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Abstract - Background. Antenna arrays based on dual-polarisation elements are used as radiating devices for modern and
prospective radio communication systems. The main factor reducing the effectiveness of this approach is the presence of
spatial correlation and cross-polarisation between elements in the array. These effects can lead to a significant reduction in
communication system capacity. Aim. Derive relationships based on the Kronecker model that allow the polarisation properties
of antenna elements to be taken into account when calculating the ergodic capacity of a multi-channel communication system.
Investigate the influence of the cross-polarisation parameter of the antenna element on the capacity. Assess the polarisation
characteristics of synthesised real antenna elements of various types and their impact on the capacity value. Methods. When
deriving the basic relationships, methods of statistical radiophysics and electromagnetic analysis of the propagation channel
were used. When synthesising dual-polarisation antenna elements, electrodynamic analysis methods based on Maxwell’s
equations were used. Results. Based on the analysis using the derived relationships, it was established that the influence of
the cross-polarisation properties of the array antenna elements on the capacity of a multi-channel communication system
becomes significant when the value of the cross-polarisation parameters decreases below 10 dB. It is shown that synthesised real
antenna elements of various types have high polarisation isolation, which will lead to a slight decrease in the system capacity.
Conclusion. The derived relationships and the developed methodology make it possible to estimate the change in the capacity of
the communication system when taking into account the cross-polarisation properties of the dual-polarisation elements of the
antenna array. This will allow for the optimal selection of radiating elements for a given system. At the same time, the developed

antenna elements of various types satisfy the imposed cross-polarisation restrictions.
Keywords - cross-polarisation; antenna arrays; cross-dipoles; patch antennas; ergodic capacity.

Introduction

Modern multi-channel radio devices in the ultra-
high frequency (UHF) band increasingly use anten-
na arrays as transceivers. For wireless communica-
tion systems, dual-polarisation radiating elements
(cross dipoles, patches, etc.) have recently been used
to increase throughput without increasing the array
aperture.

In this case, the distance between the antenna ele-
ments is often reduced, which leads to the manifes-
tation of the mutual influence effect. In [1], relation-
ships are derived showing how much the directional
pattern (DP) of an isolated antenna element will differ
from the DP of the same element in an antenna array
(partial directional pattern).

In [2], it is shown that mutual influence can under-
estimate the throughput of the system.

However, in addition to the distortion of the radia-
tion pattern due to the mutual arrangement of the
elements, the main factor reducing the efficiency of
the communication system is the presence of spatial
correlation and cross-polarisation between the ele-
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ments in the array [3]. The level of spatial correlation
depends mainly on the propagation channel, while
cross-polarisation is a characteristic of the antenna
system and depends on its design.

Thus, the aim of the work was to develop a method
for taking into account the polarisation properties
of antenna elements when calculating the ergodic
throughput of a multichannel system and to study the
influence of the polarisation parameters of real ele-
ments on the throughput of various communication
channels.

1. Ergodic Throughput of a
Massive MIMO System
The ergodic throughput of a massive MIMO sys-

tem is determined by the ratio [4]:

C=LE|log,det| 1+—2_HH" |,
K No?
where E [...] is the averaging symbol; P is the total

transmitted power; K is the number of users with one
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antenna; N is the number of antenna array elements;
o2 is the noise variance; H is the channel matrix.

The Kronecker model is often used to calculate the
channel matrix in analytical studies. Based on the
Kronecker model, the channel matrix can be repre-
sented as follows:

_pl2 1/2
H=R!’H R

tx

where R, and R,, are the matrices of mutual cor-
relations of antenna elements on the receiving and
transmitting sides, respectively, and the elements of
the matrix H, are independent normally distributed
random variables with zero mathematical expecta-
tion and unit variance. The Kronecker model is based
on the assumption of independence of the correlation
coefficients for two antenna elements on transmis-
sion or reception, respectively. The correlation be-
tween users equipped with a single antenna is negli-
tx = R.
Using known assumptions about the properties of
the channel and some system parameters, in particu-

gible, so it is further assumed that R, =1, R

lar the assumption that the array is affected by plane
waves, the expressions for the elements of the input
matrix can be written as a function of the geometric
parameters of the array, the complex radiation pat-
terns of the radiating elements, and the probability
distribution of the signal arrival angles. Thus, for a

flat array, we have:
n/2 n

Rmn = J- J.Em (e’(p)E; (e’q))x
—n/2—m

X p(e,(p)cos(e)d(pdé).

