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Mauro Mongiardo, Senior Member, IEEE

Abstract—We describe the design and optimization of a new po-
larizer structure realized in circular waveguide with insertion of
elliptical irises. The device is compact, showing a considerable re-
duction in size and weight when compared to previously known
realizations. It requires manufacturing by milling techniques only
and, since it is composed entirely by waveguides with separable
cross sections, it is also well suited for electromagnetic modeling.
Measured and theoretical results for a polarizer with a 90 1
differential phase shift and a return loss better than 35 dB for both
polarizations over the operating frequency band confirm the va-
lidity of the proposed design.

Index Terms—Mode-matching methods, polarizers, waveguides.

I. INTRODUCTION

WAVEGUIDE polarizers are used to convert the polariza-
tion of a signal from linear to circular; according to [1]

(where the reader is referred for a general discussion on polar-
ization discrimination components), conventional polarizer can
be divided into two groups.

The first group comprises devices that convert waves coming
from the first interface port with right-hand circular polariza-
tion (RHCP) and left-hand circular polarization (LHCP) into
the respective linearly polarized dominant modes present at the
second interface port, either with square ( , modes)
or circular cross section (degenerate modes). The final
signal separation (e.g., RHCP into and LHCP into )
is realized by a sequential ortho-mode transducer (OMT) that
supplies the output signals at two separate waveguide ports [2].

The second group is represented by septum polarizers, i.e.,
devices with three physical interface ports that can be used in
order to feed a square (or circular) waveguide radiator in such
a way so as to excite either LHCP or RHCP signals [3], [4].
Its input typically consists of two rectangular waveguide ports
while its output can take place either in a square waveguide or
circular one, the latter solution being commonly adopted for
ease of design and manufacturing of circular feeds. Both groups
of polarizers, although exhibiting only two and three physical
interface ports, electrically represent four-port devices.

Septum polarizers are generally more compact in size since
they do not necessitate the presence of an OMT, but they are
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Fig. 1. Type of iris discontinuities used in waveguide polarizer. (a) Classical
iris in circular waveguide. (b) Circular ridged waveguide polarizers.
(c) Rectangular iris in square waveguide. (d) Proposed elliptical iris in circular
waveguide.

restricted to operate in the frequency band where only the dom-
inant modes are accessible (i.e., below the cutoff
frequency) because these modes are excited by the unsymmet-
rical structure and would impair the operation of the device.
Roughly speaking, this second group of polarizer presents a
narrower bandwidth with respect to the first group. Present in-
creasing demand for wide-bandwidth devices, or possibly with
widely separated specific bands (such as satellite bands), makes
the first group of polarizer more attractive.

These devices have been thus far realized by using either cir-
cular or square waveguides with the insertion of various types of
iris discontinuity [as illustrated in Fig. 1(a)–(c)]. The use of cir-
cular waveguides [5], [6] loaded with irises, such as in Fig. 1(a)
and (b), or grooves, such as in [7], causes difficulties from the
modeling viewpoint since the irises cross sections are not sepa-
rable; this fact prevents the application of very efficient modal
techniques. On the other hand, square waveguide polarizers [8]
with rectangular irises [see Fig. 1(c)] are extremely suitable
for electromagnetic-field modeling, but generally require a fur-
ther transition from square-to-circular waveguide since feeds
are generally realized with this latter waveguide.

A possible different solution [9] is to use a supporting wave-
guide of circular shape loaded with elliptical iris discontinuities,
as in Fig. 1(d). The effect of ellipticity on dominant-mode axial
ratio was first investigated in [10] and, based on this principle,
design and analysis of a squeezed circular waveguide polar-
izer adjusted by set screws has been presented in [11]. In this
paper, we propose a new structure,1 (see Fig. 2 for a view of the
entire polarizer), which combines the advantages of using cir-
cular waveguides, the ease of modeling provided by analytically
known modal spectra, and complete manufacturing by numer-
ically controlled milling techniques. The polarizer’s operating
principles, with details on the excited modal patterns at the var-
ious iris discontinuities, are discussed in Section II.

