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Abstract—We present a reflector antenna system using a
circular polarization selective surface (CPSS) to realize a
circular polarization (CP) equivalent to the widely used linear
polarization (LP) gridded or dual-gridded reflector (DGR). The
CPSS is realized by a multilayer stack of non-resonant
anisotropic meander line surfaces, achieving a very wide
bandwidth. The CPSS reflection and transmission dyadics are
computed using full-wave simulations for all angles of incidence
and design frequencies applicable, and the doubly curved
reflector surface shapes are optimized in the TICRA POS
software. The data are input to the TICRA Tools software
framework for antenna-system level radio frequency (RF)
simulations. A planar CPSS sample was first manufactured and
tested to demonstrate the adequacy of the selected multilayer
design. A doubly curved reflector demonstrator based on the
same technology and with a projected aperture of 750 mm was
then designed, manufactured, and tested at Ku-band. While
promising, the experimental results emphasize the difficulty of
producing an electrically large multilayer doubly curved surface
with RF performance equivalent to the original flat design and
recommendations are provided to improve further the
implementation of the proposed design.
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I. INTRODUCTION

ODAY a high number (few hundreds) of Ilarge
communication satellites, mainly located along the
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crowded geostationary (GEO) orbit, provide direct broadcast
services, Internet services and a multitude of other important
fixed and mobile communication services. There is clearly a
need for higher payload integration and multi-mission
spacecrafts where accommodation of multiple large reflector
antennas is often the limiting factor. One option would be to
have a multi-frequency antenna system, such as a shaped
reflector covering multiple bands of interest, e.g. C and Ku-
band. But this leads to mission specific equipment and trade-
offs, whereas the idea pursued in this paper is to simplify the
antenna farm for a given frequency band independently of the
other antenna farms embarked at other frequency bands.

Very efficient GEO satellite antenna systems have been
developed for direct broadcast services (DBS) based upon
gridded or dual-gridded reflector (DGR) antenna
configurations for linear polarization (LP) with a shaped
reflector surface, or shell, illuminated by a high power feed in
the focal plane of the appropriate polarization [1, pp. 282-
285, 488-489, 710], [2, pp. 32-39]. Dual-gridded reflector
antenna configurations combined with small passive arrays
are also reported for satellite communication ranging
typically from C to Ku-band [3]-[8], with a few developments
also reported at Ka-band [9], [10]. Usually, the LP DGR front
shell is gridded to reduce the offset-reflector cross-
polarization while the rear shell is solid to improve the
stiffness. Configurations using gridded sub-reflectors have
also been investigated for multiple contoured beam
applications [10]-[12]. These configurations combine the
functionalities of two reflectors, operating over the same
frequency band, e.g. Ku-band, in the physical aperture of one
and provide high cross-polarization discrimination (XPD) and
both low feed system and spillover losses. There is some
interest in extending this technology to higher frequency
bands, including Direct Broadcast Satellite (DBS) frequencies
in the upper range of the Ku-band, where signals are
predominantly circularly polarized (CP) to avoid polarization
alignment and facilitate terminal installation, thus requiring a
CP equivalent to the LP DGR.

In recent times, dual reflectors of the Gregorian or
Newtonian type have been used more often than DGR's, as
they have reduced complexity, reduced interaction between
the reflectors and improved out-of-coverage performance to
name of a few of their advantages. However, dual reflector
configurations with small sub-reflectors are also known to
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suffer from significant scan aberrations. Current missions
tend to have wide service areas, sometimes even global
coverage. Hence, a CP equivalent to the LP DGR antenna is
of high interest.

A number of CP antenna configurations equivalent to the
LP DGR were investigated by a large pan-European team
[13]. Promising solutions, based on transmission CP
polarizers, were identified and the well-known meander line
polarizer was preferred for its potential for wide or dual-band
operation, low axial ratio (AR), and low insertion loss (IL).
However, no experimental demonstration was implemented
in the frame of that study as no solution proved to be
sufficiently competitive both commercially and with respect
to radio frequency (RF) performance. Circular polarization
selective surface (CPSS) solutions were not addressed in the
frame of the study as those solutions seemed to lack maturity
and had rather limited operating bandwidth resulting from the
use of resonant wire cranks [14]-[16] or coupled resonant
elements [17]-[18], although in principle they could lead to
simpler antenna configurations fully equivalent to the above
mentioned LP DGR.

