JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 13 No 5, 05024(6pp) (2021)

Technique of Mathematical Synthesis of Waveguide Iris Polarizers

A.V. Bulashenkol”, S.I. Piltyay!'f, I.I. Dikhtyaruk®% O.V. Bulashenko?2$

1 National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, 37, Peremohy Ave.,

03056 Kyiv, Ukraine
2 Jvan Kozhedub Shostka Professional College of Sumy State University, 1, Institutskaya St.,
41100 Shostka, Ukraine

(Received 16 April 2021; revised manuscript received 20 October 2021; published online 25 October 2021)

In this article, we have developed a new mathematical technique for synthesis of waveguide iris polar-
izers with optimal phase and matching characteristics. The technique applies theoretical single-mode ex-
pressions of the differential phase shift between the waves with orthogonal linear polarizations and of the
voltage standing wave ratio to optimize the geometrical dimensions of the polarizer’s structure. These ex-
pressions were combined into a set of mathematical conditions to obtain the required values of characteris-
tics. The proposed technique was implemented to synthesize a waveguide polarizer with two thin conduct-
ing irises. Such irises are equivalent to inductive or capacitive loads in a waveguide transmission line, de-
pending on the polarization type of the fundamental electromagnetic mode. The mathematical model of the
waveguide iris polarizer was developed based on the equivalent wave matrices. As a result, the main elec-
tromagnetic characteristics were determined through the elements of the polarizer’s scattering matrix.
Suggested analytical synthesis technique allows to find all optimal geometrical dimensions of the iris po-
larizer including the transversal sizes of a square waveguide, the heights of the irises and the distances be-
tween them. Variation of these dimensions allows to obtain the required electromagnetic characteristics of
microwave waveguide devices, namely the optimal matching and cross polarization level in the operating
frequency band. The differential phase shift of 90° + 0.5° was obtained for the square waveguide iris polar-
izer optimized for the operating satellite frequency band 8.0-8.5 GHz. The voltage standing wave ratio does
not exceed 2 for the fundamental modes of vertical and horizontal linear polarizations. The crosspolariza-
tion level of the iris polarizer is less than — 34 dB. The axial radio does not exceed 0.4 dB. Therefore, the
presented mathematical method for single-mode synthesis of waveguide polarizers with diaphragms can be
used to initially optimize them before the application of specialized programs for simulation of microwave
devices. In addition, the suggested technique of mathematical synthesis can be widely used for the devel-
opment of new microwave polarizers, phase shifters and filters based on irises and posts in waveguides.
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1. INTRODUCTION

The impetuous progress of modern wireless tele-
communication systems in the millimeter wavelength
range leads to the development of new information
processing methods in communication channels. Men-
tioned radio engineering and information appliances
include 5G wireless communication systems, satellite
information systems, and various radars. The require-
ments for the increase in information capacity in wire-
less channels led to the evolution of new devices for the
processing of signal’s polarization. The transformation
of polarization type in microwave antenna systems
from circular to linear or vice versa is performed in
waveguide polarizers.

One of the first publications on the creation of devic-
es with circular polarization [1] proposed a design that
provided a differential phase shift of 90° at the output
port. This was achieved by using thin conducting irises
placed in a square waveguide. Such irises create the
necessary phase difference, because for one mode they

PACS numbers: 84.40.Az, 84.40.Ua

act as inductive conductivities, and for another mode
they act as capacitive conductivities. As a result, the
first X-band polarizers were developed in [1].

The first designs of waveguide polarizers with met-
al septums were published in [2]. The proposed septum
polarizer based on a square waveguide generated sig-
nals with left and right circular polarizations in a rela-
tive frequency band of 20 %.

The analysis of polarizers using the method of field
expansion into eigenmodes was proposed in [3]. This
method was used to analyze a polarizer based on a
corrugated square waveguide. The polarizer was devel-
oped for the satellite bands 11.9-12.3 GHz and 17.5-
17.9 GHz. It provided a differential phase shift of 90° +
1° with a maximum standing wave ratio of 1.02.

