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TUNABLE POLARIZERS FOR X-BAND RADAR AND TELECOMMUNICATION SYSTEMS

Background. Nowadays processing of signal polarizations is widely applied in modern information and telecommunica-
tion radio engineering systems for different purposes. Commonly polarization processing is carried out in polarization
adaptive antenna systems. The essential elements of such systems are transformation devices for polarization processing.
They perform the transformation of the types of polarization and separate the different types to isolated channels. The
most simple, effective, technological and actual for analysis are polarizers based on square waveguides with irises and posts.
Objective. The purpose of this work is to improve the electromagnetic characteristics of an adjustable polarizer by creating
a mathematical model of such device. The device must provide optimized polarization and matching characteristics.
Methods. The article presents a mathematical model of a waveguide polarizer with irises and posts by the decomposition
method using wave transmission and scattering matrices. The developed model takes into account the influence of the
polarizer design parameters on its characteristics.

Results. The article contains the results of calculations based on the developed mathematical model of the polarizer.
In addition, the results of modelling of the device using the finite element method are presented for comparison.
For the developed waveguide polarizer we have compared the polarization characteristics and the matching.
Conclusions. The created mathematical model allows us to effectively analyse the characteristics when the design pa-
rameters change. These parameters include the size of the wall of the square waveguide, the heights of the irises and
posts, the distance between them, the thickness of the irises and posts. The developed polarizer is recommended for the
application in modern telecommunication and radar systems.

Keywords: polarizer; waveguide with iris; waveguide with post; transfer matrix; scattering matrix; differential phase shift;

crosspolar discrimination.
Introduction

Fast progress in modern telecommunication
satellite systems and radars encourages an increase
in the data volumes transmitted in their wireless
channels. In turn, this requires improvement of
existing methods of signal processing and creation
of new ones. Polarization signal processing is one of
the leading methods for this purpose. Modern adap-
tive antenna systems, which perform polarization
processing of signals, contain waveguide polarizers.
The electromagnetic characteristics of such devices
determine the overall performance of the commu-
nication or radar system. Polarization characteristics
are very sensitive to the accuracy of manufacture.
Therefore, accurate mathematical modelling and
optimization of phase and polarization characteris-
tics is an important problem for the development of
modern microwave waveguide polarizers and antenna
systems based on them.

A great variety of different modern devices of
polarization processing are used in military and ci-
vilian radar devices. In addition, waveguide pola-
rizers have become widespread in modern satellite
telecommunications systems. Waveguide polarizers
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are created based on circular [1—4], square [5—7] or
coaxial structures [8—11]. Polarizing devices are cre-
ated on the basis of inhomogeneities in the waveguide.
There exist developed structures of polarizers based
on inhomogeneities with diaphragms [12—17], posts
[18—22], septums [23—29] and corrugation [30—31].
There are also a number of designs of polarizers in the
form of slots [32—33]. Waveguide polarizers are also
widely used in modern 5G systems [34—40].

But all listed structures have disadvantages,
such as the complexity of the design and limited
bandwidth. Therefore, a polarizer design containing
two types of inhomogeneities was proposed. These
are irises and posts. The presence of irises in the
design allows you to provide a wide operating fre-
quency band. The presence of posts in the design
provides the adjustment of the polarizer.

Problem statement

The purpose of the presented article is to opti-
mize the electromagnetic characteristics of a polar-
izer based on a square waveguide with diaphragms
and post by changing the size of its structure.
The problem is solved by creating an appropriate



8 KPI Science News

2021 /2

mathematical model of the square waveguide polarizer
with irises and posts using wave matrices techniques.

Mathematical model of a square waveguide po-
larizer with irises and posts

The design of the waveguide polarizer is shown
in Fig. 1. The structure contains two irises of height
h and thickness w, two posts of height 4,and diam-
eter d, the distance between the iris and the post is

>
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Fig. 1. The design of the polarizer with two irises and two posts

The given design provides the basic polarization
characteristics. The cylindrical pin provides adjust-
ment and adjustment of characteristics due to change
of length of a post in a waveguide.

According to the theory of microwave circuits
[41—43], we present the scheme in the form of se-
parate structural schemes, which are divided into ele-
mentary quadrupoles (Fig. 2). Fig. 2, a shows a block
diagram of a waveguide polarizer with a post and in-
ductive irises connected in parallel. Fig. 2, b shows a

general block diagram of a waveguide polarizer with a
post and capacitive irises connected in parallel.
Let us define the general wave matrix of scat-
tering through elements of the general wave matrix
Sis

of transfer [44]:
SI2Z 1 TZIZ
[SZ]{S S }:T_{ 1
21% 23 11X

where | T'| is determinant of the wave matrix of
transmission.