In recent years, significant advances have been reported in
designing CPSS with wider bandwidth and improved RF
performance at oblique incidence angles compared to
previously reported CPSS designs [19]-[27]. A key
component in this improvement is the fact that anisotropic
sheets have been utilized to construct the CPSS in place of
resonant wire elements. In [19]-[20], a wideband CPSS was
realized by cascading two meander line polarizers, converting
LP to CP and vice versa, with a strip grid layer in between the
polarizers. These structures achieve a relative bandwidth of
about 26% but require seven layers and have a total thickness
of about 1.5A¢, where A is the wavelength in free space. A
similar but improved design was presented in [25]-[26] where
a CPSS is realized by cascading meander line sheets with a
relative rotation of each layer, resulting in a relative
bandwidth of 56% with respect to the same requirements as
was used in [19], [20]. This solution is considered of interest
for space applications as lower insertion losses are anticipated
when compared to the previously studied solutions combining
LP-to-CP polarizers and a strip grid layer. The meander lines
may be DC grounded along the polarizer rim for electrostatic
discharge (ESD) mitigation as in LP DGR’s. Preliminary
analyses have been reported in [22]-[25]. In this paper, a
practical implementation of this multilayer CPSS concept is
proposed for Ku-band using materials that are qualified for
space applications and compatible with manufacturing
processes enabling molded doubly curved surfaces. To the
best of the authors’ knowledge, this is the first time that an
electrically large doubly curved CPSS demonstrator is
manufactured and tested. The paper is organized as follows;
In Section II.LA dual CPSS reflector antenna system is
presented, and a proposed CPSS design is introduced.
Additionally, a suggested application of the system is
described and simulated. In Section III relevant fabrication
methods are discussed and the fabrication and testing of a flat
CPSS demonstrator, as well as a doubly curved CPSS
demonstrator, are presented. Finally, some concluding
remarks are put forward in Section IV.

LH-CPSS RH-CPSS

LH-CPSS

Reflector

Fig. 1. Dual-CPSS geometries equivalent to DGR in CP: in (a) two
reciprocal and symmetric CPSS of orthogonal selectivity are combined and
in (b) the combination of an LH-CPSS and a solid reflector is presented.

II. DUAL REFLECTOR ANTENNA SYSTEM

A. Contoured Beam Mission and Antenna Requirements

The targeted mission scenario consists of a Ku-band fixed-
satellite service (FSS) contoured-beam with Australian
coverage. This specific application is selected to demonstrate
the capability of the proposed CPSS technology to cover a
wide fractional bandwidth. A CP-equivalent of a dual gridded
reflector system is proposed, where two shaped CPSS
reflectors are sharing a single aperture. The front reflector is a
reciprocal symmetric left hand CPSS (LH-CPSS) that reflects
LHCP and transmits RHCP. The back reflector is a reciprocal
symmetric right hand CPSS (RH-CPSS) that reflects RHCP
and transmits LHCP, as is illustrated in Fig. 1 (a). The
polarization state is maintained in both reflection and
transmission from both reflectors since they are reciprocal
symmetric CPSSs.

The rationale behind the use of a CPSS for the rear shell,
rather than a solid reflector as usually done in LP DGR
antenna systems, is to avoid multiple reflections between the
two shells for the polarization reflected by the rear shell, as
can be seen in Fig. 1 (b). In addition, the proposed multilayer
CPSS design has enhanced stiffness when compared to a
gridded reflector.

The dual reflector antenna system operates at the
frequencies 10.70-12.75 GHz in transmit (Tx) and 12.75-
14.50 GHz in receive (Rx), corresponding to a fractional
frequency bandwidth of about 30%. For applications
requiring a wider bandwidth, such as DBS services, a dual-
band CPSS design [27] would be more suitable. However,
this would require more layers in the CPSS stack-up, which
would be a real challenge for antenna designs requiring
doubly curved CPSSs as it will be fully evidenced in this
paper. System analyses for the specific mission were carried
out to derive the antenna requirements to be targeted. It was
concluded that a minimum directivity of 29.0 dB is suitable
from a link budget perspective and the XPD should be larger
than 25 dB. The geometrical parameters of the reflector
system were specified based on these antenna requirements,
and it was proposed to use parabolic reflectors with a circular
rim of 1.0 m diameter. The feed displacement was chosen to
be 0.6 m from the axis of the parabolic antenna. The
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Fig. 2. Concept design of the CPSS. The electric field of an LHCP wave has
been indicated at each sheet to illustrate the operating principle.
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Fig. 3. Definition of the geometrical parameters of a five-layer CPSS.

parabolic surfaces have a focal length of 1.1 m and 1.0 m for
the back and front surface, respectively. Gaussian beams with
a taper of -12 dB at the edge of the reflectors are used to
model the feeds. It was further specified that the CPSS
surfaces should fulfil the unit cell requirements of return loss
(RL) and IL lower than 0.5 dB. The XPD should be better
than 27 dB for small incidence angles, corresponding to AR
lower than 0.78 dB.

B. CPSS Multilayer Design

The CPSS developed in this work utilizes the concept
presented in [25]-[27]. It is based on cascaded non-resonant
anisotropic layers realized as printed circuit boards with
meander line patterns as in Fig. 2. The concept of operation
of the structure is based on rotating the subsequent layers at
the same rate as the wavelength of the incident CP wave, as is
illustrated in Fig. 2, following the principle of screw-
symmetry [28], also referred to as twist-symmetry in optical
systems. The circular polarization that aligns with the layers
will be reflected and the orthogonal polarization is
transmitted. To this end, each consecutive layer is rotated 45°
and the spacing between the sheets is about Ao/8 where Ao is
the free space wavelength at the center frequency of the
operating bandwidth. The period of the structure in each layer
is on the order of Lo/4, which implies desirable stability with
respect to angle of incidence variations. In the final design,
the sheet separation and the meander line parameters are
optimized using full-wave simulations. The geometrical
parameters of the CPSS are defined in Fig. 3.

