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ABSTRACT Septum polarizers have been used in waveguide systems for over 50 years and are very
popular in communication satellites operating in circular polarization. With the progress of computational
electromagnetics and computer hardware, combined with advances in manufacturing techniques, there has
been a growing interest in septum polarizers with smooth profiles. In particular, a design using Legendre
polynomials was recently introduced by the authors. This paper reports on the first experimental validation
of this component and introduces also alternative profiles based on cubic splines. The new designs account
for considerations on the overhang angle, which is an important parameter in additive layer manufacturing.
The axial ratio of these designs is evaluated using a simple and accurate technique based on a back-to-back
configuration, which can be implemented outside an anechoic chamber. The proposed characterization
technique relies on the custom flanges implemented on the circular common port of septum polarizers to
interface with horn antennas. These flanges typically have an 8-fold rotational symmetry, which enables to
perform multiple measurements of a back-to-back configuration without requiring further equipment. The
measured data is then processed to obtain the axial ratio of the two septum polarizers. This characterization
technique is particularly advantageous when a large number of feeds needs to be tested, which is relevant
in current and future broadband communication satellites. The technique is validated by comparing with
measured data acquired in an anechoic chamber using a standard technique. Various prototypes, designed for
operation in C-band communication satellite downlink, are characterized and promising results are obtained,
showing very good agreement between simulated and measured data.

INDEX TERMS Axial ratio, circular polarization, communication satellite, cross-polarization discrimination
(XPD), feed system, guided-mode measurement technique, septum polarizer.

I. INTRODUCTION

Septum polarizers are key elements in microwave systems
operating in circular polarization. They are commonly used
in waveguide feed systems onboard communication satellites
at frequencies ranging from C-band up to Ka-band [1]-
[4], avoiding the need for polarization alignment between
the onboard and the ground antennas. They are also imple-
mented in ground stations [5], [6] and microwave instruments
at millimeter-wave and sub-terahertz frequencies [7]-[9], as

well as terrestrial systems, such as surveillance radars and
test range probes. The main appeal of this component is
to combine high polarization purity over a broad fractional
bandwidth of typically 15%—-20% and a simple mechanical
design compatible with high-precision manufacturing tech-
niques used in space and sub-terahertz systems.

The concept was first introduced in the late 1960°s with
a simple sloping-septum design [10]. The basic idea is to
have a pair of single-mode rectangular waveguides separated
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by a thin septum on their common broad wall that transi-
tions along the longitudinal direction into a square waveguide,
which supports two degenerate fundamental modes. With
a balanced excitation of the modes in phase quadrature, a
linearly-polarized signal applied at one of the two rectangular
waveguide ports generates a circularly polarized (CP) wave at
the common port. Because of the design symmetry, the two
rectangular waveguide ports produce orthogonal CP hand-
edness, i.e. one port excites a left hand circularly polarized
(LHCP) wave while the other port excites a right hand circu-
larly polarized (RHCP) wave, thus providing the functionality
of a CP orthomode transducer (OMT).

Over the years, various design improvements have been
proposed. The most widely used design is the stepped septum
polarizer [11], which is well suited for standard computer
numerical control (CNC) milling. A design with varying
thickness was also proposed to increase gradually that pa-
rameter away from the common port and provide a more
robust mechanical design while maintaining good RF proper-
ties [12]. A solution based on a notched septum was proposed
in [13], resulting in a very compact implementation at the
expense of a narrower fractional bandwidth of about 4%.
Several patents were filed in the 1970’s up until the 1990’s
on variations of septum polarizers [14]-[18], confirming the
importance of this component in the emerging microwave
engineering of the past century. The septum polarizer still in-
spires new components to this day, including for example the
linearly polarized (LP) OMT described in [19], combining an
iris polarizer and a septum polarizer, the polarization switch
in [20], combining a rotary joint and a septum polarizer, and
the directional coupler in [21], which adapts the well-known
tandem coupler concept into a tandem polarizer design [22].

With the progress in computational electromagnetics and
computer hardware, combined with advances in manufactur-
ing techniques considered for space applications [26], [27],
more complex septum profiles have been analysed. For exam-
ple, Kim et al. proposed to replace the conventional stepped
profile with a smooth sigmoid profile [23], [24]. This was
found to bring benefits in terms of power handling, as remov-
ing the sharp edges reduced notably the electric field intensity.
However, this comes at the expense of a longer profile for
similar functionality, with a reported increase of the septum
length in the order of 20% [24]. This is a direct consequence
of the formulation employed to define the septum profile
which introduces longitudinal tangents at the edges, while
a stepped profile is characterized with transversal tangents
resulting in a more compact implementation. An alternative
smooth profile based on Legendre polynomials was proposed
by the authors in [25], observing that odd-degree Legendre
polynomials defined along the longitudinal direction provide
quasi-transversal tangents at the edge of the septum profile.
The specific design in [25] improves the fractional band-
width by about 15%-20% while reducing the length by 5.5%
with reference to a stepped septum polarizer. The profile still
avoids sharp edges, which is expected to benefit power han-
dling capabilities. This paper provides the first experimental
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FIGURE 1. Perspective CAD view of a standard stepped septum polarizer
and associated port numbering.

validation of this concept, with a specific design at C-band.
Alternative polynomial profiles are also explored, accounting
for additive manufacturing constraints. To facilitate the ver-
ification of the different septum profiles, we implemented a
mechanical design with removable septum blade and devel-
oped a simple back-to-back configuration technique for the
accurate characterization of the axial ratio in a laboratory
environment.

