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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 

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 l. 

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]: 

 
 

 
 

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, g is the 

guide wavelength. 

The guide wavelength is calculated as follows [19]: 
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where  is the wavelength in free space, C is the cutoff 

wavelength for the fundamental TE10 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). 
 

 
 

Fig. 2 – Equivalent circuit of a waveguide polarizer with two 

irises 
 

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 . It is calculated as follows: 
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where l 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: 
 

 L C 21 21  arg( ) arg( )L CS S         . (10) 

 

VSWR is determined by the following formulas [19]: 
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where 11LS , 11СS  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]: 
 

2 2 4 4 2 2

2 2 4 4 2 2

2 cos(2 )
 [dB] 10lg

2 cos(2 )

A B A B A B
r

A B A B A B





    


    
,(12) 

 

where || 21L SA , || 21С SB , and   was defined 

in (10). 

The XPD is expressed in dB and is calculated using 

the formula: 
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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. 
 

 
 

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, f0 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 h and the dis-

tance between them l: 
 

 ( )  (    )f f, a, h, l    . (14) 
 

Let us set the mathematical conditions for the dif-

ferential phase shift at the mentioned three frequen-

cies as follows: 
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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°. 
 

 
 

Fig. 4 – Dependences of differential phase shift on frequency 
 

 
 

Fig. 5 – Dependences of VSWR on frequency 

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 f0 for differential phase shifts and 

VSWRs for both linear polarizations: 
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(16) 

 

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, l  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. 
 

 
 

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 
 

 
 

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 

both polarizations. The differential phase shift lies in the 

range of 90° ± 0.5°. The axial ratio is less than 0.4 dB. 

The corresponding XPD is higher than 34 dB. 
 

 
 

Fig. 9 – Dependence of XPD of the iris polarizer on frequency 

 

4. CONCLUSIONS 
 

A new technique for the synthesis of waveguide po-

larizers with irises has been developed in the article. 

The basic principles of the proposed technique are 

demonstrated by the synthesis of the new waveguide 

polarizer with two irises. The synthesis was carried out 

using conditions, which simultaneously combined con-

ditions on the phase and matching characteristics. The 

characteristics were determined using the elements of 

the scattering matrix of the polarizer. In addition, the 

polarization characteristics were calculated to verify 

the performance. 

The differential phase shift of the synthesized po-

larizer is 90° ± 0.5°. The crosspolar discrimination is 

higher than 34 dB. The obtained results confirm the 

efficiency of the suggested technique of mathematical 

synthesis for the fast development of new waveguide 

polarizers with excellent polarization performance. 

Therefore, a new technique of mathematical syn-

thesis presented in the study can be recommended for 

the development and optimization of modern wave-

guide components for microwave radars, 5G wireless 

telecommunication appliances, satellite information 

systems and other applications. 
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Метод математичного синтезу хвилеводних поляризаторів із діафрагмами 
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У статті розроблено новий математичний метод синтезу хвилеводних діафрагмових поляризаторів 

із оптимальними фазовими характеристиками та узгодженням. Метод використовує теоретичні одно-

модові вирази для диференційного фазового зсуву між хвилями з ортогональними лінійними поляри-

заціями та коефіцієнта стійної хвилі за напругою для оптимізації геометричних розмірів структури 

поляризатора. Ці вирази було об’єднано в систему математичних умов для отримання необхідних 

значень характеристик. Запропонований метод було застосовано для синтезу хвилеводного поляриза-

тора із двома тонкими провідними діафрагмами. Такі діафрагми є еквівалентними індуктивним або 

ємнісним навантаженням у хвилеводній лінії передачі залежно від типу поляризації основної елект-

ромагнітної моди. Математичну модель хвилеводного діафрагмового поляризатора було розроблено 

на основі еквівалентних хвильових матриць. У результаті було визначено основні електромагнітні 

характеристики за допомогою елементів матриці розсіювання поляризатора. Запропонований аналі-

тичний метод синтезу дозволяє знайти всі оптимальні геометричні розміри діафрагмового поляриза-

тора, включаючи поперечні розміри квадратного хвилеводу, висоти діафрагм і відстані між ними. Ва-

ріювання цих розмірів дозволяє отримати необхідні електромагнітні характеристики мікрохвильових 

хвилеводних пристроїв, а саме: оптимальне узгодження та кросполяризаційну розв’язку в робочій 

смузі частот. Для поляризатора на основі квадратного хвилеводу з діафрагмами, що був оптимізова-

ний для супутникового робочого діапазону частот 8,0-8,5 ГГц, було отримано диференційний фазовий 

зсув 90° ± 0,5°. Коефіцієнт стійної хвилі за напругою не перевищує значення 2 для основних мод вер-

тикальної та горизонтальної лінійних поляризацій. Кросполяризаційний рівень діафрагмового поля-

ризатора є нижчим за − 34 дБ. Коефіцієнт еліптичності не перевищує 0,4 дБ. Таким чином, представ-

лений математичний метод одномодового синтезу хвилеводних поляризаторів із діафрагмами може 

використовуватися для початкової оптимізації перед застосуванням спеціалізованих програм моде-

лювання мікрохвильових пристроїв. Крім цього, запропонований метод математичного синтезу може 

широко застосовуватися для розроблення нових мікрохвильових поляризаторів, фазозсувачів і фільт-

рів на основі діафрагм і штирів у хвилеводах. 
 

Ключові слова: Електромагнітне моделювання, Мікрохвильова техніка, Хвилеводні компоненти, 

Синтез мікрохвильових пристроїв, Матриця розсіювання, Матриця передачі, Поляризатор, Хвилевод-

ний поляризатор, Поляризатор із діафрагмами, Колова поляризація. 
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