TABLE 1
MATERIAL PARAMETERS OF THE CPSS

MATERIAL PERMITTIVITY Loss tangent Thickness
Spacers 1.10 0.0020 d; and d,
Substrates 2.62 0.0114 d
Bond films 2.77 0.0050 dy
Metal lines Copper, 6 = 5.6e7 S/m 18 um

TABLE II

GEOMETRICAL PARAMETERS OF THE CPSS

Meander line parameters Multilayer parameters

P 5.28 h; 0.00 d 2.61
Wox 0.51 Wy 0.16 d, 491
Woy 0.58 Wy 0.17 d, 0.10
hy 2.46 h, 243 ds 0.05

Wiy 0.12

All dimensions are in mm.
For the meander line parameters, index 0 refers to the middle layer,
index 1 to the next layers and index 2 to the outmost layers.

The CPSS was designed to fulfil the requirements
introduced in Section II.LA. Those requirements being quite
challenging, it was agreed to provide the best possible
performance in line with the requirements for incidence
angles corresponding to the central part of the reflector,
where most of the RF power is impinging. Slightly degraded
performance was considered acceptable for angles of
incidence corresponding to the outer rim of the reflector
where less RF power will be impinging. It was thus decided
that the CPSS XPD should be at least 20 dB for incidence
angles larger than 25° corresponding to AR < 1.75 dB.

When implementing a CPSS in an offset antenna system,
the structure will operate at oblique angles of incidence. This
implies that the relative orientation of the CPSS with respect
to the feed is of significant importance. In [25], the
performance of a meander line CPSS was evaluated for all
angles of incidence at a few discrete frequencies, and it was
concluded that the optimum performance for such a structure
is achieved in the incidence planes ¢ = (2n-1)x45°, n =
1,2,3,4. Due to the symmetry of the structure, the reflection
and transmission properties of the CPSS are symmetric with
respect to 6 [25]. To this end, the CPSS in this work is
oriented at the azimuth angle ¢ = 45° with respect to the feed
antenna. The relative orientation of the CPSS is given in Fig.
2, and a conventional spherical coordinate system was used to
define the incidence angles 6 and ¢ in relation to the
Cartesian coordinates, see [29] for further details.

The frequency domain solver of Computer System
Technology Microwave Studio (CST-MWS) was used to
optimize the CPSS with the design scheme presented in detail
in [26]. The CPSS was modeled as a periodic structure of
infinite extent in the plane orthogonal to the normal vector of
the panel, and the design parameters wy, &;, dy and P were
used as optimization parameters, where i = 0,1,2, j =X,y and k
= 1,2. The Material characteristics used in the simulation
model are listed in Table I, and the final geometrical
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Fig. 4. Simulated transmission of the multilayer meander line CPSS. The
bold black lines represent the design requirements, and the dashed black lines
are the relaxed design requirements for the AR. The plane of incidence is

¢ =45°.

parameters following the optimization process described in
[25] are reported in Table II. The choice of materials and
associated fabrication processes are further detailed in
Section III.

When a design with desirable performance had been
achieved, the scattering of the optimized design was
simulated using a finer mesh setting to verify convergence.
Numerical results of the optimized CPSS design are reported
in Fig. 4 and Fig. 5 for transmission and reflection,
respectively. Here it can be seen that the requirements of RL
and IL lower than 0.5 dB are fulfilled for the incidence angles
6 =10,30]°, and that the strict requirement of AR <0.78 dB is
fulfilled for 6 = [0,20]°, while the relaxed requirement of AR
< 1.75 dB is fulfilled for 8 =[0,30]°.

C. Antenna System Analyses

The antenna system introduced in Section II.LA was
implemented and simulated in TICRA Tools as a dual-CPSS
reflector, where the front reflector is a reciprocal symmetric
LH-CPSS and the back reflector is a reciprocal symmetric
RH-CPSS [24], as can be seen in Fig. 6. Ideally, the field of
an LHCP feed (the front shell feed) will be reflected by the
front reflector to an LHCP far-field, and the field of an RHCP
feed (the back shell feed) will be transmitted by the front
reflector and will be reflected by the rear reflector to an
RHCP far-field, which again will pass through the front
reflector to the far-field. The reflectors were shaped at 12
GHz, using the TICRA software POS, to an Australian
coverage from a geostationary satellite at 130° East, resulting
in the surfaces in Fig. 6. The design goal in the shaping of the
reflectors was specified such that an XPD of at least 27 dB
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Fig. 5. Simulated reflection of the multilayer meander line CPSS. The bold
black lines represent the design requirements, and the dashed black lines are

the relaxed design requirements for the AR. The plane of incidence is ¢ = 45°.

Fig. 6. Dual-CPSS reflector simulated in TICRA Tools. The rays from the
LHCP feed (pink) are reflected by the front reflector and the rays from the
RHCP feed (green) are reflected by the back reflector.

should be achieved. This requirement is equivalent to the AR
requirement, which was specified for the CPSS unit cell
design.

