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SIMULATION OF COMPACT POLARIZERS FOR SATELLITE TELECOMMUNICATION
SYSTEMS WITH THE ACCOUNT OF THICKNESS OF IRISES

Background. One of the main problems in modern satellite telecommunication systems is to increase the volume
of information transmission with simultaneous preservation of its quality. Key element of such systems is antenna
systems with polarization processing, which is carried out using polarizers. Therefore, development of new pola-
rizers and simple techniques for their analysis and optimization are important problems. The most simple, effective,
technological and actual for analysis are polarizers based on waveguides with irises.

Objective. The purpose of the paper is to create a mathematical model of the polarizer based on a square waveguide
with irises, which allows analyzing the influence of polarizer’s design parameters on its electromagnetic characteristics.
Methods. A mathematical model of the waveguide polarizer with irises is created by decomposition technique using
transfer and scattering wave matrices. To take into account the irises’ thickness their equivalent T- and I1-shaped
circuits were used.

Results. We have developed mathematical model of the waveguide polarizer with irises, which takes into account
their thickness and is based on the complete scattering wave matrix of the waveguide polarizer. The matrix has
been obtained using the microwave circuit theory. The main characteristics of the waveguide polarizer were defined
using matrix elements. The optimization of characteristics of a polarizer was carried out in the operating Ku-band
10.7—12.8 GHz.

Conclusions. Suggested mathematical model of a waveguide polarizer with irises provides the account of heights of
irises, distances between them and their thickness. The results obtained show that this model is simpler and faster
for the calculation of electromagnetic characteristics compared to finite elements method, which is often used for
analysis of microwave devices for various applications.

Keywords: polarizer; waveguide with irises; transfer matrix; scattering matrix; differential phase shift; voltage standing

wave ratio; axial ratio; crosspolar discrimination.
Introduction

Nowadays there is a rapid development of
satellite telecommunication systems and the expan-
sion of modern branches of science and technology
that actively apply them. Often such systems require
an increase of the volumes of information they are
able to process and transmit. A key element of most
modern satellite telecommunications systems are
antenna systems with processing of signal polari-
zation. Such systems use electromagnetic waves with
orthogonal circular or linear polarizations. They im-
prove information characteristics of telecommuni-
cation systems and increase the level of the received
signal under adverse conditions of wave propagation.
Polarization-spatial separation of channels provides
the necessary characteristics of telecommunication
systems. Application of the advantages of antennas
with orthogonal polarizations in satellite telecom-
munication systems allows increasing their efficiency
and information capacity [1].

Polarization processing units and devices for
separation of signals with orthogonal polarizations

© The Autor(s).

The article is distributed under the terms of the license CC BY 4.0

are main elements of antenna systems with or-
thogonal polarizations. Such devices are used to
solve problems of theory of detection and recog-
nition of objects and investigate many phenomena
of nature [2]. Such problems include prediction of
the intensity of rainfalls, measuring the parameters
of ice and snow cover, estimation of the parame-
ters of icebergs, assessing the conditions of crops
cultivation and many others.

The main types of signal polarization pro-
cessing devices are based on structures with posts
[3—5], ridged structures [6] and structures with
irises [7, 8]. Ridged structures and structures with
irises are used to create broadband devices for
microwave engineering systems. The analysis of such
structures is carried out using various analytical
methods. Such methods include mode matching
technique [9], transverse field-matching technique
[10—12], magnetic field integral equation technique
[13], and integral equations technique [14, 15], in
which it is possible to take into account the singularity
fields on the edges, which excludes the relativity of
convergence of series in the transverse field matching
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technique [16]. The structures of this type are also
analyzed using the wave matrix method [17—20].

All listed above methods have one major
drawback, which is the difficulty of calculating
the complete structure of electromagnetic fields.
Therefore, there is a need to focus on simpler
methods based on matrix techniques of microwave
circuit analysis. They use scattering and trans-
mission wave matrices. Various microwave filters
[21—24] and phase shifters [25—28] are often ana-
lyzed using such methods. They take into account
the interaction of higher order modes without the
application of a numerical optimization process
using specialized computer programs.