It is also noted that very little exists in the literature on the
design of iris polarizers, either regarding the initial design or

1Patent pending.
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Fig. 2. Polarizer realized in circular waveguide by inserting elliptical
waveguide discontinuities.

the optimization process. Not surprisingly, the optimization part
plays a very important role for the successful component de-
sign. Unfortunately, an optimization carried out on the entire
parameter space (i.e., all geometrical parameters) will almost
inevitably lead to local optima solutions, which may be not com-
pletely satisfactory in demanding applications. This situation
will not be improved by the use of sophisticated optimization
techniques, such as space mapping [12], [13] or the adjoint net-
work method [14], [15]; in fact, the problem is not in a lack of
efficiency, but rather in the avoidance of local minima.

A hierarchical optimization approach, based on the procedure
illustrated in Section III, is proposed here as a viable solution.
As a practical illustration, in Section IV, we present theoretical
and experimental results for a circular–elliptic polarizer, also
considering manufacturability and sensitivity issues.

Finally, of considerable interest is the comparison of the pro-
posed solution with a square waveguide polarizer operating over
the same bandwidth. In Section V, we present a discussion of the
relevant features of this comparison and, in Section VI, we draw
the main conclusions.

II. POLARIZER WITH ELLIPTICAL IRISES

In Fig. 3, the typical behavior of a waveguide iris polarizer
is illustrated. An incident vertical field may be considered
as the superposition of two fields, one with vertical polariza-
tion and one with horizontal polarization . The verti-
cally polarized electric field propagates along a line loaded
by (essentially) capacitive discontinuities, while the field
propagates along a line loaded by (essentially) inductive discon-
tinuities. At the end of the polarizer, after a certain number of
irises (in this figure, only two irises are reproduced for clarity),
the fields and have a phase difference of 90, hence,
producing the sought circular polarization. A RHCP or a LHCP
is produced depending on the direction of the incident field, as
illustrated in this figure.

Naturally, the polarizer also acts as a polarization discrimi-
nator: when an RHCP (LHCP) impinges on the component’s
right side (Fig. 3), the linearly polarized field is produced as
shown in the figure.

Fig. 3. Polarizer operating principle. A vertical incident field produces a
RHCP, while an horizontal incident field produces a LHCP). Note that the
irises are inclined of 45�.

A. Full-Wave Electromagnetic Modeling

Relevant issues in the electromagnetic modeling of disconti-
nuities involving waveguides with elliptical cross sections have
been discussed in [16]–[18], and the reader is referred to these
papers for a more detailed treatment. In the present context, it is
of interest only to provide information on the relevant parame-
terization pertaining to the particular structure considered.

It is noted that the junction between the circular and ellip-
tical waveguides excites (apart for symmetries) the entire modal
spectra. In other words, while in the case of square-to-rectan-
gular waveguides, only (horizontal step) or (ver-
tical step) are excited, in the present case, the entire family of
modes is excited.

Since the polarizer is symmetrical along the longitudinal
(propagation) direction, only 1/2 of the structure needs to be
considered. Naturally, in order to compute the differential phase
shift between the two polarizations, two different analyses are
necessary, one for each polarization. From these two full-wave
analyses, we recover the scattering transmission parameters

and , from which the differential phase is computed
as .

III. POLARIZER OPTIMIZATION

A. General Description of the Hierarchical Optimization
Approach

In the hierarchical optimization approach, the overall
problem is broken down in a sequence of simpler optimization
steps. At the beginning, the designer investigates the most
critical aspect to be realized and the associate relevant design
parameters, which typically are a subset of the entire parameter
space available for the design. Each optimization step is carried
out in order to achieve the desired response, but limited to that
critical aspect. This procedure is repeated for all the relevant
design specifications, hence, smoothly exploring the entire
dimensionality of the parameter space while also avoiding
several local minima.
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B. Application of the Hierarchical Optimization Approach
to the Polarizer Design

The polarizer design starts by considering the relevant speci-
fications over the operating bandwidth – , which, in a typ-
ical case are: 1) the differential phase error, with respect to 90
and 2) the return loss lower bound . It is relevant to ob-
serve that an attempt to simultaneously fulfill all the above spec-
ifications will generally lead to local minima and poor overall
results. Therefore, it is crucial to start by relaxing some of the
specifications and to gradually improve the design toward the
desired result.

