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 Abstract. One of the fundamental problems of modern digital telecommunications 
is the economy of digital information and frequency resources, which are highly 
limited. The introduction of novel telecommunication systems and 5G networks 
requires searching for principal solutions for the economy and reusing the 
frequency spectrum. Therefore, modern wireless mobile, terrestrial, and satellite 
systems use various new technologies to increase communication channels' 
information capacity for the economy of limited frequency resources. One of the 
most effective ways to reuse the information system's operating frequency band is 
to apply antennas with polarisation signal processing. Such systems provide the 
possibility to transmit and to receive simultaneously signals with different types of 
polarisation. 

Consequently, the application of electromagnetic waves with two orthogonal 
polarisations improves wireless systems' information characteristics for various 
purposes. This allows doubling the information capacity of mobile, terrestrial, and 
satellite communication channels. Also, polarisation processing is carried out in 
meteorological and radar systems to receive, transmit, and process information. 
The essential elements of such systems are microwave polarisers and orthomode 
transducers. The electromagnetic characteristics of these devices affect the 
aspects of the whole system significantly. Main electromagnetic factors include 
phase, matching, and polarisation parameters. The article presents the 
development of a compact tunable polarizer based on a square waveguide with 
three posts. The developed polariser operates in the X-band from 8.0 GHz to 8.5 
GHz. Created a mathematical model of the polariser is based on the scattering 
and transmission matrices. To verify the developed theoretical model's 
correctness, the calculation of all characteristics was also performed numerically 
using the finite integration technique. The developed compact polariser based on 
a square waveguide with three posts allows tuning it's matching and polarisation 
characteristics by changing all posts' heights. The developed polariser's main 
advantages are small dimensions, tuning options, and aspects of polarisation 
transformation. 

Keywords: information resources; satellite systems; circular polarization; 
microwave polarizer; waveguide polarizer; tunable polarizer; frequency spectrum; 
differential phase shift; cross-polar discrimination; axial ratio. 

 

 

INTRODUCTION 

Nowadays, the increase in communication chan-
nels' information capacity and their energy effi-
ciency are essential crucial problems. In particu-
lar, in 5G networks, this problem resulted in the 
occurrence and widespread application of D2D 
direct connection technologies [1, 2], M2M tech-
nologies [3], and OFDM technology [4, 5]. In 
modern satellite systems and radars, polarisation 
signal processing is effectively applied to reuse 
the frequency resources [6, 7]. 

The key elements of antenna systems engaged in 
dual-polarization signal processing are 
microwave devices of feeds. Namely, polarisation 
processing is carried out by waveguide 
polarizers in combination with orthomode 
transducers. Polarisers introduce the necessary 
phase shift and convert circular polarisations 
into linear ones. In turn, the orthomode 
transducer separates linearly polarised signals 
and directs them to two highly isolated 
waveguide channels [8, 9]. The modern designs 
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of polarizers are realized in the form of 
waveguide structures with irises [10, 11, 12], 
ridges [13, 14, 15, 16, 17], posts [18, 19, 20, 21, 
22, 23, 24], thin metal septums [25, 26] and slots 
[27, 28]. The waveguide polarizers with posts 
and irises operate similarly to the post and iris 
waveguide phase shifters applied in phased array 
antennas and other systems [29, 30, 31, 32, 33, 
34, 35, 36]. 

In paper [8], the authors presented the design 
and simulated characteristics of a novel high-
performance coherent ortomode transducer for 
new antenna designs with polarisation pro-
cessing of radio signals. Developed orthomode 
transducer provides the following features in the 
operating satellite frequency bands 3.4–4.2 GHz 
and 10.7–12.8 GHz: VSWR for the main modes of 
horizontal and vertical polarisations are less than 
1.06, the differential phase shift is within the 
range 90°±1º, the XPD is higher than 70 dB. The 
author of the article [9] developed a broadband 
coherent orthomode transducer based on a coax-
ial quad-ridged waveguide for the operating fre-
quency range 3.4–5.4 GHz. The orthomode 
transducer's reflection coefficient does not ex-
ceed −24 dB; the cross-polar discrimination 
(XPD) exceeds 38 dB. Developed orthomode 
transducer is used in dual-polarization multi-
band antennas. 

