. That is, for the case of scanning in the H-plane, good convergence
of the problem solution was obtained for all scanning angles.

The aim of the work is to show that for a certain class of problems of applied electrodynamics, it is possible to
apply the integral equation method based on the selection of a common region.

The methodology consists in the conditional allocation of a common region in the entire area of electromagnetic
field determination and the application of the integral equation method.

The scientific novelty is that we have shown the correctness of using a new approach based on the selection
of the field of the common region for the calculation of periodic structures in the H-plane.

The conclusions can be formulated as follows. It is shown that two approaches can be used to calculate
the antenna array in the H-plane: the first based on the selection of the integral representation for the full field
of the penetrating region, the second based on the selection of the integral representation for the full field
of the common region.

Key words: integral equation method, penetrating domain, common region, reflection coefficient, numerical
convergence.
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ENEKTPOOAUHAMIYHUA ANFOPUTM PO3PAXYHKY AHTEHHOT PELWLITKMK
HA OCHOBI IHTEIPAJIbHOIO NPEACTABJIEHHSA ANA NONA CNifibHOT OBNACTI

Cmammio npucessyeHo OO0CIiOXKeHHIO H08020 nidxody 8 Memodi iHmeepanbHO20 PieHSIHHS. P036’sa30k
enekmpoluHamiyHoi 3aladi MpoeodUMbCST Ha OCHOBI YMOBH020 8UOdineHHs1 cninbHOi obmacmi y eciti obnacmi
BU3HaAYEHHST erleKmpomagHimH{o20 noss. B Hawux nonepedHix nybnikayisx npornoHysascsi Memod iHmeapanbHO20
PIiBHSIHHA Ha OCHo8i 8udineHHs MpPOHUKIUeoi obrniacmi Ons pos3e’ssky 3adadyi Ougbpakuyii enekmpomazHimHor
xeuni Ha nepioduyHit cmpykmypi. [loka3aHa rpasoMipHicmMb 3acmocy8aHHs1 3arnporoHo8aHo20 nidxody i (020
eKaiganieHmMHicme i3 paHill 3arnpornoHo8aHUM Midxo0oMm.

B Oarili cmammi nposedeHo po3paxyHOK HECKIHYEHOI aHMeHHOI Pewimku, Wo ckaHye 8 H-nnowuHi. [JocnidxeHa
yucesbHa 36iXHicmb 3anpornoHoeaHo2o nidxody Ans koegiuieHmis 8id6umms R, npu 36inbLWeHHi nopsdy yciyeHHs
cucmemu NiHiGHUX anzebpaidyHux pisHssHb, OmpumaHo, wo mModysb KoeghiyieHma 8idbumms criignadae i3 MoYyHUM
piweHHam npu M =1 i e rnodanbwomy He 3MiHIoembCs 3 pocmom M. B mol yac sik ¢hasa koepivieHma 8idbummsi
3MiHIoEMbCS 3 pocmom M i npu M >11 pisHUUS Mix 8enU4UHOI ¢ba3u MOYHO20 PilleHHs ma ob4ucnearbHOI
genuyuHu cknadae meHwe 1%. Tobmo, Onsi eunadky ckaHyeaHHs 8 H-nmowuHi Ons ecix Kymie cKaHy8aHHs
ompumaHa 2apHa 36iKHiCmb pilieHHs1 3a0aui.

Meta pob6oTu — nokazamu, wio 4518 e8HO20 Kracy 3adaq MpuknadHoi enekmpoduHaMIiKu MOXHa 3acmocosysamu
MemoQd iHmezpabHO_20 PIBHSIHHSI Ha OCHOBI BUOINIEHHST CriifbHOI obiacmi.

MeToponoris ronseae 8 yMosHoMy 8udineHHi crinbHoi obnacmi y 8cili 06riacmi 8U3HaYeHHs erekmpoMagHimHo20
rons i 3acmocyeaHHi Memoda iHmeeapanbsHO20 PIBHSIHHS.

HaykoBa HOBWU3Ha rosisizae 8 momy, W0 MU roka3asu KOPEKMHICMb 3acmocy8aHHs H08020 MidXo0y Ha OCHO8I
8udineHHs1 noss crinbHoi obrracmi A1t po3paxyHkKie nepioOUYHUX cmpykmyp 8 H-nnowuHi.

