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Abstract—This manuscript presents a three-dimensional po-
larizing screen that converts linear to circular polarization in a
broadband frequency range. The conceived unit-cells are fully
metallic and based on structures that support transverse electro-
magnetic modes. Such cells have been specially conceived to be
manufactured through metal three-dimensional printing based on
Selective Laser Melting. This is the first time that a polarizing
structure presents such a broadband behavior without the use of
dielectric materials. In addition, this is the first successful proof
of concept of additive manufacturing in the context of metallic
periodic surfaces, which is enabled by the use of a co-design
approach. The present proposal is validated through the design
and manufacturing of a prototype operating in K- and Ka-bands.
Successful experimental results are reported.

Index Terms—3-D periodic structures, polarizers, additive
manufacturing, Selective Laser Melting, equivalent circuits.

I. INTRODUCTION

ODERN 3D printing techniques have stimulated re-
searchers to push the envelope on innovation in antenna
design. Particularly, the analysis of 3D periodic structures
has been boosted in the past decades due to the multiple
degrees of freedom that they provide in comparison to their
2D counterparts. In addition to enhanced design freedom,
3D-printing allows to envision monolithic prototyping, thus
avoiding the cost, time and potential performance degradation
of multi-piece manufacturing, mechanical assembly and joints.
So far, 3D periodic structures have found a wide range
of applications. The most common one is related to the
implementation of spatial filters. For example, in [1]-[3] exotic
architectures provide passband response thanks to the exci-
tation of their own resonances. Ultrawideband transmission
response is reported in [4] with the help of bifilar lines, and
in [5] basing on sub-wavelength units. Structures combining
passband and rejection bands are reported in [6], employing
slotlines. Band-gap or band-stop operation has been reported
with diverse motivation, pursuing stable angular response [7],
[8], dual-polarization operation [9] or multi-band performance
[10]. Applications involving absorbers have been covered by
3D structures as well [11]-[13]. The design reported in [14]
profits from 3D-printing technologies and the model in [15]
employs ferrites to enhance the absorption process. 3D-printed
lenses are presented in [16]. Frequency selective surfaces oper-
ating at low teraherzs built with aerosol jet 3D printing [17],
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and metallodielectric structures with tunable operation [18]
have been recently proposed. Finally, polarization conversion
has also been implemented employing 3D architectures. Such
is the case of the rotator reported in [19], or the circular
polarizers of multiple types [20]-[22].

Special attention deserves the work published by some of
the authors of the present paper in [23], [24], which report
for the first time a concept to conceive full-metal polarizing
screens. The employed unit-cells are based on sections of rect-
angular waveguides operating below cutoff that are perforated
with resonant slots in their walls. The operation of the cells
can be explained based on evanescent filter theory, where the
pass-band response is synthesized by means of controlling the
number, size and mutual coupling of the cascaded resonators.
Versatile performance can be achieved, and for example, the
model proposed in [24], allows to obtain dual-band operation
with orthogonal sense of polarization in each of the bands. The
main drawback of such proposal is its narrow band operation,
which is inherent to the dispersion of the employed resonant
cells.

Broadband polarizing screens in the literature are conceived
basing on a rather different operation principle, and they are
typically implemented with stacks of 2D periodic surfaces.
Such principle was employed for the first time by L. Young
et al [25], when they introduced the meander-line gratings.
Instead of employing resonant elements, polarization conver-
sion is attained in this case by properly controlling the quasi-
static behavior of the periodic array. In particular, orthogonal
electric field components suffer either quasi-static capacitive
or inductive behaviors when they pass through the meander-
lines, which allow to synthesize the desired 90-degrees phase
delay between them in a broad bandwidth. The geometry
of the meanders has been extensively studied and applied
in several scenarios [26]-[30]. Other geometries have been
proposed that implement the same principle, such is the case
of [31]-[33] with classical strips, [34] exploiting the concept
of miniaturization, or [35]. The main drawbacks of these
structures is related to their inherent 2D character, which
limits the simultaneous and independent manipulation of the
orthogonal modes. Furthermore, the typical manufacturing
process is based on PCB standard techniques which employ
dielectric materials.

To the best knowledge of these authors, broadband full-
metal polarizing screens have not yet been proposed in the
literature. There are two main issues to solve when aiming
at getting rid of dielectric materials. Firstly: The need for a
monolithic architecture, since supports are not allowed and
there is no possibility to have non-connected “flying” parts.



This is an important constraint for RF designers. Secondly:
Operation with electrically small periodicity, in order to avoid
grating lobes and be robust with respect to the angle of
incidence. This is easily done employing dielectric materials,
thanks to the miniaturization brought by the permittivity. In the
case of full-metal solution, there is a trade-off to overcome,
because a cell with small periodicity that is self-supported
tends to be very reflective to the impinging waves.