The paper is organized as follows. In Section II-A, we first
describe the proposed axial ratio characterization technique,
relying on the use of standard components only and avoiding
the need for a test in an anechoic chamber. The accuracy of
this technique is demonstrated in Section II-B, using refer-
ence C-band stepped septum polarizers. Section III discusses
three designs of septum polarizers shaped with polynomials,
supported with numerical results and experimental validation,
including the previously reported Legendre polynomial sep-
tum polarizer as well as new designs using cubic splines.
Finally, Section I'V concludes with some perspective on future
works.

II. AXIAL RATIO CHARACTERIZATION TECHNIQUE

A. DESCRIPTION

A standard stepped septum polarizer is illustrated in Fig. 1.
It has two single-mode rectangular waveguide ports, labeled
port 1 and port 2, and a dual-mode circular (or square) wave-
guide port, labeled port 3. The two degenerate modes at port 3
are orthogonal and may be described in terms of linear com-
ponents (horizontal and vertical electric field components) or
circular components (LHCP and RHCP electric field com-
ponents). The two field decompositions are related by the
formulas

{EL = 5 (Ey + jEn) 0

Er = 5 (Ey — jEn)

where Ey and Ey are the vertical and horizontal electric field
components, respectively, while Ep, and Er are the left hand
and right hand CP components, respectively.

The ratio of the co-polarized over the cross-polarized CP
components in (1) provides the cross-polarization discrimina-
tion (XPD), quantifying the purity of the produced circular
polarization. An alternative formulation of this quantity is
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the axial ratio (AR), which is a measure of the ellipticity
of the polarization produced by the septum polarizer. It is
defined as the ratio of the major axis over the minor axis of
the ellipse described by the time-varying electric field com-
ponent in a transversal plane orthogonal to the direction of
propagation. Ideally, a circularly polarized electric field has
an axial ratio of 1 (0 dB). These two quantities are such that
r=(p+1)/(p — 1), where r is the AR and p the XPD, both
being magnitudes expressed with real positive numbers.

The accurate characterization of the AR of a septum po-
larizer is a problem in itself, as a dual-mode waveguide is
not readily characterized without additional test jigs. Septum
polarizers are generally connected to horn antennas and thus
characterized together in an anechoic chamber. A linearly
polarized probe is rotated in front of the antenna under test
(AUT) to characterize the AR on-axis. Thanks to the rotational
symmetry of a circular horn antenna, its cross-polarization
on-axis is very low, thus the measured value on-axis is
predominantly set by the septum polarizer. This technique
requires accurate alignment between the probe and the AUT
as well as low noise interference from the test set-up when
low XPD values are to be measured. In general, techniques
that need an anechoic chamber lead to a costly and time
consuming implementation, even more so at millimeter-wave
frequencies. These were still acceptable when a very limited
number of feeds had to be characterized. However, current
communication satellites use clusters comprising several tens
of feeds and future systems are expected to carry up to several
hundreds of feeds [28]-[30]. For these reasons, various works
report on measurement techniques in guided-mode operation
using either specific test jigs (e.g. square-to-rectangular wave-
guide transitions, dual-linear OMTSs) or back-to-back septum
polarizers. These techniques can be implemented outside an
anechoic chamber and even be automated to some extent, so
faulty feeds may be identified prior to integration and more
advanced characterization of the complete antenna system
in an anechoic chamber. A recent work provided a good
overview of characterization techniques for septum polarizers
and introduced a simple and accurate approach using different
transmission line lengths between two back-to-back septum
polarizers [31].

Here, we introduce an even simpler characterization tech-
nique focusing on the AR of a septum polarizer. Indeed, the
remaining operational parameters, namely the reflection coef-
ficients at port 1 and port 2 as well as the coupling between
them, can be characterized by connecting the polarizer to
a horn antenna placed in front of an absorbing panel. For
these measurements, no positioner nor precise alignment is
required, thus the test may be performed outside an anechoic
chamber and still provide accurate results. Alternatively, a
load may be connected to the common port of the septum
polarizer to enable the same characterization without the horn
antenna. The typical back-to-back configuration is used differ-
ently here. Taking advantage of the fact that septum polarizers
designed for feed applications generally have a circular wave-
guide flange [1]-[4], [6], the relative angular orientation of
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FIGURE 2. Perspective CAD view of the 4-port device formed of
back-to-back septum polarizers with associated port numbering and
definition of the relative orientation angle 6.

the two septa, the angle 0 illustrated in Fig. 2, may be used as
variable in place of multiple line lengths. This flange design
enables to perform multiple measurements in back-to-back
configuration by simply disconnecting, rotating and recon-
necting the two components. This technique may also be
implemented inserting a probe with a septum polarizer and a
contactless flange design [32], [33] inside a rotationally sym-
metric horn antenna under test. This approach with a probe is
particularly attractive to automatize the testing of large feed
arrays.