Two different scenarios were simulated; First the dual
reflector surfaces were represented by ideal CPSSs (with zero
dB IL, RL and AR), and then the reflectors were represented
by the scattering properties of the CPSS design proposed in
Section II.B. In the second case, the CPSSs were simulated in
TICRA Tools using a .tep file as input in which the
transmission and reflection properties of the surface are given
in a rectangular grid of the oblique angle of incidence 6 and
the azimuth angle ¢. These reflection and transmission
coefficients of the unit cell CPSS design were computed
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Fig. 7. LHCP coverage of an ideal CPSS reflector antenna pattern in dBi at
12.625 GHz. The LHCP front shell feed is illuminating the reflector
consisting of an ideal LH-CPSS.

using CST-MWS for both polarizations and all angles of
incidence from both sides of the structure, using a
discretization of 5° in 6 and ¢. The data were then
transformed from .s4p (Touchstone) into the .tep-format used
in TICRA Tools.

The antenna radiation from the whole system was
calculated using physical optics (PO). To account for the
coupling between the front and the back reflector, the PO
solver was used iteratively together with a plane wave
expansion (PWE). This way, the currents induced on the front
reflector by the rear reflector, and vice versa, were
determined up to the second order. The antenna system
results in Section II.C correspond to the total scattered field
from both the front and the rear reflector, in both the co-polar
and cross-polar component. The antenna contour results were
finally exported from TICRA Tools and imported into
SATSOFT for its enhanced visualization functionalities.

For the reflector system with ideal CPSSs, the minimum
co-polar gain within the coverage region is 29.4 dBi for the
RHCP beam and 29.3 dBi for the LHCP beam, at the center
frequency 12.625 GHz. The LHCP antenna system coverage
from the LHCP feed illumination is presented in Fig. 7, where
contour levels are marked in black and the values are in dB.
A map over the Australian region can be seen and the
coverage within which the field was evaluated is marked in
red. Since ideal CPSSs were used in this simulation the cross-
polar fields are negligible (XPD > 60 dB) and are thus not
presented. It was observed that the co-polar gain was reduced
at the outer frequencies of the band of operation. At the
lowest frequency, the gain was reduced by 0.8 dB for both
beams, and at the highest frequency the gain was reduced by
2.3 dB for both beams.

The second simulation case with the shaped, realistic
CPSSs, was investigated in multiple iterations. Here the unit
cell scattering parameters of the CPSS design in Section 11.B
were imported using different orientations of the azimuth
angle of the CPSS in the global antenna coordinate system.
The x-, y- and z-axis of the global coordinate system is given
by red, green and blue arrows, in Fig. 6 and the antenna
system is offset in the x-direction. It was concluded that
orienting the CPSSs at an azimuthal angle of ¢ = 45° resulted

-0.05}

-0.05¢

0.05

0.00

Fig. 8. Co-polar LHCP coverage (top) and cross-polar RHCP coverage
(bottom) of a realistic LH-CPSS reflector antenna system at 12.625 GHz.
The reflector is illuminated by an LHCP feed.

in the best cross-polar performance of the antenna system,
which is equivalent to minimizing the coupling between the
two surfaces. This conclusion is in line with the oblique
incidence scattering results of a similar CPSS presented in
[25]. The co-polar and cross-polar patterns for LHCP (front
shell feed) illumination at 12.625 GHz are presented in Fig. 8
for the described CPSS orientation. The cross-polar levels of
the antenna pattern are ranging between -3.81 dBi and 2.96
dBi, within the coverage region, and the co-polar coverage
pattern is between 29.19 dBi and 31.29 dBi. These results
correspond to a worst-case XPD of 26.44 dB within the
coverage region. At the outer frequencies of 10.75 GHz and
14.5 GHz, the co-polar gain is reduced by about 0.8 dB in
relation to the peak gain at the center frequency, and the XPD
at the outer frequencies are 25.5 dB and 30.0 dB,
respectively.

For RHCP (back shell feed) illumination, the cross-polar
levels of the antenna pattern are between -3.95 dBi and 2.61
dBi, and the co-polar pattern is between 28.71 dBi and 30.78
dBi, at the center frequency. This corresponds to a minimum
XPD of 26.1 dB in the full coverage region. At both the
highest and lowest frequency the coverage gain is reduced by
2.7 dB in relation to the center frequency, and the
corresponding XPDs are 28.6 dB and 29.0 dB, respectively.
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When comparing the results of the LHCP (front shell
feed) and the RHCP (back shell feed) illumination it is noted
that the co-polar performance of the two coverage beams is
comparable. The difference in co-polar gain between the ideal
CPSS reflector system and the realistic system is 0.2 dB for
LHCP illumination and 1.1 dB for RHCP illumination. The
RHCP co-polar coverage suffers from larger gain loss at the
outer frequencies, but in return provides higher XPD than the
LHCP beam. The XPD of the antenna system is better than
25.5 dB over the full coverage region for the specified
frequency range, and the co-polar gain inside the coverage
region is better than 28.4 dBi for LHCP illumination and 26.0
dBi for RHCP illumination.

