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Today polarization-processing devices are widely used in satellite information systems. Waveguide po-
larizers are the key element of antenna systems used to convert signal polarization from linear to circular
type and vice versa. The circularly polarized signals have many significant advantages over the signals
with other types of polarization. Consequently, simultaneous application of polarizers with other radio sig-
nal processing devices highly increases the efficiency of new satellite information and telecommunication
systems for various purposes, wireless data transmission systems, mobile communication systems, radar
systems and medical diagnostic systems. In this article, we have developed a new matrix technique for the
calculation of parameters and characteristics of a polarizer based on a square waveguide with three irises,
which are inductive or capacitive loads depending on the wave’s polarization. Based on the theory of mi-
crowave circuits, the analytical expressions of the general wave scattering matrix were derived using the
transmission and scattering wave matrices of elements of a polarizer structure. As a result, the main char-
acteristics of the polarizer were obtained: differential phase shift, voltage standing wave ratio for vertical
and horizontal polarizations, axial ratio and cross-polar discrimination. The presented method makes it
possible to study the influence of the polarizer dimensions, such as the heights of the irises and the dis-
tances between them, on its main characteristics. Obtained analytical model makes it possible to find theo-
retically optimal sizes, which provide the required polarization characteristics of the device with the best
matching in the operating frequency band. In addition, the developed wave matrix technique can be ap-
plied for further optimization using the specialized programs for microwave device simulation.

Keywords: Scattering matrix, Transmission matrix, Polarizer, Waveguide polarizer, Iris polarizer, Circular
polarization, Differential phase shift, Axial ratio, Cross-polar discrimination, Satellite antenna systems.
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1. INTRODUCTION

Modern scientific publications describe many differ-
ent methods for calculation of characteristics of wave-
guide microwave devices. For example, to obtain neces-
sary polarization characteristics of waveguide iris and
septum polarizers it is required to optimize the design
[1-3] and calculate their differential phase shift with
high accuracy.

Historically, the first techniques used to analyze
phase shifters with reactive elements in waveguides
were based on the scattering and transmission wave
matrices [4, 5].

The vast majority of publications on waveguide de-
vices is devoted to methods for calculation of microwave
filters. In [6], the general approach to the synthesis of
filters using the method of analytical gradient optimi-
zation is considered. The gradient function was deter-
mined analytically with respect to the change in the
coupling elements between the resonators based on the
theory of transmission and scattering matrices.

In [7], the procedure of microwave filters designing
based on the model of distributed parameters is present-
ed. The synthesis of an arbitrary frequency response,
which is described by characteristic polynomials using
scattering and transmission matrices, directly makes it
possible to obtain the scattering parameters of various
components that are realized by any gap that forms a
filter. This method makes it possible to avoid the use of
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the numerical optimization process to determine the
final configuration. In addition, the method gives the
possibility to synthesize a frequency response, which
compensates the effects of multimode interactions.

The general approach to the synthesis of coupling
matrices is considered in [8], where a general method of
synthesis with arbitrary reference impedances is sug-
gested. Analytical expressions of scattering parameters
and numerical results, that are in good agreement with
the prototypes, were obtained. The approach converts
the objective scattering matrix and reference imped-
ances into an admittance matrix of multicoupled circuit
based on the definition of power wave. In [9], the
transmission matrix technique has been used to deter-
mine the filter parameters. Paper [10] presents the
design of a symmetric response filter using Riblet's
couplers. The reflection coefficients were calculated
using Bartlett’'s theorem and the scattering matrix
technique. The structure was implemented in H-plane
waveguide configuration for Ku-band applications.

In addition, the scattering matrix method is used to
numerically verify the mode matching technique for the
development of waveguide circuits [11]. The analysis of
wave propagation in two-dimensional double corrugat-
ed metal surfaces embedded in a thin parallel plate
waveguide is also based on the mode matching tech-
nique [12]. In [13], the hybrid surface integral-equation
method for the analysis of waveguide components,
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including resonator structures, was considered.

In [14], the waveguide duplexer model was calculat-
ed using the method of wave scattering and transmis-
sion matrices. The suggested design uses duplex
transmission based on the reception and transmission
of signals with orthogonal circular polarizations. The
formation of circular polarization is carried out by par-
titioning the converter of the polarizer orthogonal
modes in the waveguide. In [15-17], the techniques of
analysis of waveguide polarizers based on reactive
elements are considered.