The article [10] proposes a new waveguide po-
larizer with irises for the operating C-band. The 
30% operating fractional bandwidth provides a 
reflection coefficient of −40 dB and a cross-polar 
discrimination level of −35 dB. In articles [10, 
11], a polarizer based on a square waveguide 
with irises for the Ku-frequency band was devel-
oped. The square waveguide polarizer with four 
irises provides VSWR less than 1.24. Its differen-
tial phase shift is 90°±3.5°. The axial ratio is less 
than 0.53 dB. The XPD is higher than 30.3 dB. In 
[13], the authors used the transverse-modal 
matching technique in partial regions to analyze 
coaxial ridged waveguides used to develop the 
polarisation processing devices. The article [14, 
15] is devoted to considering eigenmodes of co-
axial quad-ridged waveguides utilizing integral 
equations. This method allows taking into ac-
count the singular behavior of the fields on the 
edges of waveguides. Calculations confirm the 
reliability of the obtained results based on the 
finite differences technique. The article [16] pre-
sents the feed system's design for reflector an-
tennas of dual circular polarisation satellite 
communication appliances. The feed system has 
been optimized for the operation in extended C-

band 3.4–4.8 GHz. VSWR of the development sys-
tem is less than 1.14, and its XPD is higher than 
30 dB. Paper [17] contains the development of a 
mathematical model of sectoral ridged wave-
guides using the integral equation technique. 

The article [18] contains wave propagation in 
periodically loaded waveguide structures with 
cylindrical posts. Theoretical and experimental 
investigations of semi-periodic systems and their 
scattering matrices are performed. Article [19] 
offers the results of testing and numerical simu-
lation of the reactance of posts in a circular 
waveguide. The reactance is a function of the 
waveguide and post dimensions and frequency, 
and the results presented are useful in the design 
of a variety of circular waveguide devices. The 
paper [20] shows scattering characteristics of a 
radially directed thin post in a circular wave-
guide using moments. Electric-type dyadic 
Green's function has been used to compute the 
scattered field in a circular waveguide consider-
ing the current variation in the post's axial direc-
tion. In the article [21], the authors analyzed 
three transverse cylindrical posts in a rectangu-
lar waveguide. It is shown that a relatively large 
shunt reactance range is achievable compared to 
that from a single variable-length post. The au-
thors of [22] proposed a high-speed electromag-
netic analysis of substrate integrated waveguides 
and substrate integrated slab waveguides. The 
developed method is used for the accurate and 
fast analysis of structures composed of metallic 
and dielectric posts in a parallel-plate waveguide 
environment. The article [23] analyzed function-
al post-wall waveguides formed by periodically 
distributed dielectric centers. The developed 
formulation is accurate and numerically very 
fast. Our investigations' final goal is to realize the 
available dielectric post-wall waveguide-based 
filters, which are expected to have a practical ap-
plication in the THz region. A compact circular 
waveguide polarizer with a higher-order input 
mode (TM01) is presented in this paper [24]. The 
proposed design consists of a triangular metallic 
plate for TM01-TE11 (linearly polarised) mode 
conversion and metallic posts loading for linear 
TE11 to circular TE11 polarisation conversion. 

The article [27] presents a polariser's design in a 
circular waveguide with irises realized using 
slots. The polariser can be reconfigured by rotat-
ing the irises relative to each other, providing the 
polarisation plane's rotation up to cross-one. Be-
ing relatively narrowband, the polarizer has a 
longitudinal dimension λ0/50-λ0/10. Article [28] 
presents the design, development, and character-
ization of compact wideband three-dimensional 
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(3-D) printed circular waveguide-based polariser 
operating in Ka-band (28-34 GHz). The polariser 
structure is investigated using fundamental and 
higher-order modes, based on which a simplified 
equivalent structure is derived, giving physical 
insight into its mechanism of operation. The de-
sign consists of a pair of radially opposite 
grooves inside a circular waveguide and excited 
using a coaxial probe, making the design simple 
and highly compact compared to other conven-
tional circular polarizers. 