The polarisation loss factor, Lp, may be expressed as a
function of 6 and of the XPD values of the two back-to-back
septa, p; and py, as follows [34]

h e 1+ p?p2 + 2p;1 p2 cos 20
(1+p7) (1+03)

2

For given values of p; and p2, Lp is a periodic function of 6
of period 7. So the minimum sampling rate, or Nyquist rate, in
the angular domain for the function Lp is 2/m, corresponding
to samples in 6 every 90°. Interestingly, flanges between a
horn antenna and a polarizer typically have an 8-fold rota-
tional symmetry, so 6 may take 8 different values in discrete
steps of 45° from 0° to 315°, which are sufficient to recon-
struct numerically the function Lp with no ambiguity. From
this, one can extract the numerical values of the maximum
and minimum of Lp, LF** and L}?i“, respectively. From (2),
these may be related to p; and p; as follows

Lmax _ (14‘2/)1/)2)22

P (1+07) (1+07) 3)
[ min _ (l—zplﬂ2)22

P (1+07) (1403)

It is apparent from (2) and (3) that these expressions are
symmetric with respect to p; and p>, which may not be differ-
entiated without further information. In practice, this means
that either a known septum polarizer, which may have been
characterized using an alternative technique, has to be used as
reference to evaluate the XPD of the septum polarizer under
test or that at least three septum polarizers need to be tested
back-to-back with the proposed technique. Accounting for
the symmetry of the problem, we introduce IT and X as the
product and sum of p; and py, respectively, i.e. [T = p; 02 and
X = p1 + p2. Using (3), the ratio Lp™* /Lf.flin leads, after some
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Knowing IT, one can evaluate the remaining unknown X 3 a

using one of the two equations in (3). For example, using the x
expression for LJ®, the following equation is obtained after [ Z
some manipulations and simplifications

2
E:\/&_(I_H)Z. (5)

max
LP

The XPD values of the two septum polarizers under test are
thus given as

) £\2
p=3+y(3) -0

The assignment with the plus and minus signs is obviously
arbitrary as explained above, due to the symmetry of the
problem. The AR values r and r, are then determined.

The starting point of the proposed AR characterization
technique is the measurement of the polarization loss factor,
Lp. The 4-port device obtained with back-to-back septum
polarizers, as illustrated in Fig. 2, operates ideally as a cross-
over. Neglecting all losses and assuming the two septum
polarizers produce perfect circular polarization, a signal ap-
plied at port 1 is fully directed to port 3, while a signal applied
at port 2 is directed to port 4. Accounting for reflection and
isolation losses, the polarisation loss factor, with reference to
port 1, may be defined as

b NEk
1S1312 + |S14]%

where §;; are scattering parameters of the 4-port device
formed by the back-to-back polarizers with the port num-
bering defined in Fig. 2. The polarization loss factor is thus
defined as the ratio of the transmitted co-polarized field power
over the total transmitted power. These parameters are mea-
sured as a function of frequency over the range of interest for
each value of 6.
The proposed AR characterization technique is thus defined
as follows:
a) Measure the complete S-matrix of the back-to-back sep-
tum polarizer 4-port device as a function of frequency
for each angular position 0;
b) Use (7) to evaluate the polarization loss factor, Lp, as a
function of frequency for each angular position 6;
¢) Use an adequate interpolation method to evaluate nu-
merically Lp as a function of 6 for each frequency
point, with sufficient sampling to accurately determine
its maximum and minimum values, Lp** and L;‘,‘i“, as
functions of frequency;
d) Use (4)—(6) to determine successively the product IT of
the XPD values of the two septum polarizers, p; and p3,

(7
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FIGURE 3. Design parameters of a standard stepped septum polarizer of
length L in a square waveguide of side a.

as a function of frequency, the sum X of p; and po, as a
function of frequency, and finally p; and p, from IT and
% as functions of frequency;

e) Obtain the AR values of the two septum polarizers, r
and rp, as functions of frequency using the expression
r=(E+1/(p—1.

Applying this simple procedure once, two AR values are
obtained for each frequency point. Note that with the notations
in (6), p; < py for any frequency point, and thus r; > rp. The
ambiguity between the two curves as functions of frequency
occur when they cross. If one of the two septum polarizers
has already been characterized and its AR is known, this
information may be used to identify the AR of the septum po-
larizer under test. Preferably, the reference polarizer shall have
a response distinct from the one of the polarizer under test
to facilitate the differentiation, accounting for measurement
uncertainties. In case no reference polarizer is available, the
procedure shall be applied twice using 3 septum polarizers.
Testing first polarizers 1 and 2 back-to-back, then polarizers
1 and 3 back-to-back, one can identify the AR of the septum
polarizer 1 comparing the numerical results of the two tests,
taking also into consideration measurement uncertainties, and
then deduce the AR of the polarizers 2 and 3 as being the
remaining curves in the respective test results.