Here, R, is an element of matrix R; E_, (6, ¢), E*,
(0, ¢) are the complex directional patterns of the m-th
and n-th emitters, taking into account their location
relative to the phase centre; p(0, ¢) is the joint prob-
ability density of the signal arrival angles in azimuth
and elevation. If we consider the array to be equidis-
tant with the distance between elements dy ,d, hori-
zontally and vertically, respectively, the probability
densities of the angles of arrival in azimuth and el-
evation are independent (p(6, ¢) = py(6) pq)((p)), and the
directional patterns of each independent radiator are
equal [E 0, ¢)|=E,(6, ¢) =|E®, ¢), then the expres-
sion for the correlation coefficient between elements
with coordinates (t, n) and (k, 1) will be determined by
the ratio
R(m,n,k,1)= (1)

[ ot oo
2

+ (n —l)dz sin(0)))p, (9)p¢ ((p)x
x cos(0) | E(O,(p) 2 dode.

2. Spatial Correlation of Dual-
Polarisation Elements in the
Presence of Cross-Polarisation

If the antenna elements of the array are dual-polar-
isation, then the correlation matrix will have a block

structure:
R R!

R'=| " ol el
hv hh

where the lower indices denote the polarisation of
the corresponding elements. In the absence of cross-
polarisation between the elements, the matrix will
have the form

R{RW 0 }

where the values of the matrix block elements R, Ry,
are determined by expression (1). We will find the val-
ues of the matrix block elements from (2) through the
polarisation properties of the radiating elements, tak-
ing into account the presence of cross-polarisation.

Cross-polarisation between two different ports of
a dual-polarisation radiating element is usually de-
scribed by the XPI parameter, which is defined by the
ratio

_ Eyy, (G,QD)
" E, (6,9)’

where E,, E;, Ep;, Ep, are the co-polarisation and
cross-polarisation radiation patterns of each port,
respectively. From the definition, it can be seen that
in general, the parameters XPI, XPI, are functions
of azimuth and elevation angle, but in further deriva-
tion, we will omit this dependence. Then, to calculate
the cross-polarisation component of the element’s di-
rectional pattern, the following relationships can be
used:

E E
=" = hh
Eun APIV + Ey APIh ‘

First, we find the normalisation factors for each
port that satisfy the condition of preserving the radi-
ated power:

E
2 2 2
E2 :Evh(l+XPIv)—> E, =—

2 b
1+ XPI?

_ |xPI,|E,

4% —2
1+ XPI?

E
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Here, E , E}, is the directional pattern of a single-
polarisation element.

The field strength of each component, taking into
account the cross-polarisation effect:

: E,|XPI, | E,
Ev = Evv +Ehv - 2
\/1+XPI \/1+ XPIh
E, =E,, +E,, B |XPIh| il
\/1 + XPI} \/1+XPI
e E,|XPI, l By |, a
\/1+XPI \/1+XPIh
) E, |XPIh| E, _
\/1 + XPI? \/1 + XPI?
E2 |xPI, | E} |XPIh|
14 XPI2 1+ XPI}
EE E,|XPI, l E, ~ @
\/1+XPI \/1+XPIh
_ EVXPI} N E} ’
1+ XPI* 1+ XPI?
2
EE - E, |XPIh| E, _ -

\/1 + XPI? \/1 + XPI?
2
_E; XPIh E?

1+ XPI} 1+XPI§ '
In the derivation, we used the condition

Then the coefficients of the correlation matrices of
the subblocks (2) will have the form
R',, (m,n,k,l)= 6)
n/2 w
= '[ I exp(jzn((m —k)dy cos(e)sin((p)+
-/2—-7
+ (n - l)dZ sin(0)))py (9)p¢ ((p)cos(e)x
x|E, (6,0)[* dodo =

2
XPI
= v R + 1 th,
2 W 2
1+ XPI? 1+ XPI}

+ (n —l)dZ sin(0)))py (9)p¢ ((p)cos(e)x
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XPI? 1
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1+XPIh 1+ XPI2

R',, (m,n,k,l):R'hv (m,n,k,l): 8)
2 w

= I I exp(jZn((m—k)dy cos(@)sin((p)+
—n/2-7

+ (n —l)dZ sin(0)))py (9)p¢ ((p)cos(e)x
x EV (O,q))E; (9,(p)d(pd9 =
_ |xPL| N |xPI,| .
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If we assume that XPI =XPI, =XPI=const,
R,, =Ry, then for expression (2) we obtain