A large number of scientific articles [29—41],
which consider polarizers, contain only the results
of computer simulation, the process of which re-
quires a large amount of time. Therefore, there is a
need to create a new mathematical method for the
analysis of waveguide polarizers based on reactive
elements.

Polarizers based on square waveguides with
irises provide the best characteristics in wide and
ultrawide operating frequency bands. Therefore,
such a polarizer design was chosen to develop a
mathematical model in our research.

Therefore, it is important to develop a new
method for analyzing the characteristics of wave-
guide polarizers with irises. The new method makes
it possible to take into account the thickness of the
irises of a polarizer. Developed technique allows
to determine all electromagnetic characteristics of
the polarizer and does not require much time to
perform calculations.

Problem statement

The purpose of the presented article is to im-
prove the electromagnetic characteristics of a square
waveguide polarizer with irises by optimizing its de-
sign for the operating frequency band. The problem
is solved by creating an appropriate mathematical
model of the waveguide iris polarizer using wave
matrices techniques.

Mathematical model of a waveguide polarizer
with irises

To create a mathematical model we consider
a simple design of a polarizer based on a square
waveguide with two irises. It is presented in Fig. 1.
The transverse dimensions of the square waveguide
of the polarizer are axa. The design contains two
identical irises with equal heights A, thickness w and

distance between them /. We used a square waveguide
because it provides better performance in a wide op-
erating frequency band than a circular waveguide.

4‘%%%

Fig. 1. Internal structure of a square waveguide polarizer with
two irises

Using the theory of microwave circuits [34],
we present a waveguide polarizer with irises in a
general equivalent scheme (Fig. 2).

i [T5]
—— . —
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Fig. 2. Equivalent circuit of a waveguide with two reactive
elements

Let us divide the equivalent circuit into two-
port circuits in the form of 1 section of a regular
transmission line and 2 two-port circuits in the
form of connected in parallel reactive elements.
Each two-port circuit is described by the wave
transfer matrix as follows:

e 0
[T2] = { 0 e j9:|;

-1\ 2
21 22
where 0 is the electric length of the equivalent reg-
ular transmission line.
The electric length of a regular transmission
line is determined by the formula

where A, is wavelength in the waveguide.
The wavelength in the waveguide is deter-
mined by a known formula [34]:
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where L, is wavelength in free space; A, is ¢ cutoff
wavelength in a square waveguide.

The wavelength in free space is determined
by the formula

c
7&0 = 7,
where c is speed of light.

The cutoff wavelength in a square waveguide
is determined by the formula

Ao =2a.

As a result, the total wave transfer matrix of
the polarizer is determined by the expression

[TZJ:[TI]{M[T}]{QZ H

Let us express the elements of the general scat-
tering matrix through the elements of the transmis-
S

sion matrix:
122}:L{T212 7| }
S22Z T;IZ 1 _TiZZ

[5]-|5
S =
Sos
where |T| is determinant of the wave matrix of
transmission.

From the scattering matrix we determine its
elements through the T-matrix
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For the main wave of horizontal polariza-
tion, a simplified equivalent of the polarizer circuit
contains inductors that are turned on in parallel
(Fig. 3, a). For the main wave of vertical polariza-
tion of the equivalent circuit contains capacitors
that are turned on in parallel (Fig. 3, b).
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Fig. 3. Equivalent circuit of a waveguide with two reactive
elements

To take into account the thickness of the
diaphragms, we use more complicated T- and
IT-shaped equivalent circuits for each capacitive
(Fig. 4, a) and inductive irises (Fig. 4, b).

For an inductive iris, the reactive resistances
of an equivalent circuit (Fig. 4, a) are determined
by the expressions [42]:

2
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Fig. 4. Equivalent circuit for inductive and capacitive irises
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where

2h w 4r-2h
D, ZE{]+R~2hln[ o H,

4 > (n-D,)Y
D=4/— .(2nY - 2
2 3nw( ) ( a j’

where a is the size of the large wall of the wave-
guide; w is iris thickness; 4 is iris height.