In [4], the authors proposed a new method for creat-
ing wideband polarizers with irises in square and circu-
lar waveguides. The method made it possible to find
the best matching condition for both polarizations by
analyzing the frequency responses of the reflection
coefficients. The results of the development of new
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irises profiles for waveguide polarizers were presented
in [5]. The profiles were selected in such a way, that
ensured the minimum deviation of the differential
phase shift from 90°. In [6], a new method was pro-
posed for the development of a broadband waveguide
polarizer with irises for a C-band antenna feed system.
In [7], the authors proposed a new method for the syn-
thesis of microwave filters. The method is based on the
representation of a filter by the scattering matrix. In
[8-11], a new concept of designing waveguide polarizers
with irises in the form of slot structures was proposed.
Designs of suggested polarizers based on circular and
rectangular waveguides were presented.

The structure of a tunable polarizer with circular
and linear polarizations was proposed in [12]. This
design is used in satellite communication systems. A
number of works [13, 14] were devoted to the develop-
ment of polarizers based on a square waveguide with a
different number of irises for the Ku-band.

In [15], the researchers presented an accurate
equivalent microwave circuit for a wideband iris locat-
ed in a waveguide. An orthomode transducer for the
separation of orthogonally polarized electromagnetic
waves was proposed in [16]. This design provides good
matching, small sizes and weight reduction.

Several techniques for the synthesis of passive mi-
crowave filters were recently presented in [17, 18]. The
suggested techniques allow to create fully capacitive or
inductive filters. In [19], a technique for the parametric
synthesis of waveguide polarizers with irises for the
operating C-band 3.4-4.2 GHz is proposed.

Nevertheless, a significant number of modern stud-
ies on waveguide polarizers [20-23] are devoted mainly
to their modeling using commercial software, and little
attention is paid to the theoretical and mathematical
methods of their development.

Consequently, despite the availability of large num-
ber of papers devoted to the simulation and optimiza-
tion of waveguide polarizers and microwave filters, the
methods of their synthesis were not covered. Therefore,
in this research, we develop a new technique of math-
ematical synthesis of waveguide polarizers.

2. WAVE MATRIX MODEL OF A POLARIZER
BASED ON A SQUARE WAVEGUIDE WITH
IRISES

Theoretical analysis will be performed on the ex-
ample of a polarizer based on a square waveguide with
two irises. Fig.1 shows the 3D model and internal
dimensions of the synthesized polarizer. The size of the
square waveguide walls is designated as a. The irises
have the same height h. The thicknesses of all irises
are infinitely small. The gaps between the irises are /.

Using the wave matrix technique, which was previ-
ously applied for waveguide iris polarizers analysis
[24, 25], we develop a mathematical model suitable for
rectangular and square waveguides loaded by irises.
The obtained model is based on a microwave circuit
with equivalent inductive and capacitive loads.

The normalized reactive conductivities of the induc-
tive and capacitive irises are calculated by the follow-
ing formulas [24]:
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Fig. 1 — The structure of a waveguide polarizer with two irises
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where a is the transversal size of walls of the square
waveguide, d is the width of the iris window, A¢ is the
guide wavelength.

The guide wavelength is calculated as follows [19]:

3

where 1 is the wavelength in free space, Ac is the cutoff
wavelength for the fundamental TEi0 mode in the
waveguide.

To analyze the waveguide polarizer with two irises
using the single-mode approximation, we will consider
its equivalent circuit with two admittances connected
in parallel into the transmission line (Fig. 2).
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Fig. 2 — Equivalent circuit of a waveguide polarizer with two
1rises

We will divide the equivalent circuit into simple
four-terminal circuits to define the general scattering
wave matrix. In Fig. 2, there are two circuits in the
form of a connected in parallel admittance and one
circuit in the form of a section of a transmission line
with electrical length 6. It is calculated as follows:
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where [ is the length of the gap between irises in the
waveguide.

Marked in the equivalent circuit (see Fig. 2) four-
terminal circuits are described by the following wave
transmission matrices:
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The wave transmission matrix of the complete
equivalent circuit is the product of elementary trans-
mission matrices:
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The relationship between the wave transmission
and scattering matrices is as follows:
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where |T | is the determinant of the general transmis-

sion matrix.
Hence, we obtain the reflection and transmission
coefficients
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The electromagnetic characteristics of the polarizer,
which must be calculated using the developed model,
are the differential phase shift, axial ratio, voltage
standing wave ratio (VSWR), and crosspolar discrimi-
nation (XPD).

The differential phase shift between the fundamen-
tal modes with perpendicular linear polarizations is
determined as follows:

Ap= ¢, —¢ =arg(Syy;)—arg(Syy ) - (10)

VSWR is determined by the following formulas [19]:
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where Syy;,, Sy designate the reflection coefficients

for the cases of inductive and capacitive irises, respec-
tively.