2XPI
RVV 2 RVV
R=| o 1+ XPI . ©)
1+ XPI? Ko Rw

Thus, to calculate the spatial correlation matrix of
a dual-polarisation antenna array taking into account
cross-polarisation, it is necessary to have co-polari-
sation directional patterns and the values XPI , XPI,.
If these values are functions of angles, then relations
(3)-(5) must be used in the calculations. If these values
are constant, then we can use relations (6)-(8). Final-
ly, when the co- and cross-polarisation properties of
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Fig. 1. Dependence of ergodic capacity on the level of cross-polar-
isation
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Fig. 2. Antenna patterns of cross-dipole (a - co-polarisation, b - cross-polarisation components) and stacked-patch elements (c - co-po-
larisation, d - cross-polarisation components) for the first (black line) and the second (red line) port. The dotted line indicates slices along
the direction of port polarisation, the solid line - perpendicular)
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Fig. 3. XPI patterns of cross-dipole (a) and stacked-patch elements (b) for the first (black line (XPI}) and the second (red line (XPI)) port.
Dotted line indicates slices along the direction of port polarisation, solid line - perpendicular)
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Table. Ergodic capacity of an antenna array with real antenna elements
Ta6nuua. Dproauyeckast NPONYCKHasl CIOCOGHOCT AHTEHHOM PELIETKHU C PeabHbIMU AHTEHHBIMU 2J1eMEHTAMH

Without cross- With cross- AC, %
polarisation, Bits/c/ | polarisation taken
Hz into account, Bits/c/
Hz
Cross-dipole 6,884 6,869 1
Patch 6,641 6,616 1
s //"\\ 30
25 T I\ 00
- - - L )
/M = /’/_—%'- e i \‘ F Yo
. 1 i t
o] ’I ',’— el g %30 f A ‘.‘ f\v T ‘\ ".’f
: AL N Y
- s 4 Y - ]
e i N > e
><15 %.- -t = { e P i S I TR
/" 15517 Sl o Y
/ ¢
10 10
0.4 0.6 0.8 1 1.2 0.4 0.6 0.8 l 1.2
Distance between elements, d/A, Distance between elements, d/A

a

b

Fig. 4. Average XPI value of dual cross-dipole (a) and stacked-patch elements (b) for the first (black line (XPI;) and the second (red line
(XPI) port. The dotted line indicates slices along the polarisation direction of the port, the solid line - perpendicularly)
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ports with different polarisation are equal, relation (9)
is used for calculations.

From equation (9) it can be seen that if the cross-
polarisation of a two-polarisation element is insignif-
icant (XPI—o), then the spatial correlation between
elements of different polarisation tends towards zero.
In the presence of cross-polarisation, the number of
degrees of freedom of the system decreases due to an
increase in spatial correlation, which will lead to a
decrease in its resolution.

Using the derived relations and the Kronecker
model with the Monte Carlo method, we calculate
the dependence of the throughput for a flat antenna
array with a size of 4 x 8 with distances between ele-
ments d, = 0,54, d, = 21 on the value of cross-polari-
sation XPI. An ideal dual-polarisation patch with a
polarisation plane rotation of £45° was used as the
antenna element. The probability distribution of ar-
rival angles by elevation was described by Laplace’s
law, and by azimuth by von Mises’ law. Assump-
tions for expression (9) were used in the calculation.
Fig. 1 shows the obtained dependence. It can be seen
that a decrease in XPI below 10 dB leads to a decrease
in the throughput of the system.

3. Modelling with Real Radiating Elements

To estimate the value of the cross-polarisation pa-
rameter XPI of real antenna elements and its effect
on throughput, models of a dual-polarisation two-
port stacked patch element [2] and a cross-dipole ele-
ment with +45° polarisation were synthesised in CST
Studio Suite.

The directional patterns obtained by electrodynam-
ic modelling by solving Maxwell’s equations (method
of moments): co-polarisation and cross-polarisation
for each port are shown in Fig. 2.

It can be seen that the co-polarisation diagrams of
each element coincide with each other in the direc-
tion of the main radiation. Therefore, it can be as-
sumed that E = E;;, = E (6,0).

Based on the obtained port directivity diagrams
for each polarisation, the angular dependencies XPI,,
XPI, were calculated for the cross-dipole and patch
antennas (Fig. 3).

The figure shows that the dependencies for XPI,
and XPI, coincide with graphical accuracy for both
the patch element and the cross-dipole element. The
slight difference in the shapes of XPI and XPI, for
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the cross-dipole element can be explained by the
asymmetry of its feed system.