In [18], the electrodynamic problem of finding a
generalized scattering matrix of an infinitely thin
asymmetric one-sided inductive diaphragm in a rectan-
gular waveguide was solved using the method of inte-
grated levels.

Despite the large number of works devoted to dif-
ferent numerical methods for the calculation of charac-
teristics of phase shifters and microwave filters, the
wave matrix techniques were not used to calculate the
characteristics of waveguide polarizers. Therefore, in
this article, we develop a mathematical model of a
square waveguide polarizer based on scattering and
transmission wave matrices. Obtained model allows to
simulate main polarization and matching characteris-
tics in future research of iris polarizers. In addition, the
optimization of waveguide polarizers can be carried out
using the developed wave matrices technique.

2. WAVE MATRIX ANALYSIS OF WAVEGUIDE
IRIS POLARIZERS

Using the analysis of microwave devices based on
the theory of wave scattering and transmission matri-
ces [19], we develop a mathematical model of a rectan-
gular or square waveguide loaded by irises. The ob-
tained model can have equivalent reactances of two
types. Such a design can perform the functions of a
polarizer or phase shifter. The electromagnetic charac-
teristics of the device, which are calculated using the
model, are the differential phase shift, axial ratio, volt-
age standing wave ratio (VSWR) and cross-polar dis-
crimination (XPD).

As an example of the theoretical analysis, we will
consider a polarizer based on a square waveguide with
3 irises (Fig. 1). Designations of all sizes of the design
are presented in Fig. 1. The size of the square wave-
guide’s walls is a. Two outer irises have the same
heights A1. In order to improve matching of the polariz-
er, the outer irises are lower than the central iris with
the height hs. The thicknesses of all irises are infinitely
small and the distances between them are equal to /.
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Fig. 1 — The design of a waveguide polarizer with 3 irises
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The reactive elements in a waveguide are conduc-
tive irises (Fig. 2), which can be represented as reactive
elements connected in parallel into the equivalent
transmission line. Their normalized reactive conductiv-
ities are determined by the following formulae:

by = 1{ctg[”2adﬂ , )
7-d
2a ﬂ’ @

where a and b are the lengths of the wide and narrow
walls of the rectangular waveguide, respectively; d is

the width of the iris window; A¢ is the guide wave-
length. In the case of a square waveguide a = b.
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Fig. 2 — Inductive and capacitive irises in a waveguide

The width d of the iris window and its height A are
connected by the following formula:

d=a—-2-h. 3)

The guide wavelength in a square waveguide is de-
termined by the expression [19]:

P @)

8 2
R
Ac
where A = c/f is the wavelength in free space, Ac=2a is
the cutoff wavelength for the fundamental TE10 mode
in a waveguide.

For the analysis of a polarizer, we apply a single-
wave approximation using the apparatus of wave ma-
trix theory. The general view of an equivalent circuit of
a waveguide with 3 reactive irises is shown in Fig. 3.

For the determination of the general wave matrix of
the reduced two-port circuit (Fig. 3), we divide it into 5
simple two-port circuits. There are 3 two-port circuits
in the form of reactive discontinuity and 2 two-port
circuits in the form of a regular segment of the trans-

mission line with characteristic impedance p and elec-
tric length 6, which is determined as follows:
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Fig. 3 — Equivalent circuit of a waveguide with 3 irises
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where [ is the length of the gap between irises.

The distance between irises can be approximately
estimated as a quarter of the guide wavelength at the
central frequency:

I~-=. (6)

All calculations will be carried out in the matched
mode at the input/output ports, for which the normal-
ized characteristic impedance p=1. Each two-port cir-
cuit is described by a wave transmission matrix:

T, T, T, T
T 1= 715 — 11 12 :| ; T 1= |: 11 12 j| :
I: I:I [ :I |:T21 1122 I: S:I T2'1 T2,2

[7,]=[7:]= ﬁf eojg} ()

Then the complete wave transmission matrix of the
polarizer is determined as the product of all 5 matrices:

EAREAEATEATE A EAR Pl T

21 22
where
Ty, = T121T1’19j26 + T 1T + 1Ty Ty + T12Tlez’z€7j2€ ,
Ty = T\, Te’™ + Ty, + T T, Ty + T Ty, Thne 7,
Tyy = TnTmTl’lejzg + 15,1515, + 7;21]11’2 + Tz1Tzszlge’jz‘9 )
Tygy = leTmTfleizﬁ + 1, 15,15, +T,, T, 1), + Tz22TZ'2e—j29 )

The relationship between wave transmission and
scattering matrices is as follows:

[S ]_{Szu Szm}_ 1 {sz ‘T‘ } )
> SZZl 8222 Tzu 1 _TZ12

where ‘T‘ is the determinant of the matrix [TZ] from

formula (8).
Having used the property of a symmetrical two-port

circuit Syq; = S5,y and Sy, = Sy, , We obtain
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1 8221 'Sél
Szzl :Ti = 520 98 S +S2Ke 20’ (10)
Y11 € 119011 T o8
S - Ty _ S,,¢"*" —S{,N - 8},St, +S,,Pe * an
T /2’ 28 8" + 8% Ke % ’
$11 119011 T 11

where N =84 -8%; K=S2-82; P=N-[83-8].

The analytical model of a waveguide with 3 induc-
tive irises is shown in Fig. 4. In this case, the elements
of a scattering matrix are as follows:

jb, 2
S, = , Spy=—. 12
Yo2-jb, " Pt 2-jb, (12)
p=1

:9:£l=

Fig. 4 — Equivalent circuit of a waveguide with 3 inductive irises

In Fig. 4, the two outer inductances are equal and
the middle inductance is higher in order to achieve
simultaneously the required phase characteristic and
matching over a wide operating frequency range.

In formula (12) we denote by S;;; and S,,; the el-

ements of the scattering matrix for the two outer induc-
tive irises. S;,; and S;,; stand for the elements of the

scattering matrix of the middle inductive irises.
Having substituted expressions (12) into (10) and
(11), we obtain the following formulae:

2 ’
— Soir S .
20 _ . 2 —j20°
e 28,1180 + S Ke

Ssor1, 13)

Jj20 ' ' 2 -j20
S _Sure” =S8N =S5 Shz + S Pe (14)
Z11IL 7 29 —928 .. 8§ SZ (S/Z _SvZ ) -j20 °
e 1129112 T 11211 —9211)€

where N=S7; -85, K=S,-Sy,,
P:N'[S{?L_Sézm]

The equivalent circuit of a waveguide with 3 capaci-
tive irises is shown in Fig. 5. In this circuit, the ele-
ments of a scattering matrix are as follows:

-jbe 2
24 b -

by (15)

In the equivalent circuit shown in Fig. 4 the two
outer capacitances are equal and the middle capacitance
is higher in order to achieve simultaneously the
required phase characteristic and matching over a wide
operating frequency range.
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Fig. 5 — Equivalent circuit of a waveguide with 3 capacitive irises

In expression (15), S;,, and S,,, stand for the el-
ements of the scattering matrix for the two outer capac-
itances. Sj;, and S;,, designate the elements of the

scattering matrix of the middle capacitance.
After substituting expressions (15) into (10) and
(11), we obtain analytical expressions

2 '
Szw 'S21C

:4 ; . a9
e’ - 2816Shc + S1210Ke 720

SZZIC

j20 ’ ’ 2 —j26
s _S;ce”” =811¢N = S55¢Shic + Sy cPe (17)
$11C 20 _9g g S2 Ke /20 ’
€ — 40P T RIce

where N = Sflc - 8221@ ; K= S{?c _Sézw;
P=N-[8c-S}c]-

Therefore, we have obtained the complete scattering
matrices of the polarizer for the fundamental modes
TE10 and TEo1 with orthogonal linear polarizations.

3. ANALYTICAL FORMULAE FOR THE
CHARACTERISTICS OF WAVEGUIDE IRIS
POLARIZERS

The main electromagnetic characteristics of a polar-
izer are peak levels of voltage standing wave ratio
(VSWR) for both linear polarizations, differential phase
shift, axial ration and cross-polar discrimination (XPD).