In order to investigate the magnitude of the coupling
between the two surfaces, the scattered field was extracted for
the LHCP beam and the RHCP beam with and without the
CPSS reflector of orthogonal handedness present. It was
found that for RHCP illumination the co-polar coverage is
reduced by 0.5 dB, and the corresponding XPD is reduced by
1.5 dB, due to the introduction of the LH-CPSS reflector in
front of the RH-CPSS reflector. In the case of LHCP
illumination, both the co-polar coverage and the XPD are
basically unaffected by the introduction of the RH-CPSS
reflector behind the LH-CPSS reflector. Furthermore, in Fig.
8 the peak of the cross-polar pattern occurs inside the targeted
co-polar region. This is caused by cross-polar reflection from
the LH-CPSS and can thus not be compensated for by
shaping the surface or re-orienting the feeds.

III. HARDWARE MANUFACTURING AND TESTING

A. Planar CPSS Sample

To secure the manufacturing of the doubly curved CPSS
demonstrator, a planar CPSS sample was first manufactured
and tested to validate the choice of materials. The materials
and manufacturing process were discussed in parallel of the
detailed design of the CPSS, reported in Section ILB,
enabling to take into account early in the design phase
constraints coming from available materials. The trade-off on
materials was mainly driven by manufacturability, stiffness,
and weight considerations compatible with the mission
scenario described in Section II.A.

Based on the heritage from previous studies [13], a
combination of space qualified materials with the required
properties have been identified, which consists of:

1) Layers of Kapton foils as support for a copper clad,
which can be etched (e.g. laser or photo etching) to get
the required meander lines with the required line width
and geometry.

2) Local stiffeners providing the required stiffness for each
electrical layer, consisting of Kevlar/Cyanate Ester
composite. This composite has good thermal properties.
Having a negative fiber Coefficient of Thermal
Expansion (CTE), one can achieve a near zero CTE
composite and the total electrical layer CTE can be kept
low as well. For Kevlar fibers, high moisture uptake must
be taken into account. RF properties are still acceptable
for this composite.

Fig. 9. Flat CPSS panel demonstrator mounted in its support frame for
testing purposes. Bottom right inset: image of a disassembled cut-out of the
demonstrator panel.

3) Spacers, which may be one of the following three
materials: aramid honeycomb core (e.g. Nomex, Kevlar),
Rohacell foam core or Quartz honeycomb core. These
three materials are all good dielectrics. Quartz
honeycomb and Rohacell have the least loss factors.
Honeycombs are orthotropic both mechanically and RF-
wise, while Rohacell can be considered isotropic. Nomex
honeycomb was finally chosen for the demonstrator.

A picture of the flat sample demonstrator, mounted on its
supporting frame for testing purposes, is provided in Fig. 9,
including a detailed view of a multilayer cut-out which was
disassembled for inspection purposes. The planar CPSS
sample, with dimensions 300 mm x 300 mm, was tested using
the Material RF Characterization Free-Space Test Facility
available at the European Space Research and Technology
Centre (ESTEC) of the European Space Agency, The
Netherlands. Two test configurations are visible in Fig. 10 (a)
and 10 (b), corresponding to a test in transmission and a test
in reflection, respectively. This free-space quasi-optical
system, operating from 8 GHz up to 110 GHz, enables high-
purity LP operation (with an XPD better than 50 dB) thanks
to the use of wire-grid polarizers in front of the two feed
blocks, each of them being composed of a corrugated horn
and an offset parabolic reflector antenna.

The feed blocks, operating in transmit and/or receive
depending on whether the sample under test is characterized
in transmission or reflection, produce a plane wave with a
beam-waist diameter of about 5 wavelengths at the lowest
frequency of operation of the measurement system, thus
minimizing the interference with the sample holder and
surrounding items. The use of a wire-grid prevents the
measurement of the coupling between E and H modes in
reflection. Thus, performance in reflection at normal
incidence cannot be measured. The minimum angle of
incidence measured in reflection is 20°, due to the large
dimensions of the feed blocks, as visible in Fig. 10 (b).
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(b)

Fig. 10. Flat CPSS panel demonstrator in two different experimental
configurations for (a) transmission scattering measurements and (b)
reflection scattering measurements.

As the feed blocks operate in linear polarization, post-
processing is applied to convert LP into CP field components.
The transmitting and receiving feed blocks were arranged in
horizontal (H) or vertical (V) orientation and all four
combinations HH,VV,HV,VH were evaluated. This process
was carried out first for the device under test (DUT) and later
for a reference case used for normalization. In the
transmission case, reference measurements were carried out
with the DUT removed, and in the reflection case the DUT
was replaced by an aluminium panel.

Experimental results of the planar CPSS demonstrator are
presented in Figs. 11-12, where the transmission and
reflection properties of the DUT are presented for different
oblique angles of incidence . The performance of the CPSS
was evaluated in different incidence planes given by ¢, = (n-
1)x45° where n = 1,2,3,4. The incidence plane ¢; = 0°
corresponds to illuminating the CPSS at angles parallel to the
outer meander lines of the cascade, and the incidence plane ¢
= 45° corresponds to an azimuthal rotation with respect to the
outer meander line layers.