Thus, we can consider XPI = XPI, = XPI(0,9). Fi-
nally, XPI depends in a complex way on 6, ¢. Based on
this, the relations for calculating the elements of the
spatial correlation matrix will be

R;/v = R;Ih = va’

R',, (m,n,k,l) =R, (m,n,k,l) =
2 m

= I I exp(jZn((m—k)dy cos(e)sin((p)+
—n/2-7

+ (n - l)dz sin(0)))py (9)p¢ ((p)cos(e)x

2 0
x E2 (G,Q)Md(pd&

1+ XPI*(0,¢)

Using these relationships and the available required
dependencies for real antenna elements - cross-di-
pole and patch - the change in the throughput of the
antenna array discussed above was calculated, taking
into account the presence of cross-polarisation. The
results for both types of elements are presented in the
table.

The results obtained show that the synthesised
radiating elements have good polarisation isola-
tion, which will only lead to a slight reduction in the
throughput of the massive MIMO system.

As shown in [2], the optimal parameters of the an-
tenna element’s radiation pattern in the array, which
ensure maximum throughput, cannot be achieved
with a single antenna element. To reduce the width of
the radiation pattern in the elevation angle, antenna
elements are often paired (or stacked). Paper [2] pres-
ents the dependencies of ergodic throughput on the
distance between paired elements.

To evaluate the contribution of the cross-polarisa-
tion effect to these dependencies, similar paired patch
and cross-dipole elements were synthesised and their
cross-polarisation coefficient was calculated.

The figures show the averaged (in the range +40
from the main radiation direction) values of XPI,
and XPI; as a function of the distance between the
elements.

The figures show, first, that when patch elements
are doubled, the dependencies remain the same up to
a distance between the elements of about 0,751, and

then slight deviations appear, associated with the ap-
pearance of side lobes. At the same time, for cross-
dipole elements at a distance greater than 0,751, the
dependencies are similar in nature but differ signifi-
cantly in magnitude.

Despite the asymmetry of XPI and XPI,, their val-
ues for both dual cross dipoles and patch antennas
exceed 12 dB, which, as shown earlier, does not cause
any loss in channel throughput.

Conclusion

The derived relations and the developed methodol-
ogy allow us to estimate the change in the throughput
of a communication system, taking into account the
cross-polarisation properties of the dual-polarisation
elements of the antenna array.