For the model with inductive irises and post, the
total wave transfer matrix is defined by the expression
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where [7}], [T;] are matrix describing the iris; [7;]

is a matrix describing a segment of a regular trans-
mission line.
The wave transmission matrices are determined:
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where 6, is electric length of a regular transmission
line.
The electric length of a regular transmission line

_ 4nl
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where 1, is wavelength in the waveguide.
For a model with capacitive irises and a post,
the total wave transfer matrix is defined by the ex-

pression
7;22} _
Ty

T,
T — 11X
EARKE
where [7]] and [7;] are matrices describing the dia-
phragm in the waveguide; [T3] is a matrix describing
a post in a waveguide; [7;] and [7,] are matrices
describing a segment of a regular transmission line.

(7] [L]G]L]E]

[Ts] (Ts] (Ts))
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- —
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Fig. 2. Block diagram: models with inductive irises and posts (@), models with capacitive irises and posts (b)
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The wave transmission matrices are determined
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where 0, is electric length of a regular transmission
line.
The electric length of a regular transmission line

A
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where A, is wavelength in the waveguide.
The wavelength in the waveguide

where 2, is wavelength in free space; A, is cut-off
wavelength in a square waveguide.
The wave transmission matrix for the post

2+Y, Y,
T T D)
[Tg]{‘,‘ } 2 2|
TZI Tzz _Yp 2_Yp

2 2

where Y, is the conductivity of the post in the wave-
guide.

The conductivity of the post in the waveguide
is determined by the formula [45]

v - Jmhgh 1= cos(kh,)I’
r a*k(a-1)(2 + cos(2kh,)) - In(a/ r)sin(2kh,) ’

where a is the length of the wall of a square wave-

guide; A, is the height of the post in the waveguide;
k is wave number in vacuum; r is post radius.

To take into account the thickness of the iris
used equivalent substitution schemes (Fig. 3).

For an inductive iris, the reactive supports of
an equivalent circuit (Fig. 3, a) are determined by
the expressions [46]:

2 4
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where a is the size of the large wall of the waveguide;
w is iris thickness; 4 is iris height.

To calculate the parameters of the wave matrix
transmission of such a scheme using formulas [47]

5@+ D+ + D@+ + 1)

tll 2Z
2
- (1-2)(z + 2, + D) —2(z +1) .
12 — s
2z,
. 5z D+ (g + Dz +25-1) . o 1+1,1,
21 212 s by = ) >
where

u=24,+2Z,, 3, =2, ;3=2,+Z2,.

For a capacitive iris, the reactive conductivities
of an equivalent circuit (Fig. 3, b) are determined by
the expressions [46]:

z z W
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O OO o) \ 4 \ 4
a b

Fig. 3. Equivalent circuit for inductive (@) and capacitive (b) irises



10 KPI Science News

2021 /2

where a is the size of the large wall of the waveguide;
w is iris thickness; 4 is iris height.

To calculate the parameters of the wave matrix
transmission of such a scheme using formulas [47]

f o anta(Bmtn) 5@ )@t ),
11 2zlz3 ’

_ (I-2)(@ +2, + D) —2(z +1)

t12 2Z
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t21
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22
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The characteristics of the polarizer are as fol-
lows: phase, matching and polarization. Phase and
matching are the differential phase shift and the
voltage state wave ratio (VSWR). The polarization
characteristics of the polarizer are the axial ratio and
the crosspolar discrimination (CPD).

Differential phase shift is determined by the
expression

AQ = @5y 1 — Psaics

where ¢y,,, is phase of the parameter S, ., of the

general wave scattering matrix for the model with
inductances; ¢y,, is phase of the parameter S,

of the total wave scattering matrix for the model
with capacitances.

VSWR horizontal and vertical polarization is
determined by the formula:

1+|SZILL|
1_|S211.L|,

1+|Szu.c|

VSWR, = —_— .
‘ 1_|S21LC|

VSWR,. =

The axial ratio is determined in dB [48]:

2 2
k:mlog{)mh\/x LY +2X-Y}

X+Y X +v?+2x.v |
where
X = |S211.L|2 Y= |S211.C|2

CPD is calculated by the formula in dB:

100 + 1)

Analysis of the developed mathematical model

Let us investigate the electromagnetic charac-
teristics of the mathematical model of a waveguide
polarizer in the X-frequency range from 7.7 GHz to
8.5 GHz.