The article [25] presents a novel broadband sep-
tum polariser with a relative bandwidth of 
37.8%. It is enabled by using an equilateral trian-
gular standard port waveguide, which guaran-
tees the most extensive possible frequency range 
between fundamental and next higher-order 
mode cutoff. The authors developed polarisers in 
the field of 75-110 GHz and 18-26 GHz. Such po-
larizers provided the axial ratio remains below 
1.3 dB, whereas the input port isolation and the 
input return loss exceed 17 and 15 dB, respec-
tively. The authors [26] developed and optimized 
Q- and K-band waveguide polarizers with longi-
tudinal septums of constant thicknesses. The op-
timal designs and their electromagnetic perfor-
mance were analyzed for fractional bandwidths 
from 5% to 20% using the frequency domain's 
finite element method. 

Article [29] presents a new phase shifter with 
two waveguide posts based on substrate inte-
grated waveguide technique. Phase shifting is 
achieved by changing the diameter and metallic 
inductive positions inserted in the substrate in-
tegrated waveguide substrate. In article [30], a 
tunable phase shifter's design in a waveguide-
based on two metal posts is proposed. The 
measured return loss and phase performances of 
this prototype are compared with the phase 
shifter's simulated full-wave response. The pro-
posed waveguide component shows a great ap-
plication potential in beam steering phased ar-
rays implemented in waveguide technology. 

The performed review demonstrates that polar-
isers based on a waveguide with posts is the 
simplest from the design point of view and pro-
vides the tuning option. It can improve the econ-
omy of information resources in satellite antenna 
systems. Therefore, this article is devoted to de-
veloping a new mathematical model for a polar-
iser based on a square waveguide with three 
posts. Such a model allows performing the analy-
sis and optimization of matching and polarisation 
characteristics. 

 

RESULTS  

Mathematical model of tunable waveguide 
polarizer 

The design of the waveguide polarizer is shown 
in Figure 1. The structure contains two posts of 
height h1 and diameter d, one position of height 
h2 and diameter d, the distance between the cen-
ters is l. Moreover, the height of the central post 
h2 is greater than the other posts h1. 

 

Figure 1 – Polariser design based on a waveguide 
with three posts 

 

The presence of a cylindrical post allows you to 
adjust the device's characteristics by changing 
the post's length.  

Figure 2 shows the electric field vectors' spatial 
location for vertical and horizontal polarisations 
at the square waveguide polariser's ports. 

We represent a polariser with an equivalent cir-
cuit using the theory of microwave circuits (Fig-
ure 3). Figure 3a shows an equivalent circuit of a 
polariser model with three capacitive posts. Fig-
ure 3b shows an equivalent circuit of a polariser 
model with three inductive posts. The identical 
circuit model with inductive seats will have only 
one regular transmission line [31–32]. The posts 
are perpendicular to the electric field lines, and 
the bases are not high relative to the wall size.  

Thin inductive posts weakly influence the electric 
field vector's fundamental electromagnetic mode 
perpendicular to the post axis. Consequently, the 
equivalent circuit of a waveguide with inductive 
posts is as shown in Figure 3b. 
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а) horizontal polarization 

 

b) vertical polarization 

 

Figure 2 – Electric field vectors at the ports of the square waveguide polariser 

 

 

 

a) 
 

 

b) 

Figure 3 – Equivalent circuit models of the waveguide polariser 

a) with three capacitive posts; b) with three inductive posts 

 

The following expression connects the wave scat-
tering and transmission matrices of the two-port 
device (1): 
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We form general wave scattering matrices based 
on the microwave theory [36], having divided the 
equivalent circuit of the polariser into smaller 
courses. In the case of capacitive posts (Fig-
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where 1pY  and 2pY  are the conductivity of the 

posts, 1  is electric line length. 

 

The electric length of a regular transmission line 
in the case of capacitive posts: 
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where g  is the wavelength in the waveguide. 
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where 
0  is the wavelength in the free space; 

С  is the cutoff wavelength. 