B. VALIDATION

In this section, we provide an experimental validation of the
proposed AR characterization technique based on a back-
to-back configuration by comparing with a standard charac-
terization technique in anechoic chamber. To this end, two
C-band stepped septum polarizers are designed with different
specifications to distinguish their response using our tech-
nique. The design parameters of the septum profile are defined
in Fig. 3. The overall waveguide component design is the same
for all septum polarizers discussed in this paper, so only two
identical split-block components are manufactured and the
septum blades may be interchanged to characterize multiple
polarizer designs. All the blades are designed with a length
L = 65 mm and a thickness # = 1 mm. The square waveguide
in which the septum blade is clamped has a side a = 47 mm.
These parameter values were found to be acceptable for all
profile designs.
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FIGURE 4. Mechanical drawing of the flange at the common circular
waveguide port with an 8-fold rotational symmetry enabling multiple
angular orientations between the back-to-back septum polarizers.

The first stepped septum polarizer, labeled S1, is set to
provide low AR over a reduced bandwidth (3.7-4.1 GHz) with
a design specification set to 0.15 dB. This corresponds to an
XPD better than 40 dB. The reflection coefficients at port 1
and port 2 and coupling between these two ports are specified
to be lower than —25 dB over the operating frequency range.
The model is optimized using the EM solver HFSS. The
obtained parameters are x; = 12.57 mm, x, = 8.48 mm, x3 =
5.12 mm, x4 = 9.09 mm, z; = 6.47 mm, z, = 16.43 mm and
z3 = 20.29 mm. With the design constraint on a and L, the re-
maining parameters are x5 = 11.74 mm and z4 = 21.81 mm.
A second stepped septum polarizer, labeled S2, is set to op-
erate over a wider bandwidth (3.6-4.2 GHz) corresponding
to the nominal C-band allocated to satellite downlink, with a
design specification of 0.3 dB (XPD better than 35 dB). The
reflection and coupling coefficients of the ports 1 and 2 are
also set to —25 dB over the specified frequency band. The op-
timized parameters are x; = 7.58 mm, x, = 17.59 mm, x3 =
3.61 mm, x4 = 7.07 mm, z; = 8.74 mm, zp = 22.00 mm and
z3 = 6.93 mm. The remaining parameters are x5 = 11.15 mm
and z4 = 27.33 mm. These specifications are quite demand-
ing as broadcasting applications typically require very low
cross-polarization. This is an interesting test case for our char-
acterization technique as very low AR values are obviously
more difficult to measure accurately.

To complete the design of the prototypes, transitions and
bends, visible in the CAD views of Figs. 1 and 2, are added
to facilitate the integration of standard WR229 flanges for test
purposes. They are designed with minimal impact on the over-
all RF properties. A custom interface is used on the common
circular port with an 8-fold rotational symmetry, as detailed
in the mechanical drawing reported in Fig. 4. A picture of
the mechanical parts of one of the two identical split-block
prototypes is provided in Fig. 5, also including the septum

682

FIGURE 5. Mechanical parts of the designed C-band septum polarizer
(made of aluminum) and stepped septum blades (made of brass).

FIGURE 6. Test set-up of the proposed axial ratio characterization
technique using a back-to-back septum polarizer configuration in the ESA
Microwave Laboratory and associated port numbering.

blades S1 and S2. These parts were manufactured by SAP
Micro-mécanique, Ambres, France, using high precision CNC
milling. The waveguide parts are made of aluminum, while
the blades are made of brass, which is easier to machine and
thus well suited for the more advanced polynomial profiles.
The electrical conductivity of brass (o ~ 1.6 x 10’S.m™ 1) is
about half that of aluminum, which was found to have very
marginal impact on performance. The test set-up in the ESA
Microwave Laboratory with back-to-back septum polarizers
corresponding to the proposed AR characterization technique
is shown in Fig. 6. Using a Vector Network Analyzer (VNA)
with 4 ports, one can acquire the complete matrix for each 6
position. In the test set-up of Fig. 6, the isolated port (port
2) is effectively loaded to reduce the amount of data to be
processed, as the response of the structure is symmetric with

VOLUME 2, NO. 4, OCTOBER 2022



IEEE Journal of

@ Microwaves

FIGURE 7. Test set-up for the characterization of a septum polarizer using
a custom horn design and associated port numbering (inset: test jig with
sphere target inserted in the horn for alignment in CATR).
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FIGURE 8. Interpolation of the polarization loss factor as a function of the
angular orientation, 6, between the back-to-back septum polarizers S1 and
S2, from measured data at 3.9 GHz.

reference to port 1 and port 2. In Fig. 7, one of the septum
polarizers is shown connected to the custom horn designed
for testing in the ESA Compact Antenna Test Range (CATR).
The horn was designed to provide a return loss better than
30 dB over the band of interest. The inset in Fig. 7 shows the
test jig with the sphere target to be inserted in the horn during
the alignment procedure. This tool enables alignment using a
laser tracker, which is more accurate than RF alignment (e.g.
based on maximum gain).

