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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. 
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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 

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 h1. In order to improve matching of the polariz-

er, the outer irises are lower than the central iris with 

the height h2. The thicknesses of all irises are infinitely 

small and the distances between them are equal to l. 
 

 
 

Fig. 1 – The design of a waveguide polarizer with 3 irises 

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: 
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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; g is the guide wave-

length. In the case of a square waveguide a  b. 
 

 

 
 

Fig. 2 – Inductive and capacitive irises in a waveguide 
 

The width d of the iris window and its height h are 

connected by the following formula: 
 

 2 .d a h    (3) 
 

The guide wavelength in a square waveguide is de-

termined by the expression [19]: 
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where   c/f is the wavelength in free space, C  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  and elec-

tric length , which is determined as follows: 
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Fig. 3 – Equivalent circuit of a waveguide with 3 irises 
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where l 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: 
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All calculations will be carried out in the matched 

mode at the input/output ports, for which the normal-

ized characteristic impedance   1. Each two-port cir-

cuit is described by a wave transmission matrix: 
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Then the complete wave transmission matrix of the 

polarizer is determined as the product of all 5 matrices: 
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The relationship between wave transmission and 

scattering matrices is as follows: 
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where T  is the determinant of the matrix T    from 

formula (8). 

Having used the property of a symmetrical two-port 

circuit 11S   22S  and 12S   21S , we obtain 
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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: 
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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 11LS  and 21LS  the el-

ements of the scattering matrix for the two outer induc-

tive irises. 11LS  and 21LS  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: 
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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: 
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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), 11CS  and 21CS  stand for the el-

ements of the scattering matrix for the two outer capac-

itances. 11CS  and 21CS  designate the elements of the 

scattering matrix of the middle capacitance. 

After substituting expressions (15) into (10) and 

(11), we obtain analytical expressions 
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Therefore, we have obtained the complete scattering 

matrices of the polarizer for the fundamental modes 

TE10 and TE01 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: 
 

 L C 21 21  arg( ) arg( )L CS S         . (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: 
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The circular polarization purity at the output of a 

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]: 
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where 21L| |A S , 21С| |B S ,   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: 
 

 
1

XPD [dB] 20lg
1

r

r

 
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, (22) 

 

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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Сьогодні пристрої оброблення поляризації широко використовуються у супутникових інформацій-

них системах. Хвилеводні поляризатори є ключовим елементом антенних систем, що використовують-

ся для перетворення поляризації сигналу із лінійної в колову та навпаки. Сигнали із коловою поля-

ризацією мають багато значних переваг над сигналами з іншими видами поляризації. Таким чином, 

одночасне використання поляризаторів з іншими радіотехнічними пристроями обробки сигналів зна-

чно підвищує ефективність нових супутникових інформаційних і телекомунікаційних систем різного 

призначення, бездротових систем передачі даних, мобільних систем зв’язку, радіолокаційних систем 

та систем медичної діагностики. В статті розроблено новий матричний метод розрахунку параметрів 

та характеристик поляризатора на основі квадратного хвилеводу із трьома діафрагмами, які є індук-

тивними чи ємнісними залежно від поляризації хвилі. Використовуючи теорію мікрохвильових кіл, 

через хвильові матриці передачі та розсіювання елементів структури поляризатора було виведено 

аналітичні вирази для загальної хвильової матриці розсіювання. У результаті було отримано основні 

характеристики поляризатора: диференційний фазовий зсув, коефіцієнт стійної хвилі за напругою 

для вертикальної та горизонтальної поляризації, коефіцієнт еліптичності та кросполяризаційна 

розв’язка. Представлений метод дозволяє дослідити вплив розмірів поляризатора (а саме, висот діаф-

рагм та відстаней між ними) на його основні характеристики. Отримана аналітична модель дозволяє 

теоретично знаходити оптимальні розміри, які забезпечують необхідні поляризаційні характеристики 

пристрою при найкращому узгодженні в робочому діапазоні частот. Крім цього, розроблений метод 

хвильових матриць може застосовуватися для подальшої оптимізації за допомогою спеціалізованих 

програм моделювання мікрохвильових пристроїв. 
 

Ключові слова: Матриця розсіювання, Матриця передачі, Поляризатор, Хвилеводний поляризатор, 

Поляризатор із діафрагмами, Колова поляризація, Диференційний фазовий зсув, Коефіцієнт еліпти-
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