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Abstract—A highly efficient, full-wave 
electromagnetic model and CAD of septum polarizers 
terminated with a square or circular output waveguide 
is presented. The model is based on the mode-matching 
and generalized S-matrix techniques. The capabilities 
of the CAD program are demonstrated by the design of 
dual-band polarizers where the separation between two 
bands is more than 50%. For a square output polarizer, 
results are compared and found to be in good agreement 
with data obtained with the WASP-NET program. A 
discussion on the inherent limitations of the achievable 
performance and critical parameters is presented. An 
influence of higher-order modes propagating in the 
polarizer output over the high-frequency operation band 
on the radiation and polarization patterns of a septum 
polarizer combined with a corrugated conical horn is 
specially investigated.  
 

I. INTRODUCTION 
 
Septum polarizers (SP), built on a square waveguide 
with stepped ridged waveguide junctions, have found 
many applications in antenna and other microwave 
systems. Single-band configurations with a square 
output waveguide were widely investigated. The four-
step polarizer, initially designed in [1] by trial and error 
experimental methods, satisfied the return loss criteria 
but required an additional dielectric-slab phase shifter 
to adjust the 90-degree phase difference between the 
TE10 and TE01 orthogonal modes. There were 
difficulties in producing an acceptable phase shift with 
an experimental tuning of the polarizer without phase-
adjusting structures, [2].  
 
Full-wave solutions and numerical optimization 
procedures allowed the design of various single-band 
polarizers with a square output port that met the 
required characteristics over a broad bandwidth. The 
design results of a five-step septum polarizer without an 

additional phase adjustment were reported in [3]. A 
section of corrugated waveguide was proposed to use as 
the phase-correction device, [4]. The broadband 
polarizers with a stepped-thickness septum were 
investigated in [5], [6]. A dynamical optimization 
procedure that included in the optimization process not 
only the stepped septum configuration but also several 
step discontinuities (placed before and after the septum) 
was proposed in [7]. An algorithm based on the 
approximation of aperture field distribution by 
Gegenbauer polynomials was used in [8] to analyze the 
SP experimentally studied in [6]. 
 
The septum polarizer with a circular output port is more 
convenient for antenna applications because it can be 
connected directly to a flange of smooth or corrugated 
conical horn. An example of the design of a square 
septum polarizer, which is directly combined with a 
smooth conical circular waveguide horn, is shown in 
[9]. A design procedure for the single-band polarizer 
with a circular output waveguide is discussed in [8] 
however results of this design were not presented. 
Some results are reported in [10] for compact three- and 
four-step polarizers.  
 
To the authors’ knowledge, except for [11], dual-band 
septum polarizers operating over two distant (with more 
than 15% separation) frequency bands have not been 
yet considered in the literature. In addition to the need 
to meet common requirements (such as return loss, 
isolation, and axial ratio performance), in this case a 
new parameter has to be considered: the level of 
suppression of the higher-order modes. These modes 
are always excited and can propagate over the high-
frequency band. In the case of square output port, these 
modes are the TE11 and TM11 ones, and in the case of 
circular output port they are the axial-symmetric TM01 
and two polarization-degenerated TE21 modes. 
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In the present paper, the electromagnetic model, 
optimization procedure, designing results for the dual-
band polarizers with square or circular output 
waveguides, and some features of their characteristics 
are discussed. 
 

II. DESIGN PROCEDURE 
 
II.1. The Electromagnetic Model 
A polarizer with a circular output waveguide and its 
geometrical parameters are shown in Fig. 1. The 
electromagnetic model is based on the generalized S-
matrix technique. In applying this technique, the key-
elements are identified with the following waveguide 
discontinuities:  
− double step in a rectangular waveguide;  
− bifurcated–to–ridged waveguide transition; 
− ridged-to-ridged waveguide junction; 
− square-to-square waveguide junction; 
− square-to-circular waveguide transition. 
 