To calculate the parameters of the wave matrix
transmission of such a scheme using formulas

L, Z+ )+ (Z;+ )L, + Z, + 1)
- 27, ’
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For a capacitive iris, the reactive conductivities
of an equivalent circuit (Fig. 4, b) are determined by
the expressions [42]

b W
B =B +—-t ;

A

where

g=1+

w [47: ZhJ
sIn| —+—|,
n-2h e w

where a is the size of the large wall of the wave-
guide; w is iris thickness; 4 is iris height.

To calculate the parameters of the wave ma-
trix transmission of such a scheme using formulas

7;1 =
22,2, +Z(Z,+Z)+Z(Z,+Z,))+(Z, + Z, + Z;) .
27,7, ’

(A-Z)Z, +Z,+1)-Z,(Z, +1)
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8 27, '
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T,
Thus, elements of the general scattering

matrix of our mathematical model were formed.
Through these elements we determine the main
electromagnetic characteristics of a waveguide po-
larizer with irises.

The differential phase shift at the output of
the polarizer is determined by the expression

AQ =0, —@c =arg(Syy,) —ar&(Sysc)s

where S, ., and S, ;. are elements of the general
scattering matrix in the case of inductive and ca-
pacitive irises.

VSWR is calculated by the following formula

VSWR = %
118y

The axial ratio can be determined by the fol-
lowing expression [43] in dB as follows using loga-
rithmic scale

A> + B? +A* + B + 24 B cos(2Ap)

r=10Ig ,
A’ + B - \/A“ + B* +2A4*B* cos(2Ag)

where A = |S212L|> B = |S212c|~
XPD is calculated by the following formula

in dB:

0.05r
XPD =20 1g[10 * 1]

100.05r -1 :

Analysis of the developed mathematical model

Let us consider the results of the calculation
of the mathematical model of the waveguide polar-
izer in the Ku-band 10.7—12.8 GHz.

To ensure the required differential phase shift
we have changed the height of the irises 4. And
to achieve a given matching we have adjusted the
distance between the irises. This was performed for
the optimal thickness of the irises. In the operat-
ing frequency band the optimal matching has been
achieved with a small deviation of the differential
phase shift from 90°.
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Figs. 5—8 show the main electromagnetic
characteristics of the polarizer. From Fig. 5 we
see that the maximum deviation of the differential
phase shift from 90° is 7°.
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In Fig. 6 we see that the maximum value of
VSWR for both polarizations is 2.15 at 10.7 GHz.
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From the figures we see that the maximum
value of the axial ratio is 1.5 dB, and the crosspolar
determination is greater than 21.5 dB.

Thus, the proposed mathematical model in
the Ku-band 10.7—12.8 GHz for a polarizer based
on a square waveguide with 2 irises provides the
following characteristics: VSWR for horizontal and
vertical polarization is less than 2.15, differential phase
shift is within 90° + 7.0°, axial ratio is less than 1.5 dB,
crosspolar discrimination is higher than 21.5 dB.

Analysis of optimization results

The developed mathematical model of a wave-
guide polarizer does not take into account some
higher order modes. This can result in inaccuracies
of calculation of the differential phase shift and po-
larization characteristics. Consequently, numerical
techniques are applied for more accurate estimation
of the polarizer’s characteristics. Further optimiza-
tion and modeling of a polarizer based on a square
waveguide with two irises were performed by the fi-
nite integration technique in the operating Ku-band
10.7-12.8 GHz.