BucHOBKN MmoOxHa cghopmyroeamu makuMm HuHOM. [lokaszaHo, wWo Onsi pospaxyHKy aHMeEHHOI pewimku
8 H-nnowuHi MmoxxHa eukopucmosysamu dea ridxodu: nepuwuli Ha 0CHO8I 8UBINIEHHS IHMe2pasibHO20 NPedcmasneHHs
051 Mo8HO20 10/ NPOHUKAUBOT obracmi, Opyaull Ha OCHO8I 8UBINEHHS iHmMezpanbHo20 npedcmasneHHs Ons
M108HOZ0 01151 CriifibHOI obracmi.

Knro4oei cnoea: memod iHmezparnibHO20 pigHSIHHS, MPOHUKIUea obracme, criflbHa obrnacme, KoegiuieHm
8i0bummsi, YuceribHa 36iKHICMb.

Introduction. Nowadays, in the field of wire-  on the type of devices for which mathematical mod-
less communications, there is a rapid transition to  eling is performed (Morozov, Magro, 2020; Zheng,
a higher frequency range of microwaves. Develop-  Yu, 2007). The emergence of new complex emit-
ment of a new frequency range requires the crea-  ting devices leads to the need to consider the value
tion of new emitting devices. One of the types of  of the dielectric constant of materials located in the
modern devices is MASSIVE MIMO and Intelligent  aperture of the emitter. Therefore, there are vari-
Reflecting Surface. The creation of such devices ous improvements in the integral equation method
takes place through mathematical modeling.  (Gnilenko, Magro, 2017; Sun, Zhao, Huang, 2019;
Therefore, there is a need to improve the methods  Bie, Peng, Jiang, 2021; Magro, Morozov, 2022).
used in mathematical modeling, particularly the The purpose of the work is to show that for a cer-
integral equation method. tain class of problems of applied electrodynamics

Currently, interest remains in improving the itis possible to apply the integral equation method
integral equation method for its application to  based on the selection of a common region. In our
the calculation of various radiating structures (Li  previous works, we proposed a new approach in
X. at al, 2018; Li H. at al, 2018; Morozov, Magro, the integral equation method (Magro, Morozov,
2020; Morozov, Magro, 2021). Although the mode  2000). It is based on the conditional selection of
matching method can be considered «classical», it  a penetrating region on the entire electromagnetic
is constantly developing and improving depending  field definition area. In this work, an approach in
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the integral equation method is proposed, which is
based on the conditional allocation of a common
area in the entire area of electromagnetic field
determination.

Electrodynamic algorithm based on an inte-
gral representation for a general area field.

Let us consider the infinite a waveguide antenna
array consisting of open ends of a waveguide. The
antenna array is surrounded by an endless metal
screen. In an infinite antenna array, the fields are
identical in all periodic cells, except for the phase
value, which changes by a constant value in each
subsequent element. Therefore, we will consider
the field only in one cell, which is located at the ori-
gin of coordinates. The cross section of an infinite
antenna array of plane-parallel waveguides for
the case of scanning in the H-plane (the electric
field strength vector is directed along the OY axis),
Fig. 1. We conditionally divide the domain of defi-
nition of the electromagnetic field into three over-
lapping regions: 1 is waveguide region extended
to infinity —-w/2<x<w/2, —0<z<ow; 2 is half-
space above a metal screen -F/2<x<F/2
0<z<w; Cis common region -w/2<x<w/2
0<z<om,

In the common region, at points
(-w12,0); (w/2) the field E)(x,0) =0 is equal to
zero, therefore the Green's function of this region
will be equal to zero at other points G°(x,0;x",z") =0.
Then we can write the following integral rep-
resentation

© 0 S |
ES(x.2)=[| E? (cw 12,2y 2 X2XZ)
0

X'=—w/2
z<2z'

Ly

0 T
_ES(W/Z’ZI)w dz'+
X'=wi2
w/2 0 S
0G" (x,z,x",2")
+ | E%(x',0) /=222 dx!, 1
[ B2 (1)

x,x'e[-w/2,w/2];z" €[0,m,];z=0.