The full-wave S-matrices of all the key-elements are 
calculated using the mode-matching technique. In the 
case when the jointed circular and square waveguides 
have overlapping cross-sections (as shown in Fig. 1(a)), 
this transition is considered as two waveguides 
connected via a zero-length square waveguide with the 
wall size virta D=  where D is the diameter of the 
output circular waveguide. In this case, the circular 
output is circumscribed to the virtual square waveguide. 
All the aforementioned key-elements are calculated and 
combined with the aid of an electromagnetic solver 
similar to the one reported in [12]. The eigen-value 
problem for the single-ridged waveguide is solved 
using the moment method with basis and test functions 
that take into account the field behavior near edges. 
Some details of this method can be found in [13].  
 
II.2. The Optimization Procedure 
The SP-CAD program allows the design of a dual- and 
single-band polarizer according to a given set of 
specifications such as:  
− return loss (RL);  
− isolation (IS) between input waveguides;  
− axial ratio (AR) of the resulting field generated by 

two outgoing orthogonal dominant modes; 
− suppression level (SL) of the higher parasitic 

modes in the output port if the latter is overmoded.  
The used optimization procedure is based on the 
descent method.  
 
The SP-CAD program operates with the given number 

of polarizer components. Some of them are fixed, and 
others are changed during the optimization process. For  
a given number of septum steps N, the fixed 
geometrical parameters are: 
 

 

Fig. 1. Schematic structure of a three-step polarizer 
with a circular output waveguide. (a) General view, 
(b) Longitudinal-section view. 
 
− the cross-sections of the two identical input 

rectangular waveguides, inp inpa b× ; 

− the septum thickness, t ; 
− the size of a square housing for the ridged 

waveguide sections, sq sqa a× ; 

− the size of the transformer square section, tr tra a× , 
placed between the above-mentioned housing and 
output circular waveguide; 

− the diameter of the circular waveguide, D . 
The other available SP configurations have the square 
output port with out tra a= . 
Generally, the gap sizes iw  and lengths il , 1, 2,...,i N=  
of the single-ridged waveguide sections, the length rwl  
of the two identical rectangular waveguides of the 

( ) 2inp sqa a t× −  cross section, and the lengths sql  and 

trl  of the square waveguide sections (see Fig. 1(b)) are 
included in the vector of objective variables for the 

 
(a) 

 
 

(b) 
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optimization procedure. The following error function is 
minimized during the optimization: 
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where 
− x  is the vector of the objective variables; 
− jM  is the given number of the frequency points 

( )j
mf  within the jth specified band; 

− ( )j
RLW  is the return loss weighting coefficient; 

− jRL  is the specified return loss value (in dB); 

− ( )( ) ( ) ( ) ,j j j
m m mRL RL f x=  is the actual return loss 

value calculated at the frequency ( )j
mf  and with 

the current values of the objective variables. 
The similar notations are used in (1) for the other 
controlled characteristics. 
 
II.3. The Initial Guess 
To the authors’ knowledge, there are no well 
established models that can be applied for the 
preliminary SP synthesis. As in any multivariable 
optimization routine based on gradient or descent 
methods, the selection of the initial guess is the most 
difficult problem. Various approaches can be adopted to 
overcome this problem. The first of them consists in the 
electrical scaling of a known SP geometry (for 
example, from [1] to a new frequency operation band. 
This approach can be used for a simple configuration 
representing a stepped septum in a straight square 
waveguide (as in [1], [3]).  
 
With the SP-CAD, the choice of the invariable polarizer 
dimensions is based on the following considerations. 
The square housing size sqa  must be such that the 
cutoff frequency of the TE11 and TM11 modes in the 
hollow sq sqa a×  waveguide is between the polarizer 

operation bands. Preferable size outa  for the SP with a 
square output waveguide is that permits to propagate 
the higher TE11 and TM11 modes over the high-
frequency band only. 
 