Good agreement is achieved between simulations and
experimental results, both in transmission and reflection, for
the different combinations of the incidence angles 6, ¢. The
IL in Fig. 11 fulfills the specified requirement at normal

Insertion loss (dB)
o w o w

o
3]

8 9 10 11 12 13 14 15 16 17

e 0=10°
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Fig. 11. Transmission results of a fabricated planar CPSS demonstrator,
where experimental results are given by solid curves and simulations are
given by dashed curves. The measurements were carried out at the
incidence angles 6 = 0,10,20,30° in the incidence plane ¢ = 45°.

incidence and at larger oblique angles of incidence the
experimental results are slightly higher than the
corresponding simulations. The RL in Fig. 12 just about
fulfills the specified requirements. It can be seen that the RL
curves are below 0 dB for some frequencies. This result is
unphysical and is likely caused by small misalignments, or
differences in curvature, between the DUT and the reference
panel in the subsequent reflection measurements. An
experimental method was recently presented in [26] where
this problem is avoided by using a thin aluminum film rather
than a separate panel for reference measurements in
reflection. This alternative method could be of interest for
future investigations.

The deviation between simulations and experimental
results are slightly larger in AR than in IL and RL, which is
in-line with what has previously been presented in [25]-[27].
This is likely due to small variations in the measurement
setup between subsequent measurements, small antenna/test
panel misalignments, or small imperfections in the fabricated
demonstrator, which can result in noticeable variations in the
polarization purity of waves scattered by the CPSS. However,
the measured AR curves in Figs. 11-12 are at desirable levels
and only significantly passes above the requirement levels at
larger oblique angles of incidence in reflection.

When comparing the results in Figs. 11-12 versus the
results achieved for the other incidence planes that were
considered, it was noted that the CPSS performs best in the
incidence planes ¢ = 45° and ¢ = 135°. This effect was
previously anticipated through simulations of a similar CPSS
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Fig. 12. Reflection results of a fabricated planar CPSS demonstrator, where
experimental results are given by the solid curves and simulations are given
by dashed curves. The measurements were carried out at the incidence
angles 0 = 20,30° in the incidence plane ¢ = 45°.

in [25], but the results in Figs. 11-12 provide the first
experimental verification of the fact that such a CPSS has
preferred incidence planes of operation.

B. Doubly Curved CPSS

For the purpose of demonstration, a doubly curved
(centered paraboloid) CPSS reflector with a projected
diameter D = 75 cm and a focal length f= 75 cm (/D = 1)
was selected to be representative of the expected surface
curvature in a typical mission like the one described in
Section II.A. From a manufacturing point of view, two main
challenges are faced. First, the deposition of metallic patterns
on multilayer and doubly curved surfaces. Second, the
necessity to handle a relatively large curved structure.
Unfortunately, at the time of the project execution (but the
following statement is still essentially valid today), there were
no easily available/standard manufacturing technologies for
the production of large doubly curved multilayer metal-
dielectric structures. In the framework of the project, a proper
assessment study of  different  non-conventional
manufacturing technologies was performed, in order to
identify the best approach for the realization of a
representative demonstrator. The trade-off to select the
required manufacturing approach was driven by the following
main criteria:

* maturity of the technology;

* costs;

* capability to handle large surfaces;

 capability to work with space qualified materials.

Two main techniques were envisaged and are further
detailed in the following two sections.

1) Deposition of Metallic Traces Directly on Doubly Curved
Supports

This approach relies on metal deposition techniques such
as Laser Direct Structuring (LDS) or active ink-jet printing.
The main issues, in this case, are the maximum size of the
area to be treated and the availability of manufacturing
instrumentation capable to work with non-planar surfaces
with the desired dimensions. Active ink-jet printing did not
represent a viable solution based on those issues.

With LDS, the metallic patterns can be directly translated
from CAD drawings to the surface. The process consists of
three steps: 1) First molding a component from thermoplastic
resin doped with an organometallic material; 2) Circuit
layouts are patterned on the molded component using a laser
beam to create the desired circuit paths; 3) The laser defined
pattern is then plated with electroless copper. LDS can be
used directly on curved surfaces, but the existing tools allow
handling only objects of maximum size 35-40 cm. This would
have required to decompose the structure in several small
parts to be properly reassembled. For this reason, this
approach has not been considered as the preferred option.

2) Conventional Etching on Flat Thin Films

This approach poses no challenges for the etching process,
which can be performed resorting to conventional
technologies applied to thin dielectric films. The main
challenges are in the application of these thin films, with the
metallic traces, on doubly curved dielectric supports. This is a
particularly delicate phase which can hamper the quality of
the whole demonstrator. It is clear in fact, from geometrical
considerations, that during the process there will be a
creeping of the flat surface which needs to be controlled by
using the elasticity of the film. It is also clear that this will
produce some deformation of the original meander line
geometry, which is difficult to anticipate by design.

The overall process consists of the following six steps:

1) Build mold tool;

2) Produce photo-tools;

3) Print and etch flexible tracking layers;
4) Tool tracking layers;

5) Build CPSS layer stack and bond;

6) Final machining and inspection.

In this process, the Kevlar honeycomb layers will act as
spacers and stiffeners of the structure. The honeycomb and
the resin impregnated Kevlar are extremely pliable until
bonded and cured, and each layer must be placed into the
right doubly curved shape thanks to the use of a mold
structure.