Here G° is the Green's function of the common
region, which has the following form:

zZ-2

G’(x,z,x"2") = iDq(x)Dq(x‘)— (2)

g=1 jwl,

—jwl, z'

1 |e""*sh(jwl, z"),
e’ sh(jwl, z), z<z'

We use the following boundary condition:
E:(x.2)=Ej(x,2), z=0. (3)

Considering these boundary conditions, the
Green's function of the common region will take
the following values:

0G°(x,0:x",2")

G°(x,0;x',z')| =0 .
z<z oX

~0.(4)

X'=4w/2
Considering equations (3) and (4), equation (1)
can be rewritten in the following form:
ne . L OG°(x,zx',z'
E;(x0)= [ Ej(x ,0)#

-wi2

dx'. (5)

z'=0
z-z'

We use the following boundary conditions:
H:(x,2) = H)(x,2),z=0;

OE, (x,z)|
oz

_ 0E)(x,2)
oz

: (6)

z=0

z=0

F 3

w

Y

¥

F 3

Y

Fig. 1. Single antenna array cell with dedicated areas
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Considering boundary conditions (6), equation
(1) takes the form:

OE; (x,2)
oz

0

— j (E2(-w/2.2")

z=0" 0

X'=—w/2
z=<z'
z=0"

8G°(x,z,x",2")
ox'

-EX(w/22)

0 ! i
0G" (x,z,x"',z") Ydz'+
ox' =w/2

z<z'
z=0

wiz 0G°(x,z,x",2")
oz'

j E}(x",0)

z=0" -w/2

0
+ R—
(074

_ 107,z €[0,00];
0%,z'=0.

Thus, in equation (7), when differentiating both
integrals, the source (integration) points and the
observation points do not coincide. That is, the
integrand function has no singularities. Therefore,
it is possible to introduce differentiation operations
under the signs of integrals. As a result, we obtain
the following system of equations:

wi/2 0 (-
2 _ 1 ' aG (X121X 12) .
E?(x,0) = 7 VLEy (x ,O)Tifzqu :
z=0
OE, (x,z “ 2G%(x,z.x", 2"
L (%,2) =I Eﬁ(—wlz,z')a G°(x,z;x",2")
0z o 0 0zox' x=wi2
a z=0
2,~0 v ! '
_E;(W/Z’z')w adz'+
ozox' X=wi2
z=0
wi2 2,~0 SN
+ E;(x',O)w dx'.  (8)
o 0z0z 70
z=0

Let us represent the fields in the first and sec-
ond regions in the form of a Fourier series expan-
sion (Amitay, Galindo, Wu, 1972):

E;(x,2) =Y R,D,(x)e"* +E} . (x,2); (9)
E2(x,2)= 3T, f,(x)e " (10)

n=1
here f (x)is complex orthonormal system

of transverse eigenfunctions of radiation space
(Amitay, Galindo, Wu, 1972).
Let us substitute expressions (2), (9), (10) into
the first equation of system (8). Then we have:
w/2

S T, 0,00= Y 3 R,D,() | D,(x)D,(x")dx+

m=—x n=1qg=1 —w/2

wi2

+ZD (x) j D, (x")D, (x")dx" .

-w/2

46

As a result, we get the expression:
ST £ =S R,D,(x)+Dy(x); x e [-w /2w /2] (11)
=—00 n=1

Equation (11) is equivalent to the usual
«mode-matching method». Let's multiply the left
and right sides of equation (11) by D, (x) and inte-
grate within [-w /2,w / 2].

w2

Z T, [ f,()D,(x)dx =
-3'R, Wf D, (x)D, (x)dx + lez D,(x)D,(x); (12)

R\/ + i Tm (_Cvm) = 61v .

Let us substitute expressions (2), (9), (10) into
the second equation of system (8). Then we have
the following expression

SR, jwl, D, (x) - jwl, Dy (x) =
n=1

dD (x) ) (x)

—f, (w/2)—

X'=—w/2

-

i {f (-w [ 2) =)

X" W/Z}

D\/ (X)J' e—j(ﬂm +wly)z' "
0

SR, (=j)wl, D, (x) lez D, (x)D, (x)dx +

g=1 —wi2

M

+

Il
<N

w/2
+Z( j)wl, D, (x) j D, (x")D,(x")dx .
-w/2
After transformatlons we obtain the following
equation

ianw/n D, (x)= Z ZT Ao Bom D, (X) +
n=1

m=—w q=1

+3 R, (~j)wl, D, (x). (13)
n=1
Let's multiply the left and right sides of equation
(13) by D,(x) and integrate within [-w /2,w /2]
o wi2
>R, jwl, [ D,(x)D,(x)dx =
n=1 -wi2
w/2
=Y ST, AL B, [ D,()D, (x)dx +
m=-q=1 -wi2
wi/2
+ZR (—j)wl, j D, (x)D, (x)dx .