Using our model, changing the height of the
apertures 4 and pin #,, we achieve the required dif-
ferential phase shift. To ensure a given match, ad-
just the distance between the diaphragms /. These
changes must be made at the optimal diaphragm
thickness. At this frequency we achieve optimal
coordination with a small deviation of the differen-
tial phase shift from 90°.

Figs. 4 and 5 present the characteristics of
the developed mathematical model of the polarizer
based on a square waveguide with two irises and
two posts.
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Fig. 4. Dependence of differential phase shift on frequency
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Fig. 4 demonstrates that the maximum devia-
tion of the differential phase shift from 90° is 2.3°.
Fig. 5 shows that the maximum value of VSWR for
both polarizations is 1.41.

Figs. 6 and 7 present the polarization charac-
teristics of the developed mathematical model of the
polarizer based on a square waveguide with two irises
and two posts
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Fig. 6. Dependence of the axial ratio on frequency

Fig. 6 contains the dependence of the axial ra-
tio on the frequency, and Fig. 7 contains the de-
pendence of the VSWR on the frequency. In Fig.
5 we see that at a frequency of 8.5 GHz the axial
ratio acquires its maximum value of 0.45 dB. Also,
the CPD acquires a maximum value of 30 dB at this
frequency.
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Fig. 7. Dependence of CPD on frequency

Thus, the proposed mathematical model in the
X-band 7.7—8.5 GHz for a polarizer based on a square
waveguide with two irises and two post provides the
following characteristics: VSWR for horizontal and ver-
tical polarization is less than 1.41, differential phase
shift is within 90° + 2.3°, axial ratio is less than 0.45 dB,
crosspolar discrimination is higher than 30 dB.

Analysis of optimization results

Let us investigate the electromagnetic charac-
teristics of a numerical model based on the finite
element method in frequency domain [49—51] of a
waveguide polarizer in the X-frequency range from
7.7 GHz to 8.5 GHz.

Fig. 8 shows the phase and matching charac-
teristics of the polarizer. Fig. 8 contains the depen-
dence of the differential phase shift on the frequency,
and Fig. 9 contains the dependence of VSWR on
the frequency in the operating frequency range from
7.7 GHz to 8.5 GHz of the studied prototype.
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polarization

Fig. 8 shows that the maximum deviation of
the differential phase shift from 90° is 2.3°. Fig. 9
shows that the maximum value of VSWR for both
polarizations is 1.29.

Figs. 10 and 11 show the polarization character-
istics of the device in the operating frequency range
from 7.7 GHz to 8.5 GHz. Fig. 10 contains the
dependence of the axial ratio on the frequency, and
Fig. 11 contains the dependence of the CPD on the
frequency. In Fig. 10 we see that at the frequency of
8.45 GHz the axial ratio acquires its maximum value
of 0.4 dB. Also the CPD acquires a maximum value
of 29 dB at this frequency.
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Fig. 10. Dependence of the axial ratio on frequency

Such characteristics provide the optimal design
of the polarizer, which are presented in Table 1.

Table 1. Optimal characteristics of the polarizer

a, mm
28.9

h, mm
2.60

/, mm
5.3

w, mm
3.1

hp, mm
2.65

d, mm
2.4

Frequency, GHz

Fig. 11. Dependence of CPD on frequency

As we can see, the matching and polarization
characteristics of the mathematical model and the
numerical model by the finite element method co-
incide with the corresponding accuracy.

Therefore, the developed tunable waveguide
polarizer simultaneously provides good match-
ing and polarization characteristics. The range of
change of the differential phase shift is 90° + 2.3°.
The polarizer provides VSWR 1.29, axial ratio
0.45 dB, CPD is 30 dB.