Following the proposed procedure, the polarization loss
factor, Lp, is evaluated as a function of 6 for each frequency
point using a cubic interpolation in MATLAB with sufficient
sampling to have an accurate evaluation of Lz** and L}f‘i“. An
example of this interpolation process is provided in Fig. 8
with data measured at 3.9 GHz, corresponding to the center
frequency of the operating bands. Although the polarization
loss measured is very low, owing to the excellent AR of the
two stepped septum polarizers over the operating band, the
measured data is fairly periodic as expected from theory. The
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FIGURE 9. Simulated and measured S-parameters of the stepped septum
polarizers (a) S1 and (b) S2 (design specifications in gray dashed lines).

main discrepancy with the reported data appears on the min-
inum value, with an error in the order of 10% of the dynamic
range under characterization, Lp®* — Lgin, corresponding to
an uncertainty of a few hundredths of dB on the AR. This is
considered excellent in view of the simplicity of the proposed
technique.

Numerical results are reported in Fig. 9 for selected S-
parameters, specifically the reflection coefficient at port 1
(port 2 is symmetric) and the coupling coefficient between
port 1 and port 2. The simulation results obtained with HFSS
for the septum polarizers as stand-alone component (i.e. not
connected to the horn antenna nor in back-to-back configura-
tion) are compared to the corresponding measured results in
the ESA Microwave Laboratory with the horn placed in front
of an absorbing panel for S1 and S2 in Fig. 9(a) and Fig. 9(b),
respectively. While there are some visible discrepancies be-
tween simulation and measurement, which can be attributed to
manufacturing and assembling uncertainties as well as mea-
surement errors, the parameters remain below —24 dB. The
results are sufficient to ensure that these losses do not affect
notably the evaluation of the AR, reported in Fig. 10. Specif-
ically, Fig. 10(a) presents the simulation results obtained with
HESS for the septum polarizers as stand-alone component
for reference. These results show the excellent performance
obtained over the respective bandwidths with the two stepped
septum designs. In Fig. 10(b), the numerical results obtained
using the measured data and the proposed characterization
technique are reported in raw format, i.e. the two AR curves
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FIGURE 10. Axial ratio of the two stepped septum polarizers, S1 and S2:
(a) simulation results and (b) measurement results (design specifications
in gray dashed lines).

are not differentiated at this stage. With the notations in (6),
p1 corresponds to the lower XPD value, thus r; is associated
to the larger of the two AR values (purple curve), while r; is
the smaller one (green curve). As expected by design, the two
curves are mostly distinct over the considered bandwidth. A
slight frequency shift is observed which makes the two curves
more difficult to differentiate in the upper range of the mea-
sured frequency band (4.1-4.3 GHz). The septum polarizer S1
was also measured in the CATR and the numerical results are
overlaid in Fig. 10(b) (blue curve). These results also display
a slight frequency shift, which confirms this discrepancy is
due to residual manufacturing and assembling errors rather
than measurement errors. The manufacturing and assembling
tolerances were evaluated in the order of +30um, which is
generally acceptable for waveguide parts in C-band. With the
split-block approach implemented here, manufacturing errors
can affect the balance between the two fundamental modes in
the square waveguide section containing the septum blade. An
error of £30um leading to a slightly rectangular waveguide
can generate an error in phase in the order of 1°, equivalent to
a variation in the AR in the order of 0.15 dB, in line with
observed deviations. Despite these discrepancies, the curve
measured in the CATR follows reasonably well the results
obtained with our proposed technique, enabling to identify
the numerical results corresponding to S1 over most of the
analyzed frequency band (3.3-4.1 GHz). Above 4.1 GHz, the
results are all very similar and more difficult to distinguish.
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The difference between the two measurement techniques is
below 0.05 dB over the range 3.55-4.25 GHz, covering the
frequency band of interest. This frequency range corresponds
to the bandwidth over which the reflection and coupling co-
efficients of the septum polarizers are low, especially the
reflections at the common port. This is particularly impor-
tant to ensure a stable response when connecting two septum
polarizers back-to-back. These results validate the accuracy
of the proposed technique, which is used to characterize new
septum polarizer designs in Section III.

IIl. SEPTUM POLARIZERS WITH POLYNOMINAL PROFILE
Over recent years, there has been a growing interest in sep-
tum polarizers with smooth profiles. Besides the sigmoid
design discussed in the introduction [23], [24], a Ku-band
prototype manufactured using direct metal laser sintering has
been reported in [35]. This design uses piecewise cubic Her-
mite interpolating polynomials (PCHIP), as an alternative to
Legendre polynomials [25]. This section discusses the first
experimental validation of a septum polarizer with a profile
based on Legendre polynomials as well as other polynomial
profiles more adapted to additive manufacturing [36].