The axial ratio at the output of the polarizer is cal-
culated by the following formula [19]:

A%+ B? + |A* + B* + 242 B? cos(2A4)

r[dB] =101g= "= NZ T T2
A%+ B? - \|A* + B* + 24 B cos(2A4)

,(12)

where A=|Ss, |, B=|Ss,cl, and Ap was defined

in (10).
The XPD is expressed in dB and is calculated using
the formula:

XPD [dB] =201g(”1} (13)
r-1
where r is the axial ratio in the linear scale.

Therefore, the performed analysis provides us with
the formulas for calculating the required electromag-
netic characteristics of the waveguide iris polarizer.
The developed theory will be applied for the synthesis
of an optimal iris polarizer in the next section.

3. SYNTHESIS OF A WAVEGUIDE IRIS
POLARIZER WITH OPTIMAL
CHARACTERISTICS

Developed in this section technique of mathematical
synthesis allows us to obtain optimal electromagnetic
characteristics of a waveguide iris polarizer. In the
ideal case, it is necessary to provide the dependence of
the differential phase shift on frequency in the form of
a parabola or a line centered in the operating frequency
band (Fig. 3). The parabola must cross the 90° level at
two frequencies. The line must cross the 90° level at
the central frequency of the operating band of the po-
larizer.

A
Ap(f)

92° -
90° -

88° -

Fig. 3 — Centered dependences of differential phase shift on
frequency

Shown in Fig. 3 frequencies f1 and f2 are the bound-
ary frequencies of the operating band, fo is the center
frequency.

In order to synthesize the structure of a waveguide
polarizer with the required frequency dependence of
differential phase shift, we need to set the search condi-
tions for the optimal dimensions of the polarizer model.
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In the general case, the differential phase shift is a
function that depends on the frequency f, the size of the
waveguide wall a, the height of irises A and the dis-
tance between them I:

AJ) = AP, a, b, 1) . (14)

Let us set the mathematical conditions for the dif-
ferential phase shift at the mentioned three frequen-
cies as follows:

Ag(fy) = 92°,
AG(f,) = 90°, (15)
AG(f,) = 88°.

As a result of the numerical solution of the written
set of equations, we find the necessary values of the
geometrical dimensions of the polarizer model. Option-
ally, in a given set of equations (15) we can change the
values of the differential phase shift at the lowest and
the highest frequencies of the operating band. Let us
consider the evolution of phase and VSWR characteris-
tics for the given values of the differential phase shift
91, 93, and 95° at the lowest frequency and the corre-
sponding values 89, 87, and 85° at the highest frequen-
cies. As a result, we obtain the following values of the
differential phase shift 1, 3 and 5°, respectively.

Fig. 4 and Fig. 5 show the dependences of the dif-
ferential phase shift and VSWR on frequency for sever-
al synthesized polarizers, respectively. In Fig. 4, the
curves 1, 2 and 3 correspond to the differential phase
variations 90° + 1°, 90° + 3°, 90° + 5°.

95
94 1 - dif. value 1 deg;
931.- 2 - dif. value 3 deg;

3 - dif. value 5 deg.

92
91
20
89
88
87
86
85

8.0 8.1 82 8.3 8.4 8.5

Frequency, GHz

Differential phase shift , deg

Fig. 4 — Dependences of differential phase shift on frequency

6.0 1

1 - dif. value 1 deg; 4
2 - dif. value 3 deg;
3 - dif. value 5 deg.
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8.0 8.1 8.2 8.3 8.4 8.5
Frequency, GHz

Fig. 5 — Dependences of VSWR on frequency
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In Fig. 5, notations 1, 2 and 3 designate VSWR de-
pendences for the horizontal linear polarization. Fig. 5
shows that the highest VSWR value is 6.4 for curve 1.
A decrease in the peak value of VSWR to 3.5 and 3.4
occurs for curves 2 and 3, respectively. Consequently,
we can conclude that the increase in the values of the
differential phase shift leads to a decrease in VSWR
peak values. Besides, it was found that a further in-
crease in the differential phase shift (up to the values
more than 5°) does not result in a further decrease in
the peak value of VSWR.