-wl2
As a result, we get the following equation:

-2jwl, R, +ZT A, B

qm —vm

—0.  (14)

Thus, equations (13) and (14) form the follow-
ing system of equations:
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—2jWIvRV+Zw:TmA;vam=0; (15)

R+ 3 T, (-Cp)=5, .

Let us exclude the unknown coefficient R, from
system (15)

Rv = i Tm Cvm _61v ; (16)

0

> (Cn2jwl, - A, B, )T, =2jwl, 35, .

-1

Let's multiply equation (16) by (
2jwl

) and

v

consider that A, has the following form:
1 .
A =——A .
vm 2jWIV AVI'ﬂ
We finally get the following expression:
i (Cvm _Avm va) Tm = 6:I.v'

Mm=—w

(17)

The resulting system of equations (17) is equiv-
alent to the system of equations obtained by the
penetrating domain method (Morozov, Magro,
2000).

As a test to verify the correctness of the pro-
posed algorithm, we examine a linear antenna
array that scans in the H-plane. In table 1 shows

the results of a study of the numerical convergence
of the solution for the reflection coefficient R, with
increasing order of truncation of a system of lin-
ear algebraic equations (F/A=0.5714, t=0).
In this case, symmetrical truncation was carried
out, i.e. the equality M"=M", M=M"+M +1
was satisfied. The data in Table 1 correspond to
the case of waveguides with infinitely thin walls
(t= F_TW =0) and the value F/%=0.5714. Cal-
culations were carried out for scanning angles
0 =2.87°;10°;40°;51°. It was found that at scanning
angles 0<40°, good convergence of the prob-
lem solution was obtained. For scanning angles
0>51°, good convergence is also observed, but it
is necessary to consider the larger number M > 31
. Here, the difference between the phase value of
the exact solution and the calculated phase value
with an error of less than 2% is achieved at M > 31
. Thus, for the case of scanning in the H-plane,
good numerical convergence of the solution to the
problem was obtained.

Conclusions. An electrodynamic algorithm
was built for the first time, which allows for mathe-
matical modeling of a certain class of applied elec-
trodynamics problems. In the work, it is proposed
to distinguish a general area from the entire area of
electromagnetic field definition. The convergence
of the proposed method was studied. It is shown
that two approaches can be used to calculate the

Table 1
Investigation of numerical convergence of the solution
for different scanning angles (Magro, Morozov, 2023)
M IRyo| | phase, deg. IRy | | phase, deg.
0 =2.87° 0 = 40°
1 0.347 180.0 0.226 180.0
3 0.347 165.2 0.226 123.7
5 0.347 161.7 0.226 118.8
7 0.347 160.1 0.226 116.9
9 0.347 159.2 0.226 115.9
11 0.347 158.6 0.226 115.2
13 0.347 158.2 0.226 114.8
15 0.347 157.9 0.226 114.4
17 0.347 157.7 0.226 114.2
19 0.347 157.5 0.226 114.0
21 0.347 157.4 0.226 113.8
6 =10° f=51°
1 0.341 180.0 0.130 180.0
3 0.341 163.7 0.046 36.2
5 0.341 160.1 0.460 30.2
7 0.341 158.5 0.460 28.6
9 0.341 157.6 0.460 27.5
11 0.341 157.0 0.460 26.8
13 0.341 156.6 0.460 26.4
15 0.341 156.3 0.460 26.0
17 0.341 156.1 0.460 25.8
19 0.341 155.9 0.460 25.6
21 0.341 155.7 0.460 25.4
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antenna array in the H-plane: the first based on the  the full field of the general region. The proposed
selection of the integral representation for the full  approach in the integral equation method allows
field of the penetrating region, the second based to solve the radiation problems of modern antenna
on the selection of the integral representation for  arrays.
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