3) Demonstrator Manufacturing

Based on the trade-off criteria listed in Section III.B, it was
decided to adopt the approach based on conventional etching
techniques on thin dielectric films. In particular, for the
manufacturing of the final demonstrator, the following two
approaches were considered. With the first approach, the
patterned film layers are manufactured in several small parts
assembled on the Nomex honeycomb layers. The latter are
built out of different separate parts. With the second
considered approach, the patterned film layers are
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Fig. 13. Subdivision of the demonstrator in different parts to be
manufactured separately and assembled in a second phase.

manufactured in two parts to be assembled on corresponding
Nomex honeycomb layers, built out of maximum two
separate parts.

The first option alleviates the problem of the creasing
(smaller areas of films have to be applied onto the doubly
curved substrate), but, at the same time, it introduces issues of
alignment and possible gaps between the different parts. The
best option, from this point of view is to manufacture the hard
substrates in two pieces, taking into account the maximum
workable sizes, and subdivide the patterned films in smaller
parts, finding the best compromise in terms of minimum sizes
and alignment/assembling issues. On one side, the smaller the
parts are, the less critical the creasing problem is; on the other
side, the less parts have to be assembled the less problematic
the alignment is and the less is also the impact of gaps in the
meander lines. The structure that was considered to offer the
best compromise in this respect is the one shown in Fig. 13.
The hard substrates are divided into two parts, one consisting
of 1*t and 2" quadrant plus the center together and a second
one consisting of the 3™ and 4" quadrants together. The
patterned films instead are divided in the five parts shown in
Fig. 13. The central part has been kept as large as possible to
avoid the presence of gaps in the part of the CPSS where the
EM fields are more intense.

In the second option, the hard substrates consist of one
unique piece, while the patterned films are built in two
pieces: one consisting of 1% and 2™ quadrant plus the centre
together and a second one consisting of the 3™ and 4
quadrants together. These two halves are joint together during
the bonding stage of the complete structure. This approach
makes the overall manufacturing process less complicated,
reduces the problem of gaps and ensures the best alignment
between different parts. At the same time, the problem of
creasing is expected to be more severe since larger areas of
film are applied to the doubly curved substrate.

Some experiments brought to the conclusion that the
second option resulted in less manufacturing complexity
considering that enough confidence was achieved on the
capability of controlling the creasing problem. The fabricated
doubly curved CPSS reflector is shown in Fig. 14, where the
segmentation contour can be seen in the hardware.

Fig. 14. Doubly curved CPSS demonstrator (diameter D = 75 cm).

4) Demonstrator Testing Results

The fabricated LH-CPSS demonstrator was characterized
experimentally at the near-field range of the Dutch
organization for applied scientific research (TNO). The
antenna range is suitable for antenna characterization at 0.5-
75 GHz, and for the specific measurement campaign an
Agilent N5242A PNA-X network analyzer was used. The
demonstrator was illuminated by a linearly polarized Narda
standard gain horn, which was located with its phase center at
the focal point of the demonstrator in a center fed
configuration, providing an illumination taper of -10 dB at the
edges of the reflector. The feed antenna was simulated in
TICRA Tools and the results showed good agreement with
experimental results in both co- and cross-polar patterns. The
ratio of the co-polarized and the cross-polarized scattering
components was higher than 30 dB over the beam area that
illuminates the reflectors.

The reflection and transmission properties of the
demonstrator were evaluated through a planar scan using an
open-ended waveguide antenna. In the transmission case the
scanning plane was located at the backside of the DUT, and
in the reflection case the scanning plane was located at the
same side of the DUT as the feed antenna. The experimental
setup used in the reflection and transmission measurements
are presented in Fig. 15. The acquired field data is expressed
in 6, ¢ coordinates in the angular range 6 = [-5,5]° and ¢ = [-
90,90]°, with 125 measurement points in 6 and ¢,
respectively. Measurements were taken at 16 frequency
points in the range [10.75,14.5] GHz with the increment 0.25
GHz between each point.

In the same manner as in the characterization of the planar
demonstrator in Section III.A, the scattering in CP of the
doubly curved demonstrator was evaluated by measuring the
orientation combinations HH,VV,VH HV between the feed
antenna and the scanning antenna. The two antennas had to
be manually rotated in between each subsequent
measurement. Similar reference measurement cases were
used for the doubly curved demonstrator as those introduced
in Section IIILA, ie empty setup measurements in
transmission, and in reflection a metal reflector of the same
size as the LH-CPSS was measured. Simulated and measured
patterns of the reference metallic reflector were compared to
validate the measurement setup. Good agreement was
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(b)

Fig. 15. LH-CPSS reflector in transmission setup (a) and reflection setup
(b).

Fig. 16. Simulation model of center fed LH-CPSS reflector with / = 75 cm
(f/D = 1) to be compared with the fabricated demonstrator.

observed both for co- and cross-polar lobes, thus indicating a
desirable accuracy of the experimental setup.