A. LEGENDRE POLYNOMINALS

As discussed in [25], odd-degree Legendre polynomials have
a shape well suited for the design of septum polarizers. This
solution is adapted here to C-band applications and the septum
blade is labeled L1. The length of the septum is kept equal
to 65 mm for direct comparison with the designs discussed
in Section II. All other component parameters are also kept
unchanged, including the size of the waveguide in which the
septum blade is clamped (a = 47 mm). The specification on
the AR is further relaxed in an attempt to increase the fre-
quency bandwidth. The design prototyped has an AR better
than 0.4 dB over the frequency band 3.5-4.2 GHz, corre-
sponding to a fractional bandwidth of 18.2%. Similarly to the
design in [25], the first 9 Legendre polynomials are considered
and the profile is optimized using a full-wave model imple-
mented in HESS. The weighting coefficients are a; = 1.357,
ay = —0.226, a3 = 0.181, a4 = —0.523, as = —0.221, ag =
0.106, a7 = 0.427, ag = 0.05 and a9 = 1. The coefficients
are normalized to ag, corresponding to the coefficient of the
Legendre polynomial of order 9, as the profile is further nor-
malized to adjust the height of the septum to fit the dimension
of the waveguide cross-section a, leading to 8 independent
optimization variables. The corresponding profile is illustrated
in Fig. 11(a) and the manufactured blade is shown in Fig. 12
together with the other blades. The numerical results ob-
tained with the full-wave model are reported in Fig. 13(a),
where they are compared to the AR of the other designs. The
measured reflection and coupling coefficients are better than
—23 dB (—25 dB in simulation) over the design frequency
band and are not reported here, as they are very similar to
those provided in Section II. The septum polarizer is tested in
back-to-back configuration using the septum polarizer S1 as
reference. The measured AR is reported in Fig. 13(b), where

VOLUME 2, NO. 4, OCTOBER 2022



IEEE Journal of

@ Microwaves

() (b) (©)

FIGURE 11. Septum polarizers with polynomial profile: (a) Legendre
polynomials, (b) probit-like function modulated using cubic splines and (c)
transversal piecewise cubic splines.

FIGURE 12. Manufactured septum blades shaped with Legendre
polynomials (L1), with a probit-like function modulated using cubic splines
(C1) and with transversal piecewise cubic splines (C2).

it is compared to the measured AR of the other designs to
facilitate a direct comparison between the different polyno-
mial profiles as only the blades are changed between different
test result acquisitions. A reasonably good agreement is found
between simulated and measured data, in line with the results
reported in Section II with a similar frequency shift attributed
to manufacturing and assembling tolerances. The response
shows a slight reduction in operating bandwidth, together with
a small reduction of the AR value around the center frequency.
An AR better than 0.4 dB is obtained in measurement over the
frequency band 3.54-4.18 GHz, corresponding to a fractional
bandwidth of 16.6% (18.7% in simulation). The worst case
measured AR over the design frequency is 0.53 dB (0.36 dB
in simulation). The importance of a symmetric cross-section
to achieve high polarization purity is the main reason feed sys-
tems are generally printed along their longitudinal direction.
This adds constraints to the profile design addressed in the
following section.

B. PROBIT-LIKE FUNCTION WITH CUBIC SPLINES
As discussed in [36], the shape of the septum polarizer using
Legendre polynomials is not well suited for additive manufac-

turing. Some parts having stronger variations (e.g. top edge
of the profile in Fig. 11(a)) would result in large overhang
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FIGURE 13. Axial ratio of the septum polarizers shaped with polynomials:

(a) simulation and (b) measurement results (design specifications in gray
dashed lines).

angle values when printing along the longitudinal direction
(vertical direction in Fig. 11 and Fig. 12). These variations are
introduced by the higher order Legendre polynomials, which
are also necessary to ensure a quasi-transversal tangent on
the edges of the profiles. For these reasons, it is difficult to
find a design based on Legendre polynomials that combines
optimal RF properties and mechanical constraints. In addition,
the optimization of such profiles converges rather slowly. As
the polynomials are defined over the complete length of the
profile, a change in weighting coefficient affects the com-
plete profile, which may result in antagonistic effects on RF
properties. A piecewise approach, like the one implemented
in the stepped septum design or the PCHIP profile in [35],
would provide more flexibility to adjust locally the shape of
the septum profile.

As mentioned in the introduction, the sigmoid function is
not an optimal choice as it extends in the longitudinal direc-
tion and affects the length of the septum polarizer. In fact,
the inverse of a sigmoid would be better adapted to define
the shape of the septum polarizer, such as the probit function,
which is the inverse of the cumulative distribution function
of the standard normal distribution. However, this function is
not straightforward to implement in a full-wave model. We
use instead an approximation based on odd-order polynomials
defined with the following parametric function

x(t)=a (—h(zt_zlh)j_—gzt_l + %) ®)
z(t) =Lt
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TABLE 1. Comparison With Existing Septum Polarizer Designs