 

The expression determines the conductivity of 
the post [33]: 

2

0

2

[1 cos( )]
,

(a r)(2 cos(2 )) ln(a/ r)sin(2 )

g p

p

p p

j kh
Y

a k kh kh

  −
=

− + −

 (5)
 

where a  is the length of the wall of a square 

waveguide; ph  is the height of the post in the 

waveguide; k  is wave number; r  is post radius. 

 

Figure 4 presents a capacitive post in a rectangu-
lar waveguide.  

 

Figure 4 – Capacitive post in a rectangular wave-
guide 

Figure 5 shows the dependence of the module of 
the conductivity of the posts on the frequency. 

 

 

Figure 5 – Dependence of the module of the 
conductivity on frequency 

 

In Figure 5, we can see that the module of the 
conductivity of the middle post 2 is greater than 
the module of the conductivity of the extreme 
point of curve 1. This indicates that the medium 
post has a more substantial effect on the elec-
tromagnetic characteristics of the polariser. 

In the case of inductive posts, the total wave 
transmission matrix is determined as follows: 
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where 2  is electric line length. 

 

The electric length of a regular transmission line 
in the case of the inductive posts is as follows: 

2
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= = +     (7) 

 

The main characteristics of the polariser are as 
follows [34, 35]: phase-frequency dependences, 
matching, and polarisation characteristics. Phase 
and matching characteristics are the differential 
phase shift and the voltage stand wave ratio 
(VSWR). The polarising elements of a polariser 
are the axial ratio and the cross-polar discrimina-
tion (XPD). 
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The expression determines the differential phase 
shift: 

21. 21. ,С L    = −     (8)
 

where 21.С is a phase of the parameter 21S С  

of the total wave scattering matrix for the model 

with capacitances;
 21.L is a phase of the pa-

rameter 21S L  of the general wave scattering 

matrix for the model with inductances. 

 

The formula determines VSWR: 

11 111 / 1 .VSWR S S=  +   −        (9) 

 

The axial ratio is determined as follows: 
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where 1A= , 21B S= .  

 

The formula calculates XPD: 

0.05 0.0520lg (10 1) / (10 1) .r rXPD  = + −
 

 (11) 

 

Figure 6 shows the differential phase shift char-
acteristics of the mathematical model, and Fig-
ure 7 shows the matching parts of this model. 

Figure 6 demonstrates that the maximum devia-
tion of the differential phase shift from 90º is 
4.7º. Figure 7 shows that the full value of VSWR is 
1.29. 

 

 

Figure 6 – Dependence of the differential phase shift 
of the polariser 

  

Figure 7 – Matching characteristic of the 
mathematical model 

 

Figure 8 shows the polarisation characteristics of 
the mathematical model. Figure 8 represents the 
axial ratio's dependence on the frequency, and 
Figure 8b illustrates the support of the XPD on 
the frequency.  

 

 

a) 

 

b) 

Figure 8 – Polarisation characteristics of the 
mathematical model 
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Figure 8a contains the axial ratio's dependence 
on the frequency, and Figure 8b includes the reli-
ance of the XPD on the frequency. In Figure 8, we 
see that at a frequency of 8.5 GHz the axial ratio 
acquires its maximum value of 0.77 dB. Also, at 
this frequency, the XPD receives a maximum 
weight of 29 dB. 

Thus, within the operating frequency range of 
8.0–8.5 GHz, the optimized polariser based on a 
square waveguide with three posts provides the 
following characteristics: VSWR for the main 
modes of horizontal and vertical polarisation is 
less than 1.29, the differential phase shift is with-
in 90°±4.7º, the axial is less than 0.77 dB, the XPD 
is higher than 29 dB. 

 

Analysis of the model based on the finite integration 
technique 

Figure 9 and Figure 10 show the phase and 
matching characteristics of the polariser. Figure 9 
contains the differential phase shift's dependence 
on the frequency, and Figure 10 includes the 
support of VSWR on the frequency in the operat-
ing frequency range from 8.0 GHz to 8.5 GHz. 

Figure 9 demonstrates that the maximum devia-
tion of the differential phase shift from 90º is 
5.2º. Figure 10 shows that the full value of VSWR 
is 1.3. 