The differential phase shift at the output of a polar-
izer is determined as the difference between the argu-
ments of complex transmission coefficients for two
orthogonal linear polarizations. Using the equivalent
circuits (Fig. 4, Fig. 5) of a waveguide polarizer for the
fundamental modes of two polarizations, we can ex-
press the differential phase shift as follows:

Ap= ¢ —do =arg(Ssq;) —arg(Ssqe) . (18)

The matching of a microwave device is character-
ized by VSWR [19]. For the equivalent circuits with
inductive and capacitive irises, VSWR is calculated
using the following formulae:

_ 1+[Seul
VSWR,. = M. (20)
_‘Szuc‘

The circular polarization purity at the output of a

JJ. NANO- ELECTRON. PHYS. 12, 06026 (2020)

polarizer is characterized by the axial ratio. It is
usually expressed in dB. In the linear polarization
basis, the axial ratio is determined as follows [20]:

AZ + B2 + \/A4 + B4 + 2A232 COS(2A¢) (21)
A?+ B - \lA4 + B' +242B% cos(209)

r [dB] =101g

where A =|Ss,1 |, B=Ssy |, A is defined in (18).

XPD is the equivalent characteristic of the polariza-
tion purity of the electromagnetic wave at the output of
a polarizer. Usually it is also expressed in dB and can
be determined using formula (21) as follows:

XPD [dB] = 201g {”H , (22)

r—

where r is the axial ratio, which preliminary must be
transformed to a linear scale from the logarithmic one.
Axial ratio (21) and XPD (22) at the polarizer’s out-
put along with the differential phase shift (18) and
VSWRs (19), (20) for the electromagnetic waves of both
polarizations must be simultaneously calculated during
the simulation of iris polarizers. Developed analytical
technique can be used for the optimization of wave-
guide iris polarizers for different fractional bandwidths.

4. CONCLUSIONS

A new wave matrix technique has been developed for
the theoretical analysis of waveguide iris polarizers. The
irises were simulated as inductive or capacitive reactive
elements depending on the polarization type of the
fundamental electromagnetic mode in the waveguide.

The main principles of the suggested approach have
been demonstrated by the example of a square wave-
guide polarizer with 3 irises. The formulae for the cal-
culation of all elements of the transmission and scatter-
ing wave matrices have been obtained. Based on the
scattering matrix elements we can calculate all elec-
tromagnetic characteristics of the polarizer including
differential phase shift, VSWR for the fundamental
modes of both polarizations, axial ratio and XPD.

The formulae for the calculation of axial ratio and
XPD, which simultaneously take into account the dif-
ferential phase shift and magnitudes of fundamental
modes with orthogonal linear polarizations at the out-
put of the polarizer, have been presented in the article.

Obtained in the research formulae allow to analyze
theoretically the dependence of polarizer characteris-
tics on the variation of the heights of the irises and the
distances between them. Such results are important for
fast development and optimization of the waveguide
iris polarizers. In addition, obtained in the research
analytical dependences can be widely applied for the
sensitivity analysis of the polarizer characteristics.

Therefore, the developed theoretical wave matrix
technique can be recommended for the development of
practical designs of iris polarizers and other waveguide
microwave devices. In the future research we will apply
the wave matrix technique for optimization of a com-
pact square waveguide polarizer with 3 irises and com-
parison of obtained characteristics with those calculat-
ed using numerical techniques.
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MeToa XBHJIBOBHX MAaTPHLB [IJIA MOJEJIIOBAHHA XBUJIEBOJHUX MOJIAPHU3ATOPIB
i3 niapparmamu. Teopia

A.B. Bynamreuxo, C.I. ITurersai, 1.B. Jemuenko

Hauionanvruii mexuiunuii ynisepcumem Yrpainu «Kuiscokuil nosiimexniunuil iHcmumym
imeni Izops Cikopcoroeon, np. Ilepemoeu, 37, 03056 Kuis, Yrpaina