Common

Reference Manufacturing Profile Waveeuide Frequency Fractional ~ Return Isolation Axial
Technique Type Cross g . Band Bandwidth Loss ) Ratio
Toss-section
(1] CNC Milling ~ Stepped Square C-band 53%  37dB*  32dB*  0.1dB*
(5.85-6.17 GHz) ’ ’
o . X-band
[6] CNC Milling Stepped Circular (1.7-8.5 GHz) 9.9% 18dB 20dB -
7] CNC Millin Stepped Square BHF 107%  20dB  30dB  14dB
& PP q (213-237 GHz) : :
Stepped- K-band * * *
[12] - thickness Square (16.0-18.9 GHz) 16.6% 22dB 22dB 0.5dB
Smooth . C-band . * *
[23] - Sigmoid Circular (5.075-6.525 GHz) 25% 15dB 17dB 2dB
_ . K-band
[38] 3D Printing Stepped Triangular (17.9-26.2 GHz) 37.6% 14dB 17dB 1.3dB
This work - Legendre C-band
(IILA) CNC Milling polynornials Square (3.54-4.18 GHz) 16.6% 224dB  25.2dB 0.4dB
This work s Longitudinal . C-band o
(IILB) CNC Milling cubic spline Square (3.55-4.20 GHz) 16.8% 21.9dB  22.5dB 0.4dB
This work - Transversal C-band
(IIL.C) CNC Milling cubic spline Square (3.5-4.2GHz) 18.2% 21.3dB  235dB  0.32dB
*Simulated value. All other values reported in this Table are based on measured data.
0 ‘ ‘ ‘ ‘ ‘
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FIGURE 14. Probit-type function for the definition of the general shape of
a septum polarizer modulated with longitudinal cubic splines.

where x and z are functions of ¢ € [0, 1] describing the sep-
tum profile along the transversal and longitudinal directions,
respectively, while p and & are an odd integer and a positive
real number, respectively, used to adjust the shape of the
profile. Numerical values for different sets of parameters are
reported in Fig. 14, which highlight how the parameter p may
be used to adjust the tangents at the edges of the profile, while
the parameter & mostly defines the tangent at the center. The
particular case & = 0 corresponds to the original sloping sep-
tum described in [10]. Rather than cascading several of these
functions as done in [23], [24] with sigmoid functions, we use
instead this function to define the general shape of the septum
and modulate it using cubic splines, which proved effective to
modulate the profile of geodesic lenses in [37]. This piecewise
spline formulation along the longitudinal direction enables to
adjust locally the shape of the septum, which speeds up the
convergence and also facilitates the control of the shape to re-
duce overhanging parts. The cubic spline formulation used is
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FIGURE 15. Simulated and measured S-parameters of the septum
polarizers C2 shaped with transversal cubic splines (design specifications
in gray dashed lines).

equal to zero and has longitudinal tangents at the edges of the
profile, so this part of the curve is predominantly controlled
by the base function in (8). The optimized profile is reported
in Fig. 11(b) and the corresponding septum blade is labeled
C1. The piecewise function is set to have regular intervals
of size t;y1 —t; = 0.125, leading to 6 weighting coefficients
for optimization, which together with the 2 parameters of the
base function in (8) provides the same number of optimization
variables as in the Legendre polynomial solution. The nu-
merical values obtained are h = 2, p = 31, Py = 0.089, P, =
0.141, P, = 0.174, P; = 0.027, P4 = 0.155 and Ps = 0.325.
The coefficients P; are normalized and the cubic spline func-
tion is further multiplied by a and added to the base function
in (8) to produce the final septum profile. The AR obtained
with the full-wave model is reported in Fig. 13(a), while the
measured results, using the back-to-back configuration, are
provided in Fig. 13(b). The reflection and coupling coeffi-
cients are by design better than —25 dB and below —22 dB
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in measurements, in line with the results discussed in Sec-
tion II. The RF properties are found to be very similar to those
obtained with Legendre polynomials although the profile is
smoother. The measured AR is below 0.4 dB over the fre-
quency band 3.55-4.20 GHz, corresponding to a fractional
bandwidth of 16.8% (18.8% in simulation), comparable to the
performance of the Legendre polynomial design. The worst
case measured AR over the design frequency is 0.54 dB
(0.42 dB in simulation). With this design, the overhang an-
gle remains below 45° when printing along the longitudinal
direction, although it gets close to the limit on the top end of
the profile as shown in Fig. 11(b), which triggered the solution
discussed next.