Conclusions

A new tunable waveguide polarizer has been
suggested and developed. In the article we have
created mathematical model of this type of polarizer
based on a square waveguide with two irises and
two posts. Theoretical model takes into account the
influence of all design parameters on the polariza-
tion and matching characteristics of the waveguide
polarizer. The developed model allows performing
accurate optimization of the device. Optimal match-
ing and polarization characteristics were achieved in
the frequency range from 7.7 GHz to 8.5 GHz by
changing the geometric dimensions of the structure.
In addition, created mathematical model allows
taking into account the influence of the height of
irises and posts, the distances between them and
their thickness on the electromagnetic characteris-
tics of the polarizer. Therefore, the model can be
recommended for the analysis and optimization of
new tunable microwave polarizers based on wave-
guides with different numbers of irises and posts in
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the structure. Future research will focus on the de- account more reactive elements and more higher
velopment of the analytical model, which takes into order modes.
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PEMYNbOBAHWY NMONAPUSATOP X-OIAMA30HY ANnA PAOAPHUX | TENIEKOMYHIKALIMHUX CUCTEM

MpobnemaTuka. Y cyvacHux iHopMaLiHO-TenekoMyHikaLiiHUX cucTemax LUMPOKO 3aCTOCOBYHOTb Morsipu3aLinHe o6pobrneHHst
curHanis, sike 3asBuyay 34INCHIOTb Y NOMAPU3aUIHUX afanTUBHMX aHTEHHMX cucTemax. KmoyoBMMM enemMeHTamy Takux CUCTEM €
XBUNEBIAHI MONApM3aTopu, eNeKTPOMarHiTHI XapakTepPUCTUKN AKX BM3HAYaloTb 3aranbHy eeKTUBHICTb cuctemmn 3B>a3Ky abo pagapa.
Hanbinblw npocTMu, epekTUBHUMM, TEXHOMOMYHUMU 1 aKTyanbHUMK AN aHanidy € Nonsipu3aTopyn Ha OCHOBI KBaZpaTHUX XBUIEBOAIB
i3 giacdbparmamu Ta WITUPSMK.

Meta pocnimxeHHA. [okpalMT eneKTPOMAarHiTHI XapakTepuCTUKM PerynboBaHOro nonsipu3aTopa Ha OCHOBI KBagpaTHOro
XBUNeBoda 3 giadparmamu i Wtupsmu. Mpuctpit mae 3abeanevyBaTi onTMManbHi NONsApU3aLinHi N y3rogkyBanbHi XapakTepUCTUKN.

MeTtoauka peanisauii. CTBOpeHHS MaTemaTu4HOI MOoZeni XBUNEBIAHOro nomnsipyusaropa 3 gdiadparMamu Ta WTUPSMU METOLOM
[eKoMMNOo3unLi 3 BUKOPUCTaAHHSAM XBUIMbOBMX MaTpuLpb nepenadi Ta poscitoBaHHA. OnNTyMi3auis KOHCTPYKLiT nonspusaTopa Ha OCHOBI po3-
pobrieHoi mozeni.

Pe3ynbratn pocnipkeHHsA. CTBOpeHO MaTemMaTuyHy MOAEnb Peryrnb0oBaHOro Nnosisipuaatopa Ha OCHOBI KBaApaTHOIO XBUNEBOAY
3 ABoMa Aiacpparmamu Ta ABOMA LUTUPSIMU. 3anpornoHOBaHO HOBWUIA perynboBaHWA XBUNEBIQHWIA nonsipusaTop. MopiBHAHO pesynsraTtv
po3paxyHKiB NONAPU3aLinHUX 1 Y3roxXyBarbHUX XapaKTePUCTMK pO3po6rieHoro nonsipu3aTopa Ha OCHOBI 3anNpoNoHOBaHOT MaTeEMaTUYHOT
mMogeni 3 pesynsrataMmy po3paxyHkiB METO4OM CKIHYEHHUX efIEMEHTIB.

BucHoBku. CTBOopeHa MatemaTuyHa Mogernb Aae 3Mory eeKkTUBHO aHamnidyBaTh 3MiHy XapakTepucTuk nonsipusatopa 3a 3MiHu
I0ro napameTpiB: LUMPUHU CTiHKM KBaApaTHOrO XBUMEBOAY, TOBLUMHY Ta BUCOTU Aiadparm i LUTUPIB, a TaKOX BicTaHen Mixk HUMK. Po3pobne-
HWUIA NONSAPM3aTop MOXHAa peKoMeHAyBaTh 40 3aCTOCYBaHHS B Cy4acHUX TeNeKOMyHiKaLlinHWX | pagionokauinHux cuctemax.

KniouoBi crnoBa: nonspusaTop; XxBunesig i3 giadpparmoto; XBunesig 3i LUTUpeM; MaTpuus nepeaadi; MaTpuusi po3citoBaHHS; aude-
peHLUiH1IA ha3oBuii 3CyB; KpocnonspuaadinHa po3s’sa3ka.