The enabling strategy here proposed is to address both
these issues counting on the ’third dimension” thus profiting
from greater design freedom. 3D-printing is the technology
that allows for the greatest freedom, but it also brings some
limitations, specially those related to the appearance of unde-
sired mechanical supports. To succeed in such prototyping, the
constraints have to be considered early in the design process,
and the use of a co-design methodology is imposed.

An original solution is here proposed consisting in the use
of monolithic 3D unit-cells that are low dispersive thanks to
the support of transverse electro-magnetic (TEM) modes [36].
The scenario is clearly different from that in [24], which was
based on the excitation of evanescent TE modes in rectangular
waveguides. An equivalent circuit is built to explain the
behavior of the proposed TEM-cell and to synthesize the
desired polarizing functionality. The circuit methodology is
explained in detail and it allows to extend the application of
the cell to other functionalities such as frequency filtering,
impedance matching or versatile polarization control.

The proposed concept is validated experimentally through
the prototyping and measurement of an array of cells built
in Titanium through Selective Laser Melting (SLM) 3D-
printing. So far, SLM is the the only technique allowing for
high precision employing metallic powder, but the limitations
related to the orientation of the piece are greater than printing
with plastics [37], [38]. This manuscript represents the first
proof of concept of a periodic structure built with SLM.
The success of the prototyping relies in the fact that the
unit-cell is conceived from the beginning to be 3D-printed
and the employed co-design methodology is driven by a
simple circuit model. The measured performance shows a
minimum of 37.8% operation bandwidth for normal incidence
which reduces to 22.2% for 30° TE incidence. It should be
highlighted that such bandwidth percentages have not yet been
reported in the open literature considering metallic structures.
Moreover, the dielectric polarizers reaching such bandwidths
need multiple layers of PCB.

The present proposal is suitable for space application and
could be also used in other harsh environments, such as
in defense outdoor platforms. Since it does not need any
supporting material, dielectric losses are avoided as well
as other associated undesirable phenomena related to the
stringent space environment (all issues related to radiation,
outgassing, aging, large range of temperatures resulting in
multi-material thermal expansion, variation of the dielectric
constant with temperature...). Additionally, this work is well
suited to applications that avoid assembly steps and that
privilege the use of devices that can be built in a single piece.

This paper is organized as follows. Section II describes the
TEM-cell in a progressive way together with the associated
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Fig. 1. (a) Initial squared unit cell. (b) Cell evolution that supports y-polarized
TEM modes. (c) Final unit-cell supporting TEM modes for both x and y
polarizations.
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Fig. 2. Circuit modeling of vertical excitation in unit cells that are (a) uniform
along z, (b) employ stepped slits along z.

equivalent circuits. The circuit model will be extended to
cover the inclusion of metallic columns (loads). Section III
describes the design procedure of a polarizer covering both
the K and Ka bands. Section IV explains the modifications
that are performed to the structure in order to enable manufac-
turing through SLM. Finally, Section V shows the fabricated
prototype, and the measured results obtained in the laboratory.

II. UNIT-CELL BASED ON TEM WAVEGUIDE
A. Basic structure of TEM-cell

The basic shape of the proposed unit-cell is shown in
Fig. 1(c), it consists of a metallic rectangular waveguide that
has a longitudinal slit on each wall (of widths w, and w,
when they are parallel to the x and y axis, respectively). The
unit cell is dual-polarized, and it can be illuminated by both x
and y-polarized plane waves (corresponding respectively to the
so called H-pol and V-pol). The way the cell is progressively
built is illustrated in Fig. 1, using as starting point the classical
square waveguide and illumination in the normal direction.
The cell section (parameter p) is smaller than A/2 at the oper-
ation frequency, in order to operate well below the appearance
of grating lobes. The slits in the lateral walls are inserted in
order to modify the nature of the fundamental modal solutions
of the squared structure, which are of TE nature. By including
first the slits of width w, (see Fig. 1(b)), the cell supports y-
polarized TEM modes, which propagate and are excited by
vertically polarized impinging waves (V-pol). The orthogonal
component (H-pol) still encounters a virtual square waveguide
when arriving to the cell, thus exciting a TEy; mode that
operates below cutoff.
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Fig. 3. Analysis of the scenario in Fig. 2(a) with parameters p = 3 mm,
t = 0.25mm and d = 12mm.(a) Reflection coefficient versus frequency.
Results from CST/circuit are represented by continuous/dotted lines. (b)
Characteristic-impedance value of the equivalent transmission line as a
function of the slit width wy, normalized to the period.

To extend the excitation of TEM modes to horizontal po-
larization, the same operation is carried out in the top/bottom
walls, obtaining the cell depicted in Fig. 1(c). The slit size is
now defined by the parameter w,. The cell presents two main
degrees of freedom: wy and wy, that control respectively and
independently, the interaction with V-pol and H-pol waves.