Fig. 9 shows the dependence of the differential
phase shift on the frequency. From the figure we
see that the maximum deviation of the differential
phase shift from 90° is 4.2° at 11.6 GHz.
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Fig. 9. Dependence of differential phase shift on frequency



12

KPI Science News

2021 /1

Fig. 10 shows the frequency dependence of
VSWR for both polarizations. From the figure we
see that the maximum value of VSWR for both
polarizations is 3.26 at 12.8 GHz.
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Fig. 10. VSWR frequency dependence for horizontal and vertical
polarization: — — horizontal polarization; ----- — vertical
polarization

Figs. 11 and 12 present dependences of the
axial ratio and XPD on the frequency. From the
figures we see that the maximum value of the axial
ratio is 1.43 dB, and the crosspolar discrimination
is higher than 21.7 dB.
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Therefore, within the operating frequency
range 10.7—12.8 GHz the optimized polarizer based
on the square waveguide with 2 irises provides the
following characteristics: VSWR for horizontal and
vertical polarization is less than 3.26, differential
phase shift is within 90° + 4.2°, axial ratio is less
than 1.43 dB, crosspolar discrimination is higher
than 21.7 dB.

The optimized parameters of the waveguide po-
larizer with two irises in the Ku-band 10.7—12.8 GHz
are summarized in Table 1.

Table 2 compares the optimized character-
istics of the polarizer for the analytical method
based on the developed mathematical model and
the finite integration technique.

The small difference in sizes and characteris-
tics given in the tables can be explained as follows.
The analytical method and the finite integration
technique used different numerical methods. In
addition, the mathematical model of the analytical
method does not take into account all the higher
types of waves in the waveguide.

Table 1. Sizes of the optimized waveguide polarizer with irises for the Ku-band for the analytical method and the finite inte-

gration technique

Thickness of all irises

Size name Analytical method Finite integration technique
1 Size of the walls of a square waveguide a=21.96 mm a=21.96 mm
2 Iris height h = 2.42 mm h = 3.57 mm
3 Distance between the irises L =28.2 mm L =4.34 mm
4

w = 2.0 mm w = 2.96 mm

Table 2. Optimized characteristics of the analytical method and the finite integration technique for a waveguide polarizer

with irises for the Ku-band

Characteristic Analytical method Finite integration technique
1 Differential phase shift 90° + 7.0° 90° + 4.2°
2 VSWR 2.15 3.26
3 Axial ratio 1.46 dB 1.43 dB
4 XPD 21.5dB 21.7 dB
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Optimized by the created mathematical model
structure of the polarizer has improved matching
characteristics due to a slight increase in the de-
viation of the differential phase shift from the re-
quired 90°.

Conclusions

In this article we have developed a mathe-
matical model of the polarizer based on a square
waveguide with two irises. The mathematical model
takes into account the influence of design param-
eters on the electromagnetic characteristics of the
polarizer. It allows achieving better matching perfor-
mance in the operating frequency band by changing
all geometric dimensions of the irises. The novelty
of the created model is its account of the influence
of the iris thickness on the main characteristics
of a waveguide polarizer. Developed mathematical
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MOJEJMOBAHHA KOMIMAKTHUX MONAPUSATOPIB [ANA CYMYTHUKOBUX TEMNEKOMYHIKALINHWX CUCTEM 13
YPAXYBAHHSAM TOBLWHN OIA®PAIM

MpobnemaTtuka. OfHUM i3 OCHOBHWX 3aBAaHb Yy Cy4aCHUX CYMYTHUKOBUX TENEKOMYHIKaLiMHUX cucTemax € 306inbLUeHHs
obcsariB nepenadi iHpopmauii 3 ogHoYacHUM 36epeXeHHsIM i sikocTi. Knio4oBUM enemMeHTOM TaKuMX CUCTEM € aHTEHHI cuctemu
i3 nonapusauinHum 06pobreHHsIM, sike 3AINCHIoTL NonspusaTopy. ToX BaXKMBUMM 3aBAaHHSIM € po3pobka HOBMX Monsipu3aTopis
i npocTnx mMeToaiB ix aHanidy Ta onTumisauii. Hanbinbw npocTMmn, eekTUBHUMU, TEXHOMOMNYHMMU Ta aKkTyanbHUMK ANS aHanidy €
nonsapM3aTopu Ha OCHOBI XBUIEBOAIB i3 Aiacdparmamu.