Figure 11 shows the device's polarization charac-
teristics in the operating frequency range from 
8.0 GHz to 8.5 GHz. Figure 11 contains the axial 
ratio's dependence on the frequency, and Figure 
11b includes the reliance of the XPD on the fre-
quency. The Figure shows that at a frequency of 
8.0 GHz, the axial ratio acquires its maximum 
value of 0.81 dB. Also, at this frequency, the XPD 
accepts a maximum weight of 31 dB. 

 

 

Figure 9 – Dependence of differential phase shift on 
frequency 

 

Figure 10 – Dependence of VSWR on frequency 

 

Figure 11a shows that the axial ratio's minimum 
value is 0.06 dB at a frequency of 8.25 GHz. At the 
same frequency, the XPD is 48.4 dB. At the mini-
mum frequency of the range, the axial ratio has a 
value of 0.68 dB, and the XPD is equal to 28 dB. 

 

 

a) 

 

b) 

Figure 11 – Polarisation characteristics of the 
prototype 

 

Thus, within the operating frequency range of 
8.0–8.5 GHz, the optimized polariser based on a 
square waveguide with three posts provides the 
following characteristics: VSWR for the main 
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modes of horizontal and vertical polarisation is 
less than 1.3, the differential phase shift is within 
90°±5.2º, the axial is less than 0.81 dB, the XPD is 
higher than 26.5 dB. 

 

Comparison of both theoretical models 

The optimized polariser sizes are summarised in 
Table 1.  

 

Table 1 – Sizes of the optimal X-band waveguide iris 
polarizer obtained by the developed mathematical 
technique and by the finite integration technique  

Size name 
Mathematical 

model 
Numerical 

model 
Size of square 
waveguide walls, mm 

a=24,5  a=25,0  

Height of the lowest 
posts, mm 

h1=4,4  h1=4,8  

Height of the medium 
post, mm 

h2=7,1  h2=6,9  

The gap between the 
posts, mm 

l1=7,9  l1=7,6  

The thickness of all 
post, mm 

w=3,8  w=4,0  

 

The results were obtained using the developed 
mathematical technique and the finite integra-
tion technique in the operating X-band 8.0 – 8.5 
GHz. 

Table 2 compares the polariser's characteristics 
for the mathematical model and the numerical 
model by finite integration technique. 

The small differences in sizes and characteristics 
given in the tables can explain that the mathe-
matical and numerical models are based on dif-
ferent numerical methods. As we can see, the 
matching and polarisation characteristics of the 
mathematical model and numerical model simu-
lated using finite integration technique coincide 
with relatively high accuracy. 

Table 2 – Characteristics of the optimal X-band 
waveguide iris polarizer obtained by the mathemati-
cal model and the numerical model. 

Characteristic 
Mathematical 

model 
Numerical 

model 
Differential phase 

shift 
90° ± 4,7° 90° ± 5,2° 

VSWR 1,29 1,3 
Axial ratio 0,77 dB 0,81 dB 

XPD 29,0 dB 26,5 dB 

 

 

CONCLUSIONS 

The article suggests the new waveguide polarizer 
with posts, which improves the information re-
sources economy in satellite information sys-
tems. The polariser has a compact design and al-
lows to tune its characteristics by adjusting the 
positions simply. We proposed a new mathemat-
ical model to analyze and optimize the polarizer 
based on a square waveguide with three posts in 
the frequency range from 8.0 GHz to 8.5 GHz. The 
model is based on the general wave scattering 
matrix of the device. The model allows optimiz-
ing its electromagnetic characteristics by chang-
ing the design parameters. To compare the re-
sults, a numerical model based on the finite inte-
gration method was applied to calculate a polar-
izer's performance. Obtained by both model's 
products are in good agreement with each other. 

The developed square waveguide polarizer with 
three posts provides the following characteris-
tics. The range of change of the introduced differ-
ential phase shift is 90°±5.2°. The developed po-
lariser provides VSWR less than 1.3. The axial 
ratio is less than 0.81 dB. XPD of the waveguide 
polarizer is higher than 26.5 dB. Developed 
square waveguide polarizer with three posts can 
be widely applied in dual-polarization satellite 
communication systems to improve their infor-
mation resources economy. 
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