B. Impedance control of TEM-cell

The impedance control of the TEM-cell can be addressed by
basing on classical transmission-line theory, and it is illustrated
in Fig.2 for the case of V-pol. The case of H-pol is not
explained here for the sake of conciseness; it can be addressed
analogously by basing on the same topology of equivalent cir-
cuit. The case of Fig. 2(a) considers a unit cell whose geometry
is uniform along the z-direction, and it can be modelled by
a simple circuit consisting on a portion of transmission line
of length d and impedance Z;. In Fig.2(b) stepped slits are
introduced in the lateral walls of the cell, thus being circuitally
interpreted as a concatenation of transmission-line sections
of impedance Z; and Z,. In the following, the behavior of
such cells is explained and the proposed equivalent models
are validated. In all cases, the characteristic impedance of the
line is numerically estimated with the help of the full-wave
solver CST.

The results in Fig. 3 concern the uniform scenario described
in Fig. 2(a); its Sy; is plotted for different values of w,
in Fig.3(a). Two points of null reflection can be identified
in all curves for the same frequency points, which appear
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Fig. 4. (a) S21 for the unit-cell model in Fig. 2(a) considering V and H polar-
izations, and for different values of wy,. Structure parameters: p = 5.2 mm,
t = 0.4mm, d = 10.45mm, w, = 1mm. (b) Sg; for the unit-cell model
in Fig.2(b) under V-pol for differet values of wy2. Structure parameters:
p=>5.2mm, di = 3.1mm, d2 = 4.25mm, wy = 1 mm, wy = 1 mm.

approximately when d = A/2 and d = A. This behavior is
typical of transmission lines. Since the position of the two
nulls is the same for any value of w,, the propagation constant
of the TEM mode can be regarded as independent from wy,, as
it occurs with the TEM modes of a parallel-plate waveguide
(where 8 = w/c). The maximum value of the S;;-curves is
sensitive to w,, higher reflection values correspond to lower
ones of w,. This tendency is related to the decrease of the
characteristic impedance in the equivalent circuit, and it is
illustrated in the figure via dotted lines. The value of Z;
will approach that of the free-space impedance (Zj) as the
width of the slit is increased. As it is intuitive to understand,
when w, increases, the matching between free space and the
cell is improved (and perfect matching would appear when
wy = p). The values provided by the equivalent circuit are
plotted together with the full-wave simulations, showing very
good agreement, and thus, proving the validity of the proposed
simple model.

The results plotted in Fig.3(b) show the evolution of the
impedance of the TEM waveguide in terms of the ratio
wy/p (normalized slit width with respect to the periodic-
ity). Such values have been obtained from the S;; provided
by the full-wave solver. It can easily be demonstrated that
7z, = ZO\/(l +511)/(1 — S11) at the frequency for which
Bd = w/4, with 8§ = w/c being the propagation constant
of the transmission line. Three different values of p are
considered, and the curves are practically identical. It can be
concluded that the control over the impedance can be obtained
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Fig. 5. TEM-cell including a couple of vertical columns which are defined
by the geometrical parameters A, and R. The circuit-model proposed for V
and H-pol is also depicted.

by considering jointly the width of the slit normalized with
respect to the periodicity (it is thus not necessary to specify
both independent quantities). The same conclusions can be
extracted considering the H-pol illumination, but modifying
wy rather than wy.

The results in Fig.4(a) consider a 45° slant plane-wave
illumination on the cell of Fig. 2(a), which can be regarded
as the in-phase excitation of simultaneous V- and H-pol. The
results of So; are plotted for different values of w, impinging
normally. It can be seen that the response for V-pol varies
for each case, whereas H-pol has unchanged response. This
confirms our previous assumption that the modification of w,
does not alter the scattering of H-pol, which is independent
from wy. As expected, the V-pol is highly sensitive to this
parameter. The agreement between the circuit results and CST
simulations is very good.

Finally, the stepped scenario described in Fig. 2(b) is
considered in Fig. 4(b); its So; is plotted for different values
of wyo. This figure shows that the stepping of the slit width
allows to modify the relative position between the peaks of
full-transmission that appeared at d = A\/2,d = A in the
previous uniform case. When wy; > wyo the peaks tend to
approach to each other. This strategy will be used in the
following sections to achieve wide-band transmission response
from the cell.

The above examples corroborate that the proposed unit
cell supports TEM dual-polarized modes. Additionally, the
reduction of the problem to a circuital framework is highly
advantageous since the properties of transmission lines are
well-known and simple to be applied. Typical techniques for
bandwidth optimization based on transmission-line matching
transformers could readily be employed if needed for a par-
ticular application.

C. Introduction of loads and circuit representation

The previous TEM-cell is loaded with two identical metallic
columns oriented along y, which connect the top and bottom
walls in the middle of the structure, as shown in Fig.5. The
columns are defined by a radius R and they are separated of a
distance A,. These loads are added with two main aims: allow
for a means of phase manipulation of the transmitted fields (in
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order to induce polarization conversion), and enhance the cell
robustness for prototyping.