This will allow the optimal selection of radiating
elements for a given system. Based on the analysis us-
ing the derived ratios, it has been established that the
influence of the cross-polarisation properties of the
antenna array elements on the throughput of a multi-
channel communication system becomes significant
when the cross-polarisation parameter decreases be-
low 10 dB. It has been shown that the synthesised real
antenna elements of various types have high polarisa-
tion isolation, which will lead to a slight decrease in
the throughput of the system. This allows them to be
used as radiators for multi-channel communication
systems based on antenna arrays.
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Annomayug - O60cHOBaHHe. B KadecTBe U3/TYYalOLINX YCTPOUCTB [JISI COBPEMEHHBIX U NEPCIIEKTHBHBIX CHCTEM PaJHOCBS3H
UCIONB3YIOTCS aHTEHHble pELIeTKH Ha OCHOBE [BYXIOJNSPU3ALUOHHBIX 371€MeHTOB. OCHOBHBIM (aKTOPOM, CHHKAIOIIUM
3¢ EeKTUBHOCTB TAKOTO TOXO/A, SIBISIETCS HAIHYME IIPOCTPAHCTBEHHON KOPPEJISILIUH U KPOCC-IIONISIPU3ALUI MEXK/Y dIeMEHTaMH
B cocraBe peureTkd. JaHHble 3QPeKTH MOTYT IPUBOLUTH K 3HAYUTENBHOMY CHI)KEHUIO IPOIYCKHON CIIOCOGHOCTH CHCTEMBI
cpsizu. Llenb. BeiBecTu cooTHOLIEHUsT Ha 0CHOBe Mozmenu KpoHekepa, IO3BONSOIIME YYUTBIBATD MOISPU3ALMOHHBIE CBOWCTBA
AHTEHHBIX 9JIEMEHTOB IIPU pacyeTe dProJHueCcKO MPOIYCKHOH CIIOCOOHOCTH MHOTOKaHAJIBHOM CHCTeMbI CBsi3u. MccinenoBaTh
B/IMSIHUE BEJIMYMHBI KPOCC-TOJSIPU3ALMOHHOIO MNapaMeTpa aHTEHHOrO 3JeMEeHTa Ha IIPONMYCKHYyI0 CHocobHocTb. OLeHUTHh
MOJspPU3aLMOHHbIE XapaKTePUCTUKU CHHTE3MPOBAHHBIX pea/bHbIX AaHTEHHBIX 3JIEMEHTOB PAa3/IMYHOIO THUMA WU MX BIMAHHE
Ha BeJINYMHY IPOMYCKHON crioco6HocTH. MeToasl. [1py BEIBOZE OCHOBHBIX COOTHOIIEHHH HCIIOIb30BaHBI METOMBI CTATUCTHYECKOH
pannodHU3UKKM U 3/IeKTPOMATHUTHOIO aHalIW3a KaHala PaclpoCTpaHeHUsl. IIpuU CHHTe3e ABYXIONSIPH3ALUOHHBIX AHTEHHBIX
3JIEMEHTOB MCI0JIb30BAHBI METO/BI 3IEKTPOIMHAMHMYECKOT0 aHA/IN3a Ha OCHOBE YpaBHeHUH Makcaea. PesynbraTel. Ha ocHoBe
aHa/iM3a C MOMOIIBIO BBIBEIEHHBIX COOTHOIIEHHH yCTAaHOBJIEHO, YTO BJIMSHHE KPOCC-TIONSPU3AIMOHHBIX CBOWCTB aHTEHHBIX
9JIEMEHTOB PeIIeTKH Ha MPOIYCKHYIO CTIOCOOHOCTh MHOTOKaHAJIBHOM CHCTEMBI CBSI3U CTAHOBUTCS 3HAUYUTETBHBIM NIPH CHUXKEHUH
BeJIMYMHBI KPOCC-TO/IspU3allMoHHoro napamerpa Huxe 10 ob. [TokasaHo, YTO CHHTE3MPOBaHHbIE peaibHble AHTEHHBIE 37IeMEHThI
PasJIMYHOrO THUINA 06/IafaloT BEICOKOH Pa3BsI3KOW MO MOJISPU3ALMH, YTO NIPUBEJET K HE3HAUUTEIbHOMY CHHXKEHHIO POITyCKHOM
CIIOCOGHOCTH CHUCTeMbl. 3aKI0o4eHHe. BriBeleHHble COOTHOIIEHNS U Pa3paboTaHHAast METO[UKA [I03BOJISIIOT OLIEHUTh U3MEHEHHE
HPOIMYCKHOH CIIOCOGHOCTH CHUCTEMBI CBSI3U IPH ydeTe KPOCC-TOJsPU3alMOHHBIX CBOMCTB [ABYXIIOSPU3AIIOHHBIX 37IEMEHTOB
AHTEHHOHN pelleTKU. DTO MO3BOJIMUT ONTUMAIBHBIM 06pa3oM MOAOGPATh M3Iydalolde 3JIeMEHTB [JIs 3afaHHOH CUCTEMBI.
Ilpu aTOM paspaGoTaHHBlE aHTEHHbBIE 3JIEMEHTHI PA3JUYHOIO THUIIA YAOBJIETBOPSIOT HAIOXKEHHBIM OIPAHUYEHUSIM IO KPOCC-

HOJISIPU3ALMH.
Kniouesvle cnosa - Kpocc-MONSPU3ALNSS; aHTEHHblE PEIIETKH; KPOCC-AUIOINM; MaTY-aHTEHHBI, dPrOfANYEcKas MPONMYCKHAs
CIIOCOGHOCTS.
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CnucoK 1UuTepaTypbl

1. HccnepoBanue K09$pPULHEHTOB B3AMMHOT0 BIMSHHS B ABYXIIOJIsIpU3aL{HOHHBIX aHTeHHBIX perueTkax [ O.B. Baxanosa [u np.| [/ Dusuka
BOJIHOBBIX [IPOLIECCOB M pafinoTexHHYecKre cucTeMsl. 2023. T. 26, N2 4. C. 78-87. DOI: https://doi.org/10.18469/1810-3189.2023.26.4.78-87

2. Asepuna JI.U., CmyceBa K.B., Yckos I.K. [IpoeKkTHpOBaHHe aHTEHHBIX PEIIETOK A cucTeM massive MIMO CBY-puanasona //
M HOKOMMYHHUKALMOHHBIE U PAAHO3/IEKTPOHHbIE TexHOomoruu. 2024. T. 7,N ¢ 3. C. 485-500. URL: https://www.elibrary.ru/item.asp?id = 68637757