A.B. bynaweHko, C.W. Munetan, E.N. KannHuyeHko, A.B. BynalwueHko

PEMYNNPYEMBIV MONAPUSATOP X-OWNAMNA3OHA O PAOAPHbBIX W TENIEKOMMYHUKALIMOHHBIX CUCTEM

Mpo6nemaTtuka. B coBpeMeHHbIX H(POPMAaLMOHHO-TENEKOMMYHUKALMOHHBIX CUCTEMAX LUMPOKO NMPUMEHSIIOT NMOMNSAPU3aLMOHHYIO
06paboTKy cUrHanoB, KOTOPYH 0OLIYHO OCYLLECTBSIOT B NONAPMU3ALMOHHBIX aAanTUBHBIX @aHTEHHbIX cuctemax. KnoyeBbiMn aneMeHTamm
TakMx CUCTEM SIBMSOTCSH BONHOBOAHbIE MOMNSPU3aTopbl, ANIEKTPOMAarHUTHbIE XapaKTepPUCTUKN KOTOPbIX onpeaensitoT obLuyyto adpdekTms-
HOCTb CUCTeMbI CBSi3v unu papapa. Hanbonee npoctbiMu, adheKTUBHBIMU, TEXHONMOMMYHBIMY 1 akTyalbHbIMW AN aHanu3a sBnsoTCs
nonspu3aTopbl Ha OCHOBE KBaJpaTHbIX BONTHOBOAOB C AnadparMamu 1 WTbIPSAMU.

Llenb uccnepoBaHuA. YnyywuTb aNeKTPOMArHUTHbIE XapaKTEPUCTUKU pEerynmpyemMoro nonsipusaatopa Ha OCHOBe KBaApaTHOro
BOMHOBOAA C AnadpparMamu 1 LWTbIPSIMA. YCTPOWCTBO [OSMKHO obecneymBaTb ONTUMarnbHble NMonspusaunoHHble 1 cornacyoLme xapak-
TEPUCTUIKM.

MeTopuka peanusaumu. CozaaHvme MatemaTMyeckoin Modenu BONTHOBOAHOIO nonsipusaTtopa ¢ Anadparmamm 1 LWTbIPIMU METOAOM
[EeKOMMNO3MLMK C UCMONb30BaHWEM BOMHOBbLIX MAaTpuL, nepeaaqn n paccenanust. ONTMMU3aumnsi KOHCTPYKLMK NonsipuaaTopa Ha OCHoBe
pa3paboTaHHoi Moaenu.

Pe3ynktaTthl uccnepoBaHuA. CosgaHa mateMaTtnyeckas Modenb perynupyemoro rnonsipu3atopa Ha OCHOBE KBafpaTHOro BOI-
HOBOAa C ABYyMSA AuvadparmMamu v AByMsi WTbipaMW. [peanoxeH HOBbIM NepecTpanBaeMblil BONIHOBOAHBIN nonspuaaTtop. BeinonHeHo
CpaBHeHVie pe3ynbTaToB pacyeToB MOMSIPU3aLMOHHbBIX Y COMMAcyoLLMX XapakTepucTuk paspaboTaHHOro BOMTHOBOAHOMO Monsipuaatopa
Ha OCHOBE MpearoXeHHOM MoAenu ¢ peaynsTataMn pacieToB METOAOM KOHEYHbIX 3IEMEHTOB.

BbiBoabl. Co3aaHHas matematuyeckasi Moaernb no3BonseT aPPEeKTUBHO aHanu3vpoBaTe N3MEHEeHNe XapakTepucTyK nonsipmaa-
TOpa NPV M3MEHEHWN ero NapaMeTpoB: LUMPWHBI CTEHKW KBaApaTHOTO BOMHOBOAA, TOMLMHBLI U BbICOTbI Avadparm 1 WTbIpen, a Takke
paccTosiHuiA Mexay HUMWU. PazpaboTaHHbI Nonspu3aTop MoXeT ObiTb PEKOMEHA0BAH K MPUMEHEHNIO B COBPEMEHHbIX TENIEKOMMYHMKa-
LIMOHHBIX U PAAMONOKaLIMOHHbBIX CUCTEMAX.

KnioueBble cnoBa: nonsipu3atop; BOMHOBOZ C AvadparmMoit; BOMHOBOZA CO LUTbIPEM; MaTpuLa nepeaadn; MaTpuua paccenmBaHus;
anddepeHumanbHbIn (asoBbIvi CABUI; KPOCCNONAPM3aUMoHHas pasBs3ka.
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