In such a cell, the conditions encountered by V and H-pol
incident fields are now different. The V-pol field, being parallel
to the columns, mainly suffers an inductive opposition due to
the excitation of an effective current which flows along them.
On the contrary, for H-pol, the excited current is negligible
since the electric field is perpendicular to the columns. Instead,
effective charge is accumulated on the surface of the columns
in this case, giving rise to a global capacitive contribution.

The duality associated to the columns can be easily analyzed
from the equivalent circuit point of view. For the V-pol
subproblem, the effect of the columns is globally magnetic,
thus a regular inductance is the natural circuit element to
account for them. Analogously, the H-pol subproblem includes
a regular capacitance to describe the role of the columns. In
the following, the numerical values of the equivalent induc-
tance/capacitance are found by an easy numerical fitting with
CST results. The columns dual-behavior breaks the previously
identified independent control of the orthogonal impinging
fields. Variations on the columns geometry now influence both
polarizations simultaneously. However, the different nature of
the lumped elements included in the circuit representation
(inductance or capacitance) is well suited to the achievement
of polarization conversion, as done in the case of meander-
line gratings. In the following we analyze the impact of the
columns in the magnitude and phase of the Sy; of the cell,
providing a comparison between CST simulations and the
results of the proposed circuit model.

The magnitude of the So; is analyzed in Fig.6. V and H-
pol are considered respectively in Fig.6(a) and (b), where
each of the different curves correspond to a different value
of Ay. It can be seen that, as Ay increases, the corresponding
values of inductance and capacitance decrease. The influence
of this parameter is unequal for each polarization. V-pol is
highly sensitive to A, while H-pol is only slightly affected.
Such unequal impact represents a valuable advantage for the
design of an specific structure, since doing the optimization
of the parameter Ay just for V-pol may be sufficient. The
case of Fig.6(c) and (d) illustrates the S;-behavior, for V
and H-pol respectively, considering fixed A, and different
values of R. The increase of R results in a reduction of the
inductance value, while the equivalent capacitance experiences
an increasing tendency, though the impact of R is still lesser
comparing to the inductive case. The capacitance just varies
from 21 to 35 fF, which is manifested by a difference lower
than 1 dB between in their respective S5;-curves. It is worth
mentioning that the agreement between results from CST and
the circuit model is quite good in all cases, reinforcing the
circuital interpretation of the columns. From these results we
can conclude that the distance between columns A, is a more
decisive parameter to control the amplitude of the cell So;.

The impact of the columns geometry on the phase of the
transmitted fields is often necessary for many applications,
specially for those involving polarization conversion. The
results in Fig.7 show the phase of the So; for two different
values of Ay while keeping R fixed. It can be seen that the H-
pol curves do almost overlap, confirming the almost negligible
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Fig. 7. Phase of S21 versus frequency for the structure in Fig. 6. (a) Variation
of A, with fixed R = 0.22mm. (b) Variation of R with fixed Ax = 1 mm.

influence of the columns in the capacitive scenario that was
observed before. For the inductive case (V-pol), the So1-phase
is significantly affected, manifesting a phase shift towards
higher frequencies as Ay increases. Similar conclusions can
be extracted from Fig. 7(b), where the impact of radius of the
columns on the phase delay is considered. V-pol is influenced
by the increment of R, whereas H-pol is not altered. As a
conclusion, if a given phase shift between the V and H-pol
is desired, it can be synthesized by tuning the phase of V-pol
through the design of the columns geometry. The agreement
between CST and the circuit model is very good.

A final study, considered in Fig. 8, is carried out to evaluate
the interest in using a couple of columns loading the TEM-
cell. The topology of the cell and the proposed equivalent
circuit for V and H-pol are shown in Fig.8(a). As it can
be observed, each couple of columns is modelled by a sin-
gle inductance/capacitance. The influence of the separation
between the columns is again stronger for V-pol, as shown
in Fig.8(b) and (c). All the cell dimensions are considered
fixed except for d,. Both the magnitude and phase of the
transmission coefficient for V-pol are highly impacted when
the couples of columns move away or approach to each
other. Wide band-pass transmission can be achieved for certain
values of d,. In this case, small disagreement is appreciated
between CST and the circuit model. This difference is mainly
due to the mutual coupling existing between both couples of
columns, which is not taken into account in the circuit model.
A more accurate model sould include this coupling, at the
cost of a significant complexity increase. Nevertheless, the
current simple version of the circuit is sufficiently accurate to
capture and understand the main electromagnetic phenomena
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Fig. 8. (a) TEM-cell with two couples of columns: topology of the cell

and equivalent circuit. The distance between these couples is defined by the
parameter d. (b) Magnitude of S21 for V/H-pol. (c) Phase of S2; for V/H-
pol. Structure dimensions are p = 5.2mm, t = 0.4mm, wy = 1 mm, wy =
1mm, d = 10.45mm, A, = 1mm, R = 0.22 mm.

appearing in the structure, predict them numerically and it
allows to be easily used for design purposes.