If the SP with a circular output is required, the output 
diameter D can be chosen using similar considerations. 
In the last case, the recommended size of square 

transformer section tra  is such that the cutoff 
frequencies of dominant modes in the circular and 
transformer waveguide section are close to each other. 
This takes place if 0.85tra D≈ . 
 
A simple way to define the initial septum geometry is to 
define the ridge gap dimensions according to the linear 
representation (for example) such as 

( )( )1 1i sqw a i N= − + , 1, 2...i N= . The lengths of the 

corresponding waveguide sections can be set as 
( )0.4 0.5i sql a= − . 

 
II.4. The Surrogate Models 
The SP-CAD allows two options: the optimization can 
be done either with the exact numerical models of all 
components or with interpolated models of the 
generalized S-matrices of some components (called 
here “surrogate” models). 

 
Before starting the optimization process, one-
dimensional frequency buffers are created for the exact 
S-matrices of the polarizer components with fixed 
geometry. For example, for a square-to-circular 
waveguide transition, the buffer is calculated at the 
given set of frequency points ( )j

mf  only once, and is not 
recalculated during the optimization process. 
 
The exact models of polarizer components with varying 
geometry (such as the ridged-to-ridged waveguide 
junctions) are substituted by their two-dimensional 
surrogates. The latter are obtained by the interpolation 
of the full-wave S-matrices of the above-mentioned 
junctions at a given set of sampling points for 
geometrical parameters at each frequency ( )j

mf . In this 
case, the varied geometrical parameters are the sizes of 
gaps nw , 1, 2,...,n N=  of adjacent ridged waveguide 
sections. The calculation of the database for the 
surrogate models is a time-consuming procedure, but 
once the database is created, the overall CPU time used 
for the polarizer optimization is considerably reduced. 
The database is stored in files and can be used 
repeatedly to optimize polarizers differing only by the 
parameters tra  and/or D . 
 
The program can operate in various accuracy modes. 
The low-accuracy mode with using the surrogate 
models allows a rough evaluation of a certain SP 
topology. This mode is a fast and suitable way for the 
definition of the initial guess for the final optimization 
performed in the high-accuracy mode. The frequency 
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Fig. 2. Performance of the designed four-step WR-90 
septum polarizer with a square output waveguide and 
comparison with the WASP-NET analysis. Dimensions 
(in millimeters): ainp = 22.86, binp = 10.16, asq = 20.8, lrw 
= 5.39, t = 1.5, w1 = 17.23, l1 = 9.03, w2 = 13.85, l2 = 
9.53, w3 = 10.48, l3 = 8.46, w4 = 4.83, l4 = 3.72, aout = 
20.8. 
 
analysis of the optimized SP is performed with using 
the exact numerical models of all the SP components in 
the chosen accuracy mode. 
 

III. SOME RESULTS OF THE SP DESIGN 
 
The SP-CAD program has been successfully applied in 
the design of polarizers having a square or circular 
output waveguide. The results for four-step optimized 
polarizers operating in several frequency ranges are 
presented in Figs. 2 to 5. They have been analyzed with 
the high-accuracy exact model under the SP dimensions 
shown in the figures captions. The SP operation bands 
are delimited in the figures by the vertical dashed-
dotted lines. Figures marked as “(b)” show the axial 
ratio (AX), return loss (RL), and isolation (IS) polarizers 
performance whereas the “(b)” figures characterize the 
relative powers (suppression levels (SL)) of unwanted 

Fig. 3. Performance of the designed four-step WR-90 
septum polarizer with a circular output waveguide. 
Dimensions (in millimeters): ainp = 22.86, binp = 10.16, 
asq = 20.5, lrw = 4.1, t = 1.5, w1 = 17.11, l1 = 9.77, w2 = 
14.03, l2 = 10.16, w3 = 10.68, l3 = 8.35, w4 = 4.57, l4 = 
3.45, lsq = 5.8, atr = 21.6, ltr = 8.48, D = 24.4. 
 
higher-order modes in the SP output. 
 