CporozHi mpucTpol 00pOOJIeHHS ITOJISIPH3ALiil MIIUPOKO BUKOPHCTOBYIOTHCS Y CYIIyTHUKOBUX 1H(OpPMAIIiHi-
HHUX CHCTeMaX. XBUJIEBOIHI HOJISPU3ATOPH € KIIIOUOBUM €JIEMEHTOM AHTEHHHX CHUCTEM, 10 BUKOPHUCTOBYIOTH-
Cs JIJIS TIePETBOPEHHS TIOJITPU3Aallil CUTHAJTY 13 JIHIAHOI B KOJI0BY Ta HaBmaku. CHTrHAJM 13 KOJIOBOKO ITOJISI-
pHU3aIfien ManTh 0araTo 3HAYHUX IIepeBar HaJl CUrHAJIAMHU 3 IHIIUMY BuaamMu nosspusariii. Takum ynHOM,
OIHOYACHE BUKOPHUCTAHHS MOJIIPU3ATOPIB 3 1HIMUMHA PaJiOTeXHIYHUMHU IIPUCTPOSIME 00POOKH CUTHAJIIB 3HA-
YHO IMIJBHUIINYe e(PeKTUBHICTD HOBUX CYIIYTHUKOBUX 1H(MOPMAIINHUX 1 TEJIEKOMYHIKAIIIMHUX CHCTEM Pi3HOTO
IpU3HAYEHHs, 0€3IPOTOBUX CHCTEM IIepeaadl JAaHUX, MOOLILHHUX CHCTEM 3B’SI3KY, PATIOJIOKAIIMHUX CHCTEM
Ta CHCTeM MeIMYHOI JIarHOCTUKHU. B cTaTTi po3po0JsieHO HOBUM MATPUYHHMN METOJ PO3PaXyHKY HapaMerpiB
Ta XapaKTePUCTHK IOJISIPU3ATOPA HA OCHOBI KBAJIPATHOTO XBUJIEBOY 13 TphOMA JiadparMaMu, sKi € 1HIyK-
TUBHUMM YN €MHICHUMH 3aJIeKHO BIJ HOJIAPU3AIil XBUJIl. BHKOPHCTOBYIOUH TEOPil0 MIKPOXBHILOBUX KLJI,
Yepe3 XBHJIBOBI MATPHIN Iepeaadl Ta PO3CIIOBAHHS €JIEMEHTIB CTPYKTYPH IOJIIpU3aTropa OyJio BHUBEIEHO
aHAIITAYHI BUPA3W [IJIsI 3aTajIbHOI XBUJIBOBOI MATPHUIN PO3CIOBAHHS. ¥ pe3ysbTari 0yJIo OTpHMMAaHO OCHOBHI
XapaKTepUCTUKH MOJIsIpu3aTopa: IudepeHIiiHmii pa3oBuil 3CyB, KoediIieHT CTifHOI XBMJII 3a HAIIPYTOIO
JUIsT BEPTUKAJIBHOI TA TOPHU30HTAIBHOI IIOJISIpM3Alril, KOe(iIlleHT eJIITHYHOCTI Ta KPOCIIOJISIpU3AIliiiHa
posp’saska. [IpescraBienuit MeTo I J03BOJISAE JOCTIIUTH BILIUB PO3MIpIB moJisipu3aTopa (a came, BUCOT jiad-
parm Ta BiAcTaHeid MIK HUMM) Ha MOro ocHOBHI xapakrepuctuiry. OTprMaHa aHATITUYHA MOJIEJH J03BOJISE
TEOPEeTUYHO 3HAXOUTH OITUMAJIbHI PO3MIpH, sIKl 3a0e31eUy0Th HeOOXTHI ITOJISIPU3ATIITHI XapaKTePUCTURN
IPHUCTPOIO IIPHM HAMKPAIIOMY y3TOIKeHHI B pobodoMy miama3oHi dactor. KpiMm mporo, po3pobseHmit MeTos
XBUJILOBUX MATPHIIbL MOKE 34CTOCOBYBATHCS IJIS MOMAJIBINOL ONTHMI3AIlil 3a JOIIOMOIOK CIIeIiaIi30BaAHMIX
porpaM MOJIETIOBAHHS MIKPOXBUJILOBUX IIPUCTPOIB.

Kmiouosi cnosa: Marpuiia poscitoBanus, Martpuia nepemadi, Ilonsapusarop, XBUIeBOIHUN IIOJIAPU3ATOD,

TlomsapusaTop i3 miadparmamu, Komosa monsapusamis, Judepenmitiauit dpasosuit acys, Koeditient eminrn-
unocti, Kpoconsipuaariiiina po3s’saka, CyyTHUKOBI aHTEHHI CUCTEMH.
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