III. DESIGN OF CP POLARIZERS WITH TEM-CELL

The properties of the TEM-cell can be used to design polar-
izing screens converting a 45-degrees-slant linearly-polarized
wave into a circularly polarized one. In the following sec-
tions, a preliminary design is firstly presented together with a
methodology based on the circuit model. Later, the design is
finalized by applying some structural modifications that allow
for SLM manufacturing. It should be noted that this is the
first time that a co-design procedure is adopted in order to
perform RF design of periodic structure to be well suited to
be 3D-printed in metal.

A. Preliminary design

The unit-cell in Fig.9 is proposed to conceive a polarizing
screen. Such a configuration includes a uniform slit in the

lateral walls, a stepped slit in the top/bottom walls and two
couples of columns inside. The incident electric field is +45°-
slanted with respect to the x-axis, and it can be decomposed
into two sub-problems involving equal in-phase excitation of
V and H-pols. These sub-problems can be modeled by the
circuits proposed in Fig. 10, that are based on the developments
presented in the previous section. The circuit model for V-
pol shown in Fig.10(a) is defined by the following main
parameters: the impedance Z; (related to the normalized
slit wy/p), the inductances L (that characterize the vertical
columns), the distance d, (longitudinal separation between
couples of columns) and the length d (total longitudinal
thickness of the cell). The circuit model for H-pol includes
additional transmission-line sections that represent the stepped
sections of the top and bottom slits. In this case, the slit is
symmetrically split into 3 sections, whose width is wy;/p in
the input and output of the cell, and wys in the middle. This
corresponds to a cascade of transmission-line sections with
characteristic impedance Z; and Z, as shown in Fig. 10(b).
The presence of the columns is now represented by the
capacitances C.

The methodology that is proposed to design a polarizing
cell is next explained, and based on the previous circuit
models. A look-up table is built relating the evolution of
each of the circuit parameters in terms of the variation of its
corresponding geometrical element. For example, the evolution
of the value of the inductance in terms of the radius of
the columns. Employing these tables, an optimization process
is performed basing on two steps. Firstly, the V-pol wide
band-pass transmission is firstly synthesized, by choosing the
parameters Z1, di, de and L. Then the elements controlling the
H-pol are designed, namely Z;, Z5, ds and ds. In this second
step, the goals for this optimization are high transmission in
the band of interest and also phase quadrature with respect to
the phase of V-pol. It should be noted that this second step
takes into account the position of the phase curve obtained for
V-pol, with the aim of pursuing the 90°-degrees difference.
It should be highlighted that such a design methodology is
very simple, and this has been made possible by the circuital
reasoning employed when building progressively the 3-D unit
cell.

The performance of a cell designed for operation both in the
K- and Ka-bands is shown in Fig. 11 (thus covering from 18
to 30 GHz). The scattering parameters are plotted versus fre-
quency for V and H-pol, both in magnitude and phase. Results
obtained by the circuit model are compared to those provided
by CST in order to check the validity of our predictions. The
magnitude of the transmission coefficient is plotted in terms of
the insertion losses in Fig. 11(a), where a broad-band response
covering the desired frequency band and with small ripple is
observed. The phase of the transmission coefficient is plotted
in Fig. 11(b), showing an almost linear variation along the
whole band for both polarizations. The black curve represents
the phase shift between both components, and it keeps almost
constant around 90°. It can thus be inferred that this structure
behaves as a polarization converter in the band of interest.
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Fig. 9. Proposed TEM-cell for synthesizing linear-to-circular polarization conversion. The cell is illuminated by a 45-degrees-slant linearly-polarized plane

wave. (a) 3D-view, (b) XY-plane, (¢) YZ-plane, (d) XZ-plane.
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Fig. 10. (a) Equivalent circuit for V-pol and for (b) H-pol, associated to the
cell in Fig.9.

B. Modifications for SLM-printing

The 3D geometry of the conceived polarizer encourages its
prototyping via modern 3D-printing techniques. In our case,
since the structure is full-metal, we can envision to use metallic
powder as the building material, basing on the technique of
SLM. This 3D-printing technique is the typically preferred
process for hardware prototyping in the space industry, since it
allows to have a raw manufactured part that can already meet
the typical associated mechanical and thermal requirements
[37], [40]. The tolerances associated to SLM depend on the
type of metal powder that is employed, and the orientation
of the piece inside the 3D-printer and they can vary between
50 um and 150 um. In principle, in order to obtain the best
results, the structure should be vertically printed and self-
supported (thus, not presenting unsupported overhanging faces
or abrupt appearance of long parts). To avoid the printing of
undesired supports, it can also be foreseen to 3D-print the
piece under a certain angle, but this leads to deterioration of
the manufacturing tolerances as a consequence of the staircase
effect [38], [39]. It should be noted that this is the first
development in the literature that proposes periodic screens
that can be printed vertically.