Meta pgocnigxkeHHsA. MeTolo po6OTU € CTBOPEHHS MaTemMaTUYHOI MOAENI Nonsipu3aTopa Ha OCHOBI KBaApaTHOrO XBUIEBOAY
3 giadhparmamu, sika 4ae MOXNMBICTb aHanidyBaTn BNAVB NapameTpiB KOHCTPYKLI nonsipu3atopa Ha Moro enekTpoMarHiTHIi xapakte-
pUCTUKN.

MeToauka peanisauii. MatemaTtMyHa Mogenb XBUMEBIAHOMO nonsipusatopa 3 AdiadparMamMun CTBOPHETLCS METOAOM AEeKOM-
no3unuii i3 BUKOPUCTAHHAM XBUNbOBMX MaTpuvub nepefadi Ta poscitoBaHHA. [ns BpaxyBaHHSA TOBLUMHW AiadhparM BMKOPUCTAHO iX
ekBiBaneHTHi T- i M-noaiGHi cxemu.

Pesynbraty gocnigkeHHsl. Po3pobrneHo mateMaTuyHy Modernb XBUMEBIAHOMO nonsipusartopa 3 giadparmMamu, sika BpaxoBye
X TOBLUMHY i I'DYHTYETbCS Ha 3aranbHill XBUNbOBI MaTpULi pO3CitoBaHHS XBUMEBIQHOrO nonsipudaTopa. Lis matpuus 6yna otpumaHa
Ha OCHOBI Teopii MIKPOXBUMBbOBYX Kin. Yepe3 enemeHTn MatpuLli 6ynu BU3Ha4YeHi OCHOBHI XapaKTepuCTUKM XBUMEBIAHOTO nonsipuaatopa.
[MpoBeaeHo onTMMi3aLito xapakTepucTuk nonsipusatopa ans po6otu B Ku-gianasoHi yactot 10,7-12,8 'y,

BucHoBku. 3anponoHoBaHa mMaTtemaTv4Ha MOAEMb XBUNEBIQHOrO nonsipusartopa 3 Aiadpparmamu 3abesnevye BpaxyBaHHS
BWCOT Aiacpparm, BiACTaHeN Mik HAMM Ta iX TOBLUMHW. OTprMaHi pesynsTaTv nokasyTb, WO LS MoAernb € NPOCTILLO Ta LWBWALLOK
ONs1 PO3paxyHKy enekTPOMarHiTHUX XapakTepucTyK, NMOPIBHSIOYN 3 METOAOM CKIHYEHHUX EMEMEHTIB, SIKUA YacTo BUKOPUCTOBYHOTb
ONs aHanisy MikpOXBUIbOBUX MPUCTPOIB Pi3HOMO NPU3HAYEHHS.

KnroyoBi cnoBa: nonspusartop; XBUnesif i3 giadparmamu; matpuusa nepegadi; matpuus poscitoBaHHS; AudepeHuinHnin
ha3oBuMI 3CyB; KoeIiLEHT CTIMHOI XBWIi 3@ HaNpyrow; KoediuieHT eninTUYHOCTI; KpocnonapuaaLinHa po3s’sska.