C. TRANSVERSAL CUBIC SPLINES

To resolve the problem of the overhang angle while minimiz-
ing the impact on RF properties, we explore here a different
approach further inspired from the modulated geodesic lens
design in [37]. The length of the septum polarizer L is gener-
ally larger than the cross-section size a. For this reason it is
quite intuitive to modulate the profile along the longitudinal
direction as this provides more space for advanced shapes.
The design proposed here demonstrates that modulation along
the transversal direction is also a working solution. Using
the cubic spline function of the previous section along the
transversal direction, the resulting profile has transversal tan-
gents at the edges, which is favorable. However, a definition of
the function along the cross-section of the waveguide would
result in the two edges having the same longitudinal position,
similarly to the notched septum design in [13]. This could be
of interest for compact designs but would drastically reduce
the operating bandwidth. Here, we use instead a symmetric
spline function as defined in [37] across the diameter of the
lens, i.e. the waveguide cross-section corresponds to a ‘“ra-
dius” or half of the abscissa range of the spline function. The
optimized profile is shown in Fig. 11(c) and the corresponding
septum blade is labeled C2 in Fig. 12. The piecewise func-
tion is set to have regular intervals of size ;1 — t; = 0.05,
corresponding to 10 normalized segments across the wave-
guide dimension a and 8 independent optimization variables,
for a fair comparison with previous designs. The numeri-
cal values are Py = 0.0928, P; = 0.2628, P, = 0.0201, P; =
0.1236, P4 = 0.6250, Ps = 0.3996, Ps = 0.9564 and P; =
0.9975. These values are normalized to the septum length
L = 65 mm. The value P3 = 1.0012 is constrained such that
the spline function returns the value L fort = 0.5 and Py = P
for symmetry, which ensures a transversal tangent at r = 0.5.
The simulated AR is reported in Fig. 13(a), while the mea-
sured results are shown in Fig. 13(b). This design is shown
to perform quite well in comparison with the other designs.
It has a slightly higher AR within the operating bandwidth,
yet within the specification of 0.4 dB. The frequency band-
width with a measured AR below 0.4 dB is 3.45-4.23 GHz,
corresponding to a fractional bandwidth of 20.3% (21.4% in
simulation). The worst case measured AR over the design
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frequency is 0.32 dB (0.4 dB in simulation). The differ-
ences between simulated and measured data are well within
the deviations discussed previously in connection with man-
ufacturing and assembling errors. The simulated reflection
and coupling coefficients are similar to the other designs,
with values below —25 dB across the operating frequency.
The corresponding measured results are better than —21 dB
over the nominal bandwidth and better than —18 dB over the
extended bandwidth with an AR below 0.4 dB. These are
reported in Fig. 15, to demonstrate the good performance
of this design, which differs from the other polynomial de-
signs already reported, particularly in the bottom edge of the
profile as visible in Figs. 11 and 12. These results confirm
that septum profiles modulated along the transversal direction
may perform just as well as more conventional designs. This
design shows very promising RF properties combined with a
profile more adapted to additive layer manufacturing. As this
specific design was constrained by the waveguide size and
septum length, which had to be identical for all designs, it
is anticipated that further improvement in performance may
still be possible adjusting all parameters with this type of
polynomial function.

A similar profile characteristic with no overhang angle
would be possible enforcing the polynomial function defined
along the longitudinal direction to be monotonic. This is the
case of the sigmoid profiles proposed in [23], [24]. However,
in these particular cases the monotonic function implemented
resulted in a longer septum profile. This topic is certainly
worth exploring further as other monotonic functions may
prove to be more advantageous. Variants of stepped profiles
without sharp edges (e.g. chamfered or rounded corners) may
also be considered to improve power handling. Recent works
have explored less conventional common waveguide cross-
sections, such as the triangular waveguide design with a 38%
fractional bandwidth reported in [38], as well as operation
beyond the fundamental mode bandwidth for dual-band feed
systems in [39]. Interesting designs may be obtained combin-
ing these concepts with the proposed cubic spline profiles. The
results reported in this paper are summarized in Table 1, where
they are also compared to alternative solutions in terms of geo-
metrical and RF properties. The designs described in this work
indicate that with adequate optimisation, the RF properties of
septum polarizers are primarily driven by the waveguide cross
section and length of the septum, while the profile may be
used for second order adjustment of the performance, particu-
larly on the fractional bandwidth. This provides some freedom
to better adjust the septum profile to the constraints of a given
manufacturing technique.

IV. CONCLUSION

This paper provided a detailed discussion of septum polarizers
with polynomial profiles. These smooth designs have gained
some attention over recent years as they have demonstrated
benefits in terms of power handling and are well suited for
alternative manufacturing techniques, such as additive layer
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manufacturing. The axial ratio, characterizing the polariza-
tion purity of the device, is a key parameter that generally
requires advanced testing techniques to achieve accurate mea-
surement. We proposed here a simple and accurate technique
in guided-mode based on a back-to-back arrangement of two
septum polarizers, which may have different designs and
performance. In fact, having different designs facilitates the
differentiation, as demonstrated in this paper. This technique
is particularly attractive for the characterization of large feed
array systems used in broadband communication satellites.
The characterization technique has been validated by com-
parison with data acquired in an anechoic chamber. The
maximum deviation over the frequency band of interest is
found to be less than 0.05 dB in C-band, well in line with
typical measurement uncertainties. This characterization tech-
nique was then used to test three different septum polarizer
designs with polynomial profiles, including one using Legen-
dre polynomials. Alternative profiles using cubic splines were
characterized and demonstrated excellent RF properties, while
reducing the overhang angle assuming additive layer print-
ing along the longitudinal direction of the feed. The designs
were all optimized to operate over the portion of the C-
band allocated to communication satellite downlink. Excellent
agreement was found between simulated and measured data.

The proposed technique is of interest for automated char-
acterization of advanced feed clusters having a large number
of feeds. Future investigations will assess the accuracy of this
technique applied to millimeter-wave feed systems. Another
interesting path for future work includes the design and man-
ufacture of septum polarizers at Ku and Ka-band using the
proposed transversal cubic splines combined with additive
layer manufacturing techniques.
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