To foresee successful SLM manufacturing of the cell in
Fig.9(a), the chosen printing direction is the z axis. Such
vertical printing of the piece implies two structural modifi-
cations. The resulting modified version is depicted in Fig. 12.
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Fig. 11. Performance of the designed polarizing cell for both V and H-pol: (a)
Insertion losses, (b) phase of the S21 transmission coefficient. Results from
the circuit model and CST are plotted. Structure dimensions are p = 5.2 mm,
t = 04mm, wy; = 1.12mm, wx1 = 2.33mm, wyx2 = 0.47mm, d =
10.45mm, do = 4.4mm, d, = 5.7mm, A, = 2.05mm, R = 0.22 mm.

Firstly, a rectangular post of thickness g is included at the
input of the cell, which is perpendicular to z and parallel to
the diagonal axis of the cell (inclined of 45° with respect
to x). This post provides mechanical robustness to the cell
and it does not present any supporting restriction, since it is
directly built over the base plate of the printer. The presence
of this post barely affects the performance of the original cell,
but it reduces the freedom to excite it. In fact, the original
cell of Fig.9 allows to be illuminated by +45°-slant electric
fields, giving rise to transmitted circularly polarized signals
with orthogonal sense of rotation. In the modified version of
the cell, the illuminating field must be perpendicular to the post
orientation (as illustrated by the vector E;; . in Fig. 12(a)). This
way, it is assured that the post will be almost transparent to
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Fig. 12. Modified version of the cell in Fig. 9 in order to match the
requirements of SLM 3D-printing. A rectangular post of thickness g is added
at the input of the cell. This post is inclined of 45° with respect to x
and perpendicular to z. (a) Single cell with detail of the orientation of the
illuminating field. (b) Example of 3x3 array.

10 T T : : ; ¥
; p = 5.22 mm, original cell

p = 5.22 mm, original cell with post
p = 5.22 mm, cell with post and 45°-bending
p = 4.5 mm, cell with post and 45°-bending

o

Axial ratio (dB)
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Fig. 13. AR versus frequency for different versions of the polarizing unit
cell. Re-design of the cell in order to recover broad-band operation after
performing the modifications for SLM printing. The structure dimensions of
the cases with p = 5.22 mm are identical. For the case with p = 4.5 mm the
structure dimensions are the following: ¢ = 0.4mm, wy; = 0.76 mm, wx1 =
1.86 mm, wxo = 0.45mm, d = 10.45mm, do = 4.7mm, d, = 5.4 mm,
Az = 1.86mm, R = 0.25mm and g = 0.5 mm.

the impinging field. The impact of the presence of the post can
be analyzed in Fig. 13, which shows the axial ratio (AR) of
the original cell without and with the post (the latter labelled
as original cell with post in the legend). It can be appreciated
that a small shift towards lower frequencies appears in the
AR curve, but its level remains below 2 dB. An impinging
electric field whose polarization is parallel to the post will be
strongly reflected backwards, experiencing almost an electric
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Fig. 14. Inclination of the columns inside the unit-cell along the printing

direction (the z axis). (a) Lateral view of the columns inside the cell, illus-
trating their longitudinal bending for self-supported 3D-printing. An isosceles
triangle of 45° is formed. (b) Modified equivalent circuit proposed for V-pol,
including a parallel capacitive contribution associated to the bending.

wall boundary condition. This scenario is thus not considered.
It is worth noting that, other mechanical strategies can be envi-
sioned in order to maintain the dual-polarized character of the
structure, for example adding a frame around the screen and
removing the post. This would require a dedicated mechanical
design that guarantees robustness (including an assessment of
the deformations). Since this is the first prototype of this kind
ever done, such a mechanical study has not be considered yet.

The second action taken to match the guidelines of SLM
printing is the inclination applied to the columns. In fact, large-
sized elements perpendicular to the printing direction are not
self-supported, and there exists a high risk of deformation and
breaking. Such inclination is shown in Fig. 12, which makes
the column appear progressively and be built vertically by
the printer smoothly as it advances on the z direction. As
a result, the columns are bent with respect to their middle
point in height. Their lateral geometry can be observed in Fig.
14(a), which shows that an isosceles triangular-shape geometry
is pursued, where both identical vertices have 45° (this is
the minimum value to ensure successful manufacturing). The
electromagnetic response of the cell is impacted by this modi-
fication, as shown in Fig. 13 (see the curve labelled as p=5.22
mm, cell with post and 45° bending). The AR bandwidth is
now narrower, this is mainly because the V-pol is affected
by the bending of the columns. Under this polarization, the
columns are no longer seen as single parallel inductances.
As illustrated in Fig. 14(a), a small capacitive contribution
is created between the edges of the bent columns, which is
now included in the modified version of the circuit in Fig.
14(b). On the contrary, the H-pol is very little affected, and
its corresponding circuit topology in Fig. 10(b) is still valid.
Note that this new scenario is again accurately characterized



by the proposed circuits, though this validation is not included
here for the sake of conciseness.