Initially, the focus is on the differential phase requirement,
while the return-loss constraint is relaxed (no more than
20 dB). This first part can be considered, and will be denoted
in Section III-C, as a differential phase optimization.

Subsequently, we introduce the necessary step transitions be-
tween circular waveguides in order to match the feed diameter
with that of the polarizer. As an added bonus, in this second
optimization part, it is also feasible to optimize for the desired
return loss. Hence, this part will be referred to in Section III-D
as return-loss optimization.

In Sections III-C and D, we proceed to discuss in more details
the differential phase optimization and return loss optimization.

1) Objective Function:The selected objective function is
made by the following three different contributions:

1) difference between the actual and specified differential
phase at midband;

2) difference of the above quantity as computed atand ;
3) return loss over the operative bandwidth.

Note that 2) essentially enforces a symmetrical differential
phase shift over the desired band.

C. Differential Phase Optimization

The differential phase shift is obtained by inserting a certain
number of elliptical irises discontinuities. In this case, the rele-
vant parameters for the optimization are as follows:

• polarizer diameter (which, typically, is advantageous to
consider different from the feed diameter);

• number of the elliptical iris discontinuities;
• thickness and relative distances of iris discontinuities (the

same thickness will be considered for all the irises);
• minor diameter of the elliptical iris discontinuities (while

their major diameter will be maintained equal to that of
the polarizer envelope).

Since the design is generally carried out from scratch, it is nec-
essary to select the initial values and then run an optimization
in order to achieve the desired results. It is recalled that the final
objective of this optimization part is to obtain the correct dif-
ferential phase behavior, in terms of either the operating band-
width and the desired 90phase shift. What is not relevant,
or only marginally important in this context, is the return-loss
requirement.

1) Initial Values: From extensive trials, the following
choices of initial values have been selected as appropriate for
typical requirements. The polarizer diameter is chosen so as
to place the operating band at a roughly equidistant position

Fig. 4. Frequency-centering procedure: curve 1= initial, curve 2 =
intermediate, curve 3= final.

between the waveguide fundamental-mode cutoff frequency
and the frequency of the first higher order mode. A minimal
number of 2–3 iris discontinuities is generally necessary as a
starting point; this number will be increased later on during
optimization upon requirement. The iris thickness and
their spacing are selected to be in the range of ;
moreover, at this time, the thicknesses and spacing are assumed
to be the same for all irises. Finally, while the major semiaxis
of the elliptical iris is maintained equal to the diameter of the
polarizer waveguide, the minor semiaxis is chosen to be about
3/4 of the major one.

2) A Frequency-Centering Optimization:The polarizer
frequency response is, at this time, accurately analyzed via
a full-wave code; as a result, the differential phase shift is
obtained. Generally, the latter has the shape illustrated in
Fig. 4, and exhibits a minimum, which is oftentimes out of
the desired band of operation. It is, therefore, necessary to
carry out a frequency-centering optimization in order to place
such a minimum at . Four parameters are used for
this optimization: the polarizer diameter , the spacing
and thickness of the irises, and the smaller diameter
of the elliptical irises. A typical centering procedure can be
summarized as follows.

1) The initial analysis of the polarizer over an enlarged band-
width with respect to the operating frequency band

, in order to check the position of the differential phase
minimum (see Fig. 4, curve 1); usually this minimum is
placed at , outside the band, e.g., between
and .

2) A first optimization cycle is carried out over the enlarged
band, imposing a severe constraint on condi-

tion 2 of the objective function, but leaving condition 1
relaxed and not considering condition 3; at the end of
this optimization cycle, the minimum will be placed at

, closer to than (see Fig. 4,
curve 2).

3) When the minimum falls within the operating band
, a final optimization cycle will shift the minimum ex-

actly to the center (see Fig. 4, curve 3).
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Fig. 5. Reduction of differential phase error in optimization procedure; curve
3= after frequency centering, curve 4= after phase error optimization.