Consequently, an improvement of polarizer match-
ing can be achieved only by changing the specified
mathematical conditions, according to which the syn-
thesis is carried out. Let us set new three conditions at
the center frequency fo for differential phase shifts and
VSWRs for both linear polarizations:

Ag(a, d,1, f,) =90°,
VSWRhor. pol (a’ d’ l’ f()) < 27 (16)
VSWRvert. pol (a’ d’ l’ f()) <2.

As a result of the numerical solution of the written
system of conditions, we find the following optimal
values of the sizes of the waveguide iris polarizer:
a=28 mm, [ =14 mm, h =6.2 mm. This combination of
conditions will improve the matching of the synthe-
sized polarizer by reducing the VSWR values.

Fig. 6 shows the dependence of the differential
phase shift on frequency for the novel synthesized
structure of the polarizer.

& 905
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Difference phase shift, d

8.1 8.2 8.3 8.4 8.5
Frequency, GHz

&
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Fig. 6 — Dependence of differential phase shift on frequency

As we can observe in Fig. 6, the differential phase
shift of the new synthesized design of the waveguide
iris polarizer is 90° + 0.5° in the operating frequency
band 8.0-8.5 GHz.

Fig. 7 demonstrates the dependences of VSWR vs.
frequency for both perpendicular linear polarizations.

It is seen from Fig. 7 that the maximum value of
VSWR in the operating frequency band for both polari-
zations is 1.97.

Fig. 8 presents the dependence of the axial ratio of
the synthesized polarizer on frequency in the operating
band 8.0-8.5 GHz.

Fig. 8 shows that in the whole operating band 8.0-
8.5 GHz the axial ratio is less than 0.4 dB. The mini-
mum value of the axial ratio is 0 dB. It is observed at a
frequency of 8.31 GHz.
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Fig. 7 — Dependences of VSWR on frequency for both polariza-
tions
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Fig. 8 — Dependence of axial ratio of the iris polarizer on
frequency

Fig. 9 presents the XPD of the synthesized polarizer
versus frequency. In the operating frequency band, the
crosspolarization level does not exceed the value of
— 34 dB. The worst isolation occurs at a frequency of
8.0 GHz. The minimum value of XPD is — 71 dB. It
occurs at a frequency of 8.31 GHz.

Therefore, in the operating frequency band 8.0-
8.5 GHz the new synthesized square waveguide polar-
izer with two irises provides VSWRs less than 2 for
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MeTon MaTeMaTUYHOTO CHUHTE3y XBHUJIEBOIHUX MOJIAPU3AaTOPIB i3 niadparmamu
A.B. Bynamenro!, C.I. ITinprsaitl, I.I. Jixtapyxk!, O.B. Bynamenko?

1 Hauionanvruili mexuiuHuil ynisepcumem Yrpainu «Kuiscokuil nonimexniunuil tncmumym
imeni Izopa Cikopcorozon, np. Ilepemozu, 37, 03056 Kuis, Yikpaina