The circuit in Fig. 14(b) allows to identify the way to
compensate for the parasitic capacitance brought by the bent
columns. In fact, an almost inductive behavior can be experi-
enced if the resonance of the LC' circuits is shifted towards
higher frequencies. This can be achieved by reducing the
periodicity of the cell. Such an strategy has been applied
and the broad-band AR performance is recovered, as proven
in Fig. 13 (see curve labelled p=4.5 mm, cell with post and
45° bending). It should be noted that the reduction of the
periodicity launches again the design process. Basically, as
explained previously, the ratio between the slit width and the
periodicity w/p must be maintained. In this sense, lowering
p is accompanied by a convenient decrease in wg,. When
p = 4.5 mm the performance associated with the original cell
is achieved (with minor differences), as shown in Fig. 13. The
new geometrical dimensions appear in the caption.

IV. EXPERIMENTAL RESULTS

The co-design approach adopted in the previous section
(design for additive manufacturing) gives rise to a geometry
of polarizer that can be 3D-printed straightforward basing on
SLM. In spite of all the advantages associated to metal addi-
tive manufacturing, SLM presents a significant disadvantage
when comparing to classical machining, related to its surface
roughness. This may result in high insertion losses when
operating above the Ku-band, even if a material with high
bulk conductivity is used [38]. In particular, the conceived cells
are printed employing Titanium. Such material is chosen for
providing high precision. Lower tolerances can be attained in
comparison to the ones associated to Aluminium alloys (which
is the common choice in RF 3D-printed hardware), since the
grain of the metal powder is the smaller. When choosing
such a material, a trade-off is made between precision and
conductivity. In fact, the disadvantage of using Titanium is
that its conductivity is not as high as in Aluminium or Copper,
which will result in higher insertion losses. However, our
decision has been encouraged by the fact that the surface
conductivity can be further improved by post-processing of the
raw printed piece, while the tolerances can not be improved
after printing. The present prototype has been treated to reduce
surface roughness with application of sandblasting. Recent
publications illustrate the improvement brought by electroless
copper plating considering different RF devices [41], [42].

The polarizer design explained in the previous section is val-
idated experimentally. The 3D-printed samples are produced
by our industrial partner Thales 3D Morocco, and they are
shown in Fig.15. The measurement of the prototypes has
been done in a commercial quasi-optical system that allows
to rigorously emulate plane-wave illumination; it is shown
in Fig.16 [43]. The test setup frequency band goes from
18 to 32 GHz. This range is covered in two consecutive
intervals, employing two couples of TX-RX corrugated horns
that operate respectively from 18 to 26 GHz, and from 26
to 32 GHz. The device under test (DUT) is placed in the
middle of the system, and it consists of a rectangular support

(b)

Fig. 15. SLM prototypes. (a) Polarizer #1, for TE incidence. (b) Polarizer
#2, for TM incidence. (c) Zoomed image of one of the prototypes where the
column-bending can be appreciated.

with an elliptical hole that holds the polarizer, as it is shown
in Fig. 16(b). The reflectors in the system focus the radiation
from the horns creating a Gaussian beam with planar phase
front at the position of the DUT [43]. The couple of TX-RX
horns is connected to a VNA (Keysight N5227A) in order
to obtain the S parameters of the DUT. As it is sketched in
Fig. 16(a), oblique incidence can be attained by rotating the
DUT in the center of the setup. Such rotation can only be
done with respect to a single axis (the one perpendicular to
the table plane).

Two different prototypes have been fabricated, they are
named as #1 and #2 and they are shown in Fig. 15(a) and
(b). They are rectangular arrays of unit cells and they can
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Fig. 16. (a) IETR experimental setup based on a quasi-optical system. (b)
DUT, including the support and the polarizer.

be sandwiched within the setup support as shown in Fig.
16(b). Both samples consider exactly the same design of unit-
cell, but one array is rotated of 90 with respect to the other
one. They will be used to characterize either the TE or TM
incidence. The need for these two prototypes is due to the
single axis rotation allowed by the experimental setup. In order
to measure the performance of the polarizer, V-pol and H-pol
are characterized one after the other and combined afterwards
in post-processing. Therefore, when the DUT is rotated, TE
and TM incidences are emulated by considering either the
V-pol or H-pol radiation from the TX horn. Prototypes #1
and #2 have been manufactured to be used respectively in
those two scenarios. Finally, it should be noted that instead
of applying a 45°-slant to the field illuminating the polarizer,
the cells are turned of 45° in the manufactured prototypes
(this is strictly equivalent for the polarization conversion, but
it simplifies the measurement). A zoom of one of the polarizers
is shown in Fig. 15(c) in order to appreciate the details of the
cells and the bending of the columns.