3. Cheng X., He Y., Guizani M. 3-D geometrical model for multi-polarized MIMO systems // IEEE Access. 2017. Vol. 5. P. 11974-11984.
DOI: https://doi.org/10.1109/ACCESS.2017.2715280

4. Oliveri G., Gottardi G., Massa A. A new meta-paradigm for the synthesis of antenna arrays for future wireless communications //
IEEE Transactions on Antennas and Propagation. 2019. Vol. 67, no. 6. P. 3774-3788. DOI: https://doi.org/10.1109/TAP.2019.2906433

Nudopmanus 06 aBropax

Asepuna Exarepuna BukroposHa, crapumii KoucTpykTop AO «KoHuepH “Cossesnue”’», I. Boponex, Poccusi.

O6nacmb  HayuHblx unmepecos: LUGPOBble AaHTEHHbIE peLIeTKH, afalTHBHOEe [HArPaMMOOGpa3oBaHHe, OTKA30yCTOHYHBOCTH
MHOTOKaHabHOM CHCTEMBI.

E-mail: fairy_asol@mail.ru

SPIN-x00 (eLibrary): 3324-9686

AuthorID (eLibrary): 1251086

CmyceBa Kcenust BnaguMHMpoBHA, acIMpaHT, NpenofaBatenb Kadenpbl 371eKTpoHUKH $usmdeckoro $axynbrera BopoHeKcKOro
roCyLapCTBEHHOIO YHUBEPCUTETA, I. BopoHex, Poccust.

O6nacmb HAYUHLIX UHMEPECo8: CBEPXLUIMPOKOTIOIOCHBIE CUCTEMbI PAAMOIOKALIMY U CBA3H, AHTEHHBI U AHTEHHBIE PEIIETKH, U3NTyYeHHE U
paccesiHMe JIEKTPOMATHUTHBIX BOJH.

E-mail: smusevaz@gmail.com

ORCID: https://orcid.org/0000-0002-8515-2841

SPIN-x00 (eLibrary): 6428-9273

AuthorID (eLibrary): 1038558

ResearcherID (WoS): ABF-1963-2020

TokapeB IlaBen AHpapeeBMdY, acImMpaHT Kadenpbl 3JIeKTPOHHKH (uanyeckoro ¢akynpreta BopOHEKCKOro rocymapcTBEHHOI'O
YHUBepCHUTeTa, I. Boponex, Poccus.

Ob6nacmv  HayuHbIX uHmMepecos: THOpPUAHOE AHAarpamMmoobpasoBaHue, TexHonorus Massive MIMO, MHUIIMMETPOBBIE BOJHBI,
MHOTOII0/Ib30BaTe/IbCKIE CUCTEMBI CBS3H, IM$POBEIE AHTEHHBIE PEIIETKHU, AITOPUTMBI IPEKOJUPOBAHHUS.

E-mail: tokarevpavel1996@mail.ru

SPIN-x00 (eLibrary): 2598-7927

AuthorID (eLibrary): 1240826

YckoB T'puropuii KoHCTaHTHHOBHY, JOKTOP (QU3MKO-MaTeMaTHYeCKUX HayK, Hpodeccop, 3aBeAyoLinii Kapeapoil 21eKTPOHUKH
¢dusuyeckoro ¢pakynbreta BopoHEKCKOro rocyaapcTBeHHOTO yHUBEpCHTETa, I. BopoHex, Poccust.

O6nacmv  HAyuHbIX UHMepecos: HENUHEHHble SIBIEHHMs B YCHIMTENBHBIX KacKafax, TeHepalus CBEePXKOPOTKHX HMIY/IbCOB,
CBEPXIIMPOKOIOTIOCHbIE CUCTEMBI CBSI3U U PAfIUOJIOKALMH, AHTEHHBI U AHTEHHBIE PELIETKU /sl CHCTEM CBSI3H.

E-mail: uskov@phys.vsu.ru



48

Averina E.V. et al. Influence of crosspolarization of dual-polarized antenna elements ...
Asepuna E.B. u np. Bnusinue Kpocc-Tnonsipu3alyy ByXIOIsPU3aLMOHHBIX AHTEHHBIX 3JIEMEHTOB ...

ORCID: https://orcid.org/0000-0001-8250-2511
SPIN-ko00 (eLibrary): 8126-6222

AuthorlID (eLibrary): 528904

ResearcherID (WoS): H-1344-2013