The optimization of all the SPs has been carried out 
with the following specification within two bands: 
− return loss RL≤ −20 dB; 
− isolation between the input waveguides IS≤ −25 

dB; 
− axial ratio (calculated from the dominant modes 

amplitudes in the SP output) AR ≥ −1 dB; 
− higher-order mode suppression level SL≤ −20 dB. 
 

Figs. 2(a)-(b) show the predicted performances of the 
optimized square-output polarizer designed for two 
bands, 8.3 GHz - 9.4 GHz and 11.3 GHz - 12.4 GHz. 
Input ports are the WR-90 waveguides. The resulting 
characteristics are close to the specified ones within 
both bands. For comparison purposes, the numerical 
data obtained with WASP-NET program, described in 

 
 

(a) 

 
 

(b) 

 
 

(a) 

 
 

(b) 
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[14], and [15], are plotted by symbols in Figs. 2(a)-(b) 
as well. Good agreement between data obtained with 
two programs is evident. This is mainly due to the fact 
that both programs are based on the mode-matching 
technique and the calculations were carried out with the 
same frequency, maxf = 72 GHz, limiting maximal 
cutoff frequencies of modes in ports of all the key-
elements. Some differences at high frequencies are due 
to the following reasons. First, two programs uses the 
different algorithms in the calculation of the ridged 
waveguide modal basis. In addition, the number of 
modes taken into account between any connected 
discontinuities was set as twenty in the SP-CAD 
program when using the S-matrix technique. In the 
WASP program, this number is determined indirectly: 
all modes in connecting waveguide sections with 
cutoffs maxconf f≤  are taken into account. The WASP 
results in Fig. 2 were calculated at max0.55conf f= . 
 
A characteristic feature of the frequency responses 
shown in Fig. 2(a) is a sharp resonance at f = 9.88 GHz. 
It shows up before the cutoff frequency of the TE11 and 
TM11 modes ( 10.19cutf ≈  GHz) in the output 
waveguide (see Fig. 2(b)). When passing this frequency 
point, the TE10 mode transmission coefficient and axial 
ratio response decrease drastically and the differential 
phase shift exhibits a sharp jump. It is the resonance 
effect that limits the widths of the polarizer operation 
bands. This effect is due to the resonance of the first 
higher quasi-TE11 mode that propagates in the ridged 
waveguide sections and does not propagate in the input 
and output waveguides. Similar resonances are named 
as resonances on higher “ghost” (or “closed”) modes 
and have been studied in the literature (see, for 
example, [16], [17]). The discussed resonance has been 
experimentally observed in [3] and specially noted in  
[5] when analyzing single-band SPs. It is an inherent 
feature of the SPs and cannot be avoided. One can only 
control the resonance frequency value by a proper 
choice of the SP size sqa . 
 
The results for the optimized WR-90 SP with a circular 
output waveguide are shown in Fig. 3. The return loss, 
isolation, and axial ratio responses meet the 
specification over the two specified bands practically 
(see Fig. 3 (a)). The circular output diameter for this SP 
is chosen so that the parasitic TM01 mode cutoff 
( 9.41cutf =  GHz) is outside the low-frequency band 
and the TE21 cutoff ( 11.94cutf =  GHz) is within the 
high-frequency band. The curves of the parasitic mode 
powers are shown in Fig. 3(b). There are two TE21 

modes, ( )
21TE s  and ( )

21TE c , which transversal field 
components are orthogonal and rotated by 45° relative 
to each other. Here, the superscript s or c denotes the 
sin nϕ  or cos nϕ  polar-angle function, respectively, in 
the Herz vector representation for the modes in a 
circular waveguide. It is remarkable that the level of the 

( )
21TE s  mode is considerably higher than the ( )

21TE c one. 

This is caused by that the ( )
21TE s  mode is efficiently 

excited by the TE11 mode propagating in the SP square 
waveguide sections because both these modes have 
similar field distributions.  
 