The performance of the polarizer under TE incidence is
analyzed in Fig.17. The transmission coefficient is plotted,
both in right-handed and left-handed CP (SRHCP and SEHCP),
and considering incidences from normal up to 30°. These
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results. The glitch appearing at 26 GHz is related to the change of horns in
the quasi-optical setup. (b) CST simulations.
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coefficients provide both information about the purity of circu-
lar polarization and the insertion losses. The results obtained
experimentally are directly shown in Fig. 17(a), which can be
compared to those plotted in Fig. 17(b), that are extracted from
CST. High transmission is observed that is LHCP, and very
good agreement between both figures. The cross-pol discrim-
ination can be defined in this case as XPD = | SLHCP / GRHCP|
It can be observed that the XPD is better than 15 dB from 19.5
GHz up to 28.6 GHz for normal incidence, corresponding to
a 37.8 % bandwidth. This value deteriorates as the angle of
incidence increases, resulting in a 22.2% bandwidth for the
same XPD level (from 20 GHz to 25 GHz) at 30°-incidence.
Note that the threshold of XPD = 15 dB corresponds to an
axial-ratio value of 3 dB [44], thus representing a polarization
conversion of good quality.

Analogously, Fig.18 shows the transmission coefficient
under TM incidence up to 30°. Now, RHCP conversion is
achieved. As it was previously mentioned, prototype #2 is
now employed since the incident electric field points along
z. The electric field direction (opposite to that impinging on
prototype #1 in the previous case) is responsible of the change
of the rotation sense of the polarization vector of the outgoing
field. XPD levels better than 15 dB are again obtained between
19.5 GHz and 28.6 GHz (37.8 % bandwidth). In contrast to
the TE case, the TM scenario is found to be more stable with
the angle of incidence and the XPD bandwdith is not reduced
for incidences up to 30°.

The insertion losses were expected to be lower than 0.5 dB
in the operation bandwidth (see Fig. 11(a)). However, it can
be observed in the measurements that the value of S5 for
the co-pol keeps between 1 and 1.2 dB both for TE and TM
incidences. Several reasons justify this different value. The
first one was introduced at the beginning of the section, and
it is the real conductivity of the Titanium alloy (which differs
from the bulk one and is yet unknown). Such conductivity
will result in an increase of the polarizer losses. The second
one is associated to the limitations of the experimental setup.
In fact, the absence of an OMT at the TX horn prevents the
measurement of the cross-polarization that may be reflected
backwards by the DUT. Secondly, it can only be measured
the transmission through the DUT in the same direction as the
impinging field. The specular reflection can not be measured,
for example. It is therefore not possible to assess which
amount of the Ss; level is directly related to the insertion
losses of the device or to the limitations of the measurement
setup. In fact, we can not evaluate if there is propagation of
energy in other directions (due to the eventual appearance of
small asymmetries in the prototype or misalignment in the
quasi-optical setup). A possible extension of this work could
consider the post-processing of the SLM piece, for example,
reducing roughness and improving surface conductivity by
applying chemical blasting and metal plating afterwards.

It should be noted that the polarizer was designed consid-
ering normal incidence, but that its behavior has not been
drastically deteriorated when increasing it to 30°. This opens
the way for further designs where the angle of incidence is
already included in the design process, giving rise to more
complex 3D geometries of the elements loading the TEM-

cells.

Finally, it can be concluded that the agreement between the
measurements and the theoretical predictions is very good,
which proofs the great bandwidth enhancement allowed by
the original TEM-cell, and the great potential of the concept.
The success of the experimental campaign also points out the
need for a co-design approach involving steps of RF-design
considering the specificity of additive manufacturing.

V. CONCLUSION

This paper proposes a novel concept to conceive full-metal
polarizers based on 3D periodic structures. The original unit-
cell is broadband because it exploits the propagation of the
TEM modes, contrary to previous designs based on resonating
elements. The mechanical robustness of the cell is guaranteed
thanks to the inclusion of metallic columns, that have also an
RF functionality, since they are conveniently designed to keep
the broad pass-band of the structure and to force linear-to-
circular polarization conversion. The behavior of the cell and
its design is supported by the use of an equivalent circuit. The
circuital characterization of the cells has reduced considerably
the optimization process. A co-design approach is employed
that considers additive manufacturing through SLM. This
approach has enabled a successful experimental campaign, that
validates the broad-band polarization conversion not only for
normal incidence but also for angles reaching 30°.
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