A.B. Bynawerko, C.W. Munetain, N.B. OemyeHko

MOOENIMPOBAHNE KOMMAKTHbBIX MOJNAPU3ATOPOB AN1A CMYTHMKOBbBIX TENTEKOMYHUKALMOHHBLIX CUCTEM C
YYETOM TONWWHBI ANADPATM

Mpo6bnemaTtuka. OfHOM U3 OCHOBHbIX 3a[la4 B COBPEMEHHbIX CMYTHUKOBbIX TENIEKOMMYHUKALIMOHHBIX CUCTEMAaX SBMSIETCS yBe-
nnyeHne o6bLEMOB Nepedayn MHGOpMaLMU C OOHOBPEMEHHbIM CoXpaHeHnem ee kavecTBa. KntouyeBbiM 3rieMeHTOM TakuxX CUCTEM
SIBMNSIHOTCS @HTEHHbIE CUCTEMbI C MOMSAPU3aLIMOHHON 06paboTKON, KOTOPYHO BLIMOMHSIKOT Nofsipu3aTopbl. TakuM 0bpasoM, BaXHbIM 3a-
naHueM siBnsieTcst paspaboTka HOBbIX MOMSPU3aTOPOB U MPOCTLIX METOAOB UX aHanunsa u ontummsaummn. Hanbonee npoctbiMu, adpdek-
TUBHBIMU, TEXHOMNOMMYHBIMU 1 aKTyanbHbIMW A5t aHanu3a sIBMsoTCS NonsipusaTopbl HAa OCHOBE BOMTHOBOAOB C AvadparMamu.

Llenb uccnepoBaHus. Llenbio paboTbl SBNSIETCA Co3AaHne MaTeMaTMyecko Moaenu nonsipusaTopa Ha OCHOBE KBagpaTHOro
BOJSIHOBOAA C AvadparmMamu, KoTopasi NO3BOMSIET aHaNM3MpPoBaTh BNUSIHWE NapaMeTPOB KOHCTPYKLIMU Nonsipu3aTopa Ha ero anekTpo-
MarHUTHbIE XapaKkTePUCTUKM.

MeToauka peanusaumm. Matematnyeckas Mogenb BOSTHOBOAHOMO MossipusaTtopa ¢ guadparMamy co3gaertcsi METO4oM Ae-
KOMMO3WLUM C UCMOMNb30BaHWEM BOIHOBbLIX MaTpuL, nepedaydn v paccenBaHus. [ns yyeta TOMWMHBI AvadparM UCMofib30BaHO WX
akBMBaneHTHble T- 1 [-nogobHble cxembl.

PesynbraTthl uccnegoBaHus. Pa3paboTaHo MaTemMaTuyeckyld MOAenb BOMHOBOAHOMO monsipu3atopa ¢ auadparmamu, Ko-
TOopasi y4nTbIBAET UX TOMLIMHY M OCHOBbIBAETCS Ha oOLell BONMHOBOW MaTpuLe paccevBaHUsi BONHOBOAHOIO nonsipusatopa. JTa
maTpuua Gbina nonyyYeHa Ha OCHOBE TEOpPUM MUKPOBOJTHOBbLIX Lienei. Yepes anemMeHTbl MaTpuubl Obinv onpeaeneHbl OCHOBHbIE Xa-
paKTEPUCTUKN BOSTHOBOAHOTO nosnsipusaTopa. [poBedeHo onTMMU3aLmio XxapakTepucTuk nonsipusatopa ans pabotel B Ku-gnanasoxHe
vyactot 10,7-12,8 'TL.

BbiBopbl. [peanoxeHHas matemaTmyeckasi Mofesb BOSIHOBOAHOIO Mnossipuatopa ¢ AnadparmMamy o6ecnevmBaeT yyeT BbICOT
avadparm, paccTosiHAN MeXay HUMU U UX TONWwMHbI. [onyyeHHble pesynbTaTthl NOKasbiBakoT, YTO AaHHasi Moferb siBnsieTcs bonee
NPOCTON 1 BLICTPON AN pacyeTa AreKTPOMarHUTHbIX XapakTepUCTUK MO CPaBHEHWUIO C METOAOM KOHEYHbIX 91IEMEHTOB, KOTOPbIV YacTo
MCMonb3ytoT ANS aHanM3a MUKPOBOSTHOBbIX YCTPOWCTB Pa3HOro Ha3Ha4YeHus.

KnioueBble crioBa: nonsipusaTtop; BOTHOBOZ C AvadparMami; MaTpuLua nepeaaydun; Mmatpuua paccemBaHust; auddepeHumanbHbiin
hasoBbI cOBUT; KOIPMUUMEHT CTOsIUEN BOMHbLI MO HANPSHKEHWIO; KOSMULMEHT SMNMATUYHOCTI; KPOCCNONsSpU3aLIMoHHas pasBsiaka.
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