4) If the minimum does not fall within the operating band
, the upper optimization frequency is reduced

by an amount equal to with ;
is the smallest integer value for which the resulting op-

timization band, narrower than , but wider than
, includes the minimum; the optimization cycle

that follows will move the minimum just to the center of
this new optimization band.

5) Point 4) is repeated until the minimum remains within the
operating band and the final optimization cycle can start.

After this frequency centering, the minimum of the differential
phase curve is moved at the desired position.

3) Reduction of the Differential Phase Error:In order to get
the specified value of the differential phase error, it is neces-
sary to increase the number of iris discontinuities used thus far.
Naturally, when adding a discontinuity, a further optimization
is carried out so as to maintain the minimum at the correct po-
sition, while reducing the overall differential error on the op-
erative bandwidth. In this case, the optimization is carried out
imposing for the objective function strong constraints on both
condition 1 (to minimize the differential phase error) and condi-
tion 2 (to maintain the curve symmetry over the operating band),
but still leaving condition 3 (return loss) relaxed. The number
of irises is iteratively increased until specifications are met (see
Fig. 5, curve 4).

D. Return-Loss Optimization

As a result of the previous optimization cycle, a polarizer with
the correct differential phase shift has been designed; naturally,
the return loss is not yet adequate and the diameter of the polar-
izer does not match the feed diameter . It is, therefore,
necessary to add at least two transitions, at both sides of the po-
larizer, in order to physically connect the latter with the feed.
These two transitions are made at the beginning with just two
steps; naturally, the diameter of each step transition and
its length need to be optimized. The number of steps used
for matching and return-loss optimization are then iteratively in-
creased until all specifications are met.

Fig. 6. Schematic view of the realized six-iris circular polarizer(P ) along
with the circular-to-circular transitions(T ).

IV. CIRCULAR WAVEGUIDE POLARIZER—RESULTS

A. Mechanical Realization

The realized component includes inside the polarizer 6 el-
liptical irises and an input/output three-step circular-to-circular
transition (see Fig. 6). The entire component has been realized
in aluminum by numerically controlled milling machines with
a nominal tolerance of 10 m, which is typically available at
specialized workshops. A sensitivity analysis carried out before
construction has shown that this tolerance is more than adequate
for practical applications at the considered frequency band.

A list of the mechanical geometry follows.

Circular-to-circular transition :
• input diameter mm;
• step 1 dia mm; length mm;
• step 2 dia mm; length mm;
• step 3 dia mm; length mm.

Circular polarizer with elliptical irises :
• envelope diameter mm;
• iris length mm (equal for all);
• iris spacing mm (uniform);
• iris 1: major axis mm; minor mm;
• iris 2: major axis mm; minor mm;
• iris 3: major axis mm; minor mm.

B. Optimization Cycles and Computer Effort

The number of optimization cycles required to achieve the
final design of a polarizer with elliptical irises directly depends
on the structure complexity, i.e., on the number of waveguide
discontinuities (irises and steps) necessary to meet the electrical
requirements (maximum differential phase spreading and input
return loss) and on the optimization starting point. The typical
number of iterations for a case similar to that shown in Fig. 6 is
approximately 1000. The computer effort is obviously related to
the number of optimization parameters and that of modes used
in the electromagnetic analysis. Still referring to the previous
example, the computation time, on an SGI origin 2000 operating
at 400 MHz, amounts to be about 4 h with 20 TE input modes
and 12 h with 40 TE modes.

C. Comparison Between Measured and Theoretical Results

For verification purposes, before actually manufacturing the
component, a further analysis has been carried out with a fi-
nite-element code HFSS (High Frequency Structure Simulator,
Agilent Technology, Palo Alto, CA, rev. 5.5), with results very
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Fig. 7. Elliptical iris polarizer differential phase between vertical and
horizontal polarizations. Comparison between theoretical results as obtained
by the mode-matching code HFSS and experimental data.

Fig. 8. As in Fig. 7, but for the horizontal polarization return loss.

close to those obtained by modal techniques. The critical param-
eters to consider for the iris polarizer are the differential phase
and the two return losses for the horizontal and vertical polar-
izations; the relative responses are illustrated in Figs. 7–9, re-
spectively. It is noted a remarkable coincidence of results, i.e.,
measured and theoretical (both mode matching and HFSS) for
what concern the return loss of both polarizations. The mea-
sured differential phase is also very close to the mode-matching
results, while a modest shift is observed with respect to HFSS.