In contrast to the polarizer with a square output, the 
frequency responses in Fig. 3 (a) have two resonances. 
The first of them has the same nature as that in Fig. 2 
(a). The second resonance appears before the beginning 
of high-frequency band. It is caused by the transformer 
square section TE11 mode coupled with the ( )

21TE s  mode 
in the circular output waveguide and playing a role of 
that closed in the SP cavity. This resonance is a reason 
of an increased level of the TM01 mode before the high-
frequency band (see Fig. 3 (b)). To shift the resonance 
to a lower frequency, a larger output diameter has to be 
chosen. However, in this case the TM01 mode starts to 
propagate within the low-frequency band that is not 
acceptable for some SP applications. A similar 
resonance peak does not appear before the TM01 mode 
cutoff. This mode is excited by the TM11 mode of the 
transformer square section with the cutoff frequency 
higher than the TM01 one. In this case, there are no 
closed modes and a resonance has not to be appeared, 
[17]. The aforementioned resonances can lead to some 
difficulties in designing the SP with a circular output 
port at a smaller separation between two bands. 
 
The separation between the bands of the 
aforementioned polarizers is 46% with respect to the 
total SP operation range and both these bands are 
within the WR-90 waveguide frequency range. Figs. 4 
and 5 demonstrate the SP-CAD capabilities in 
designing the millimeter-wave polarizers provided with 
the input WR-34 rectangular waveguides and operating 
over the bands 20 GHz - 21.5 GHz and 29.5 GHz - 31.5 
GHz. The SPs have been designed under the 
performance specification identical to that for the WR-
90 polarizers. The separation between the bands already 
is about 70%. It should be noted that the low-frequency 
SP band is entirely outside of the standard frequency 
range (22 GHz-33 GHz) of the WR-34 waveguide. 
 
The square-output SP performance shown in Figs. 4 
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Fig. 4. Performance of the designed four-step WR-34 
septum polarizer with a square output waveguide. 
Dimensions (in millimeters): ainp = 8.636, binp = 4.318, 
asq = 8.636, lrw = 8.70, t = 1.0, w1 = 7.10, l1 = 3.45, w2 = 
5.90, l2 = 3.84, w3 = 4.61, l3 = 3.73, w4 = 2.58, l4 = 1.63, 
aout = 8.636. 
  
(a)-(b) meet the specifications over two bands. The 
designed circular-output SP has the characteristics close 
to the specified ones as well (see Fig. 5). This follows 
partly from a fact that the bands are widely separated 
and the second resonance is sufficiently far from the 
beginning of high-frequency band in contrast to the SP 
of Fig. 3.  

 
IV. THE ANALYSIS OF POLARIZER WITH 

CORRUGATED HORN 
 
Though the above-discussed higher-order modes are 
low in power, the following question has to be studied 
specially: how do they influence the resulting axial ratio  
value in the SP output? As an example, let us consider 
the SP illustrated by Fig. 3. For this SP, one (TM01) or 
th 

Fig. 5. Performance of the designed four-step WR-34 
septum polarizer with a circular output waveguide. 
Dimensions (in millimeters): ainp = 8.636, binp = 4.318, 
asq = 8.40, lrw = 9.27, t = 1.0, w1 = 6.88, l1 = 3.52, w2 = 
5.63, l2 = 3.65, w3 = 4.34, l3 = 3.40, w4 = 1.95, l4 = 1.43, 
lsq = 1.07, atr = 8.6, ltr = 2.57, D = 10.0. 
 
three (TM01, ( )

21TE c , and ( )
21TE s ) higher-order modes can 

propagate in the circular output over the 11.3 GHz – 
11.94 GHz or 11.94 GHz – 12.4 GHz subbands of the 
high-frequency band, respectively (see Fig. 3 (b)).  
 