2 Illocmrkurcvkutl ghaxosuil kosedxc imerni Isana Koocedyba Cymcvio2o OepicasHo20 yHIgepcumemy,

eys. Incmumymcora, 1, 41100 Illocmka, Yxpaina

¥ crarTi po3pobIIeHO HOBMI MaTeMaTHYHUN METOJ] CHHTe3y XBUJIEBOIHUX TiadyparMoBUX IIOJIAPU3ATOPIB
13 ONTUMAJIHHUMY (PA30OBUMU XapPAKTEPUCTUKAMU Ta y3rof:KeHHsIM. MeTol BUKOPUCTOBYE TEOPETUYHI OJHO-
MOOB1 BUPA3U AJIA Au(epeHIiinHOro pa3oBoro 3CyBy MisK XBUJISIMHU 3 OPTOTOHAJIBHUMU JIHIAHUMUA OJISAPH-
3arissMu Ta KoedillieHTa CTIHHOI XBMJII 3a HAIIPYTOIO [JIs ONTUMI3aIlli TeOMETPHUYHUX PO3MIPIB CTPYKTYPH
nosgpusaropa. L1 Bupasm Oysio 00’eqHAHO B CHCTEMy MATEMATHYHHMX YMOB [JJIsI OTPUMAHHS HEOOXITHHX
3HAYEeHDb XaPAKTEPUCTUK. 3AIIPOIIOHOBAHUN MeTO][ 0yJI0 3aCTOCOBAHO JIJIsI CUHTE3y XBUJIEBOILHOIO HOJISPU3a-
TOpa 13 JBOMA TOHKUMH IIpoBimHuUMHU miadpparmamu. Taxi giadparMu € eKBIBAJIeHTHUMH 1HIYKTUBHUM a00
€MHICHUM HaBaHTAKEHHSM y XBHJIEBOJIHIM JIHII Iepegadl 3aJIesKHO B TUILY IIOJISIPU3AIlil OCHOBHOI €JIEKT-
poMargiTHol Momu. MareMaTH4Hy MOJIe/Ib XBHJIEBOJHOTO IiadparMoBOro I0Jsapu3aTropa 0yJio po3podsIeHo
HA OCHOBI €KBIBAJIEHTHUX XBHJIbOBHX MATPHIlb. ¥ Pe3yJIbTaTi OyJI0 BU3HAYEHO OCHOBHI €JIEKTPOMATHITHI
XapaKTePUCTUKH 32 JOIOMOIOK eJIEMEHTIB MATPHUIIl PO3CIIOBAHHS IIOJISPU3aTOPa. 3aIllpOIIOHOBAHMN AHAJI-
TUYHUAN METOJ CHHTE3y JI03BOJIS€ 3HAWTU BCl ONTHMAJIbHI F€OMETPHYHI Po3MipHu aiadparMoBOro II0JIsSpU3a-
TOpAa, BRIOYAIYHN OIIEPEYH] PO3MIPH KBAIPATHOTO XBUJIEBOAY, BUCOTH miadparM i BigcraHi misk HumM#. Ba-
PIIOBAHHS IIUX PO3MIPIB J03BOJISIE OTPUMATH HEOOXIIHI eJIeKTPOMATHITHI XapaKTePUCTUKA MIKPOXBHJIBOBUAX
XBUJIEBOJHUX IIPHUCTPOIB, a caMe: ONTUMAJIbHE Y3TOIMKEHHS TAa KPOCIOJAPU3AIINHY PO3B’SA3KY B POOOULiL
cmys3i vacror. Jlssa mosisipraaTopa Ha OCHOBI KBAJIPATHOTO XBHJIEBOIY 3 JiadparMamu, 1o OyB OITHMI30BAa-
HUM IS CYIyTHUKOBOTO pobouoro miama3ony dactor 8,0-8,5 I'T'w, Gyso orpumano nudepeniiiiamit dhasoBmit
acyB 90° + 0,5°. KoeditrieHT cTifiHOI XBHJII 3a HAIPYIOI0 He IIEPEeBUILYE SHAUEHHA 2 IJIsI OCHOBHUX MO BEp-
THUKAJIBHOI Ta TOPU30HTAJIHHOL JIHIMHAX ToJisipuaariiii. Kpocrossipusaiiiiauii piBeHb qiadparMoBOro MMoJIs-
pusatopa € mHmkunM 3a — 34 1B. Koedirient emnruynocti we mepeswuntye 0,4 n1b. Takum umHOM, IIpecTaB-
JIEHUH MaTeMaTUYHUN MeTO] OJIHOMOJIOBOTO CHMHTE3y XBUJIEBOJHUX IOJIIPU3ATOPIB 13 miadparMamMu Moske
BUKOPUCTOBYBATHUCS JIJIsI TIOYATKOBOI ONTHMI3Allil Iepe]| 3aCTOCYBAHHSIM CIEI[iaIi30BAHUX IIPOrpaM MoJie-
JTIOBAHHSA MIKPOXBUJIBOBUX ITPUCTPOIB. KpiM 11bOr0, 3aIIponoOHOBaAHMI METO]] MATEMATUYHOTO CHHTE3Y MOKE
IMUPOKO 3aCTOCOBYBATHCS JJIsT PO3POOIEHHS HOBUX MIKPOXBHJIBOBUX MOJISIPU3aTOPIB, (ha3o3cyBadiB 1 QpuIbT-
PpiB Ha 0cHOBI miadyparm i ITUPIB Y XBUJIEBOAAX.

Kimouosi cnosa: EnexrpomarmitHe MojemoBaHHsA, MiKpOoXBUIbOBA TeXHIKA, XBUJIEBOJHI KOMIIOHEHTH,
CuHTe3 MIKPOXBMJIBOBUX IIPUCTPOIiB, MaTpuis poscitoBanssa, Marpursa nepenadi, [lonspusarop, XBumeso-
Hui moJisipusaTop, [onspuaarop i3 miadpparmamu, Kostosa mostsipusartis.
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