V. COMPARISON BETWEEN CIRCULAR–ELLIPTIC AND

SQUARE–RECTANGULAR WAVEGUIDE POLARIZER

Altough square waveguide polarizers are fairly well known
[8], little has been published on their manufactured behavior.
In [8], a metal-etching manufacturing technique has been pro-
posed, although no measured results have been provided.

During our study and realization of these polarizers, we have
found several effects of interest. For reducing manufacturing
costs, a clam-shell technology has been considered. It is inter-
esting to note that the clam-shell technology introduces an el-
ement of asymmetry for the field present in the waveguides.

Fig. 9. As in Fig. 8, but for the vertical polarization.

Fig. 10. Clam-shell mounting arrangement of the eight–iris polarizer (top)
realized with a square waveguide including two square-to–circular (26-mm
diameter) transitions. As an example of clam-shell mounting arrangement
(bottom), an open polarizer working inS-band is shown. The clam-shell
mounting consists of manufacturing two identical symmetrical halves, which
are then joined together.

In fact, with reference to Fig. 10, which represents the used
clam-shell mounting arrangement, we have observed two types
of phenomena, which we will briefly discuss in Sections V-A
and B.
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Fig. 11. Measured insertion losses for the square and circular waveguide
polarizers. It is apparent that, for the square polarizer, different insertion losses
are present on the two polarizations, due to the use of the clam-shell mounting.

Fig. 12. Measured effect of the mounting screw torque on the realized phase
difference.

A. Insertion-Loss Differences for the Two Polarizers

The currents relative to the two field polarizations traveling in
the square waveguide are affected in a different manner by the
clam-shell arrangement. In particular, for one polarization, the
currents flow in the same direction of the waveguide cutting and,
therefore, they are modestly perturbed by the latter cutting. On
the other hand, for the orthogonal polarization, the waveguide
cutting is perpendicular to the currents’ flow direction, hence,
producing a greater effect.

The above difference has a definite impact on the polarizer
performances: in fact, we have observed different insertion
losses as represented in Fig. 11. This, in turn, produces a
degradation of the circular polarization purity since the two
field amplitudes, even if they possess a 90phase difference,
do not have the same amplitude.

From the latter figure, it is also possible to observe that the
insertion loss of the circular polarizer is slightly better than that
of the square polarizer.

B. Tuning Effects of the Fastening Screws

With reference to the used clam-shell mounting arrangement
of Fig. 10, we have also observed that the achieved phase dif-
ference realized by the polarizer is dependent on the mounting
screw tightness. In Fig. 12, this effect is quantified, showing
that a variation of differential phase of about 2occurs using
different values of the screw torque (60 cNm instead of
40 cN m). However, while this tuning effect allows the desired
phase shift to be achieved, it also introduces a degradation of
the design robustness and makes post-production adjustments
necessary.

The reason for the mounting screws tuning effects is related to
the cross-sectional deformation introduced when tightening the
screws. In fact, mechanical deformations introduce a decrease
of propagation constant for one polarization, while acting in the
opposite way for the orthogonal polarization.

VI. CONCLUSIONS

A new design scheme has been presented for iris polarizers
in circular waveguides. The differential phase shift between
the two orthogonal polarizations is achieved by means of
elliptical irises, which are amenable of analytical modal
description, hence, allowing the use of accurate and efficient
mode-matching codes for the component full-wave analysis.

A hierarchical optimization approach has been introduced as
a reliable way for the entire polarizer optimization.

This design permits the use of milling techniques for man-
ufacturing, hence, avoiding more cumbersome approaches as
the split-block housing technology. This type of polarizer has
been designed, built, and measured, demonstrating the satisfac-
tory agreement between experimental and theoretical results.

The component has been compared with an equivalent po-
larizer realized with square waveguide and rectangular irises.
The square waveguide polarizer has been designed, built, and
measured on the same operating bandwidth of the circular po-
larizer and a comparative discussion of their operating features
has been presented.
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