We will further emphasize the second subband because 
of the greater number of higher-order propagating 
modes there. One can see that within this subband the  
TM01 and ( )

21TE s  modes are excited with comparable 

amplitudes that are essentially higher than the ( )
21TE c  

mode one. However, these modes have the field 
component distributions and propagation constants 
differing from each other and from those of the 
dominant ( )

11
sTE  and ( )

11
cTE  modes. This will leads to a 

different axial ratio of the polarization ellipse of the 

 
 

(a) 
 

 
 

(b) 

 
 

(a) 
 

 
 

(b) 
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Fig. 6. The radiation (a) and polarization (b) patterns of 
the cascade consisting of the septum polarizer and 
corrugated conical horn. 
 
entire field, i.e. including all the propagating higher-
order modes, calculated at an arbitrary point of the SP 
circular output cross-section and at different distances 
from the output beginning. The axial ratio at any point 
of the output waveguide axis has to be equal to that 
calculated from the dominant modes amplitudes 
because the electrical field components of the 
considered higher-order modes are zero at the axis. 
 
Due to the aforementioned entire field properties, it is 
difficult to obtain a certain answer to the above-put 
question. Such a conclusion is valid for the first 
subband with one high-order TM01 mode as well. More 
objective information can be obtained from the analysis 
of far field radiation and polarization patterns for a 
cascade of the septum polarizer and corrugated horn. A 
dual-band corrugated conical horn has been previously 
designed for two frequency bands identical to those for 
the polarizer of Fig. 3 using a numerical procedure 
reported in [18]. The horn is characterized by the 
following parameters: input waveguide diameter 

24.4inpD =  mm, aperture diameter 132hornD =  mm, 
semi-flare angle 15α = ° , throat circular waveguide 
section of the diameter inpD  and the length l . Eight 
modes are taken into account in this section. It should 
be noted that the value of l  influences essentially the 
radiated field characteristics. 
 
The radiation and polarization patterns of the polarizer-
horn cascade with 8.7l =  mm are shown in Fig. 6(a) 
and 6(b), respectively. They are computed at 12.4f =  
GHz for several ϕ -planes within the 3-dB θ -angle 
sector. At the considered frequency, the polarizer has 
the worst axial ratio value 0.94AX = −  dB calculated 
from the dominant modes amplitudes and comparable 
amplitudes of the propagating TM01 and ( )

21TE s  higher-
order modes (see Fig. 3). Just these modes result in a 
deviation of the radiation pattern maximum (up to 

0.8θ∆ = °  at 90ϕ = ° ) from the axial direction 0θ =  
(Fig. 6(a)) and in an asymmetry of the polarization 
patterns in different ϕ -planes (Fig. 6 (b)). As expected, 
the axial ratio curves intersect at the point 0θ =  for all 
the ϕ -planes on the level equal to that for the polarizer 
(compare Fig. 3 (b) at f = 12.4 GHz and Fig. 6 (b) 
at 0θ = ). This is because the fields of higher-order 
modes do not make a contribution to the polarization 
patterns in the axial direction 0θ = . The symmetry 
condition of type ( ) ( ), 180 ,F Fϕ θ ϕ θ± = ° + ∓  is 
carried out for the relative power and axial ratio 
dependences on θ  (for example, see curves for 0ϕ =  
and 180ϕ = °  in Fig. 6(a) and 6(b)).  
One would expect that the similar features are valid for 
the radiation and polarization patterns of SPs with a 
square output as well. 
 

V. CONCLUSION 
 
The results presented in this paper show the capabilities 
of the SP-CAD program as a tool for efficient and 
accurate design of compact waveguide septum 
polarizers terminated with square or circular output 
waveguides and operating in two distant frequency 
bands. The SP-CAD produces results that are in good 
agreement with those calculated with an extensively 
validated electromagnetic solver. The nature of the 
resonance effects limiting the bandwidths of different 
polarizer configurations is discussed. The influence of 
propagating higher-order modes on characteristics of 
the far field radiated from a corrugated conical horn 
terminating a polarizer is analyzed. It is found that 

 
 

(a) 

 
 

(b) 
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higher-order modes produce a deviation of the radiation 
pattern maximum and an asymmetry of the polarization 
pattern relative to the axial direction. 
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