To evaluate the performance of the LH-CPSS
demonstrator, a simulation model of the feed horn, supporting
struts and the LH-CPSS demonstrator was implemented in
TICRA Tools as in Fig. 16. The LH-CPSS was simulated by
importing the scattering properties of the planar CPSS design

f=13.5 GHz

= =Erucp, ¢ =0
— Ernce, ¢ =0
-0~ Erncp, ¢ = 45°
-0~ Erncp, ¢ = 45
0= Egpcp, ¢ = 90°
-8 Eryce, ¢ = 90

-10

(dB)

3

4 5

Fig. 17. Simulation results of the CPSS reflector in Fig. 16 at 13.5 GHz.
The reflector is illuminated in LHCP at 13.5 GHz and the reflected pattern
is determined in LHCP and RHCP, respectively.

in Section II.A as a .tep file, in the same manner as in Section
IL.B. First, the feed pattern was analyzed using a CAD model
of the horn which was simulated using the TICRA ESTEAM
method of moments (MoM) solver, then the scattering from
the LH-CPSS, illuminated by the feed horn, was simulated
using the PO solver in GRASP. Finally, the blockage of the
struts and the feed horn was calculated using MoM, and the
total scattering of the structure was calculated as the sum of
all the mentioned scattering components.

The reflected patterns of the simulated LH-CPSS were
evaluated in CP for RHCP and LHCP illumination. The
simulated CP illumination cases were achieved by
illuminating the LH-CPSS with the feed horn in horizontal
and vertical orientation and adding the scattering components
in phase quadrature. Simulation results at 13.5 GHz are
presented in Fig. 17 for LHCP illumination. Here it can be
seen that some cross-polar scattering is present, although at a
relatively low level of about 31 dB below the co-polar peak
value. In the case of RHCP illumination, the RHCP reflection
was 20 dB below the co-polar peak value for LHCP
illumination, and the corresponding cross-polar LHCP
reflection was about 31 dB below the LHCP co-polar peak. A
similar performance was observed of the simulated LH-CPSS
at other discrete frequencies throughout the range 10.75-
14.50 GHz. Furthermore, the corresponding simulation case
of the setup in Fig. 16, but with the realistic CPSS model
replaced with an ideal LH-CPSS, resulted in an on-axis XPD
of about 45 dB for LHCP illumination. The corresponding
value for RHCP illumination was higher than 45 dB.

We now turn to the measured patterns for the CPSS
reflector. The measured radiation patterns in CP at 13.5 GHz
are shown in Fig. 18, where the top plot shows the reflected
pattern in CP for horizontal LP illumination, and in the
bottom plot the pattern in CP for vertical LP illumination is
presented. It is seen that the measured cross-polarization in
Fig. 18 for LP illumination is higher than predicted for CP
illumination in the simulation in Fig. 17. It is also noted that
the cross-polarization levels are slightly higher for the vertical
illumination than for the horizontal illumination. The LH-
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Fig. 18. Experimental results of the fabricated CPSS reflector. The reflector
is illuminated at 13.5 GHz with horizontal LP (top) and with vertical LP
(bottom) and the reflected pattern is determined in LHCP and RHCP,
respectively.

CPSS has a wider co-polar pattern shape, with increased
sidelobe levels compared to the simulated results in Fig. 17.

The results in Fig. 18 for horizontal and vertical
polarization illumination of the doubly curved demonstrator
were added in phase quadrature in post-processing to form
the CP reflection antenna patterns for RHCP and LHCP
illumination. In this step, it was found that a phase drift was
present in the reference scattering data when the Tx antenna
was placed in vertical orientation in relation to the horizontal
orientation case. This effect was numerically compensated for
in order to extract the normalized scattering data for LHCP
and RHCP illumination of the demonstrator. In Fig. 19 the
antenna patterns in CP for LHCP illumination of the
demonstrator are presented.

The XPD of the measured results is in acceptable
agreement with the simulated results in Fig. 17, where the
measured on-axis XPD is about 3 dB higher than in the
simulations. The biggest difference is noted in terms of the
high sidelobes in the demonstrator results. In the case of
RHCP illumination, the experimental results were in the same
order of magnitude as in the simulations, with reflection
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Fig. 19. Experimental results of the fabricated CPSS reflector. The reflector
is illuminated in LHCP at 13.5 GHz and the reflected pattern is determined in
LHCP and RHCP, respectively.
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Fig. 20. Experimental results of the fabricated LH-CPSS reflector. The
normalized far-field scattering parameters in reflection are presented at the
top and the AR of the reflected signals are presented at the bottom for
incident LHCP.

levels at about 20 dB below the co-polarized peak value for
LHCEP illumination. The co-polarized LHCP scattering of the
fabricated LH-CPSS was compared to that of the metallic
reference reflector to evaluate the reflection loss of the
demonstrator. The relative reflection loss of the demonstrator
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was found to be 0.7 dB at 10.75 GHz, 0.9 dB at 13.5 GHz,
and 0.7 dB at 14.5 GHz.

The far-field scattering parameters and the AR of waves
reflected by the doubly curved LH-CPSS were measured as a
function of frequency in the on-axis direction. The scattering
parameters were evaluated using the above-mentioned
normalization with the solid reference reflector. The results
are presented in Fig. 20 as markers at 16 frequency points in
the range [10.75,14.50] GHz, and the curves correspond to a
cubic interpolation of the experimental data. The results
indicate that the co-polar reflection of LHCP waves is high,
and the co-polar reflection of RHCP waves is low, which is a
desirable behavior. The on-axis co-polarized LHCP reflection
coefficient of the doubly curved LH-CPSS demonstrator is in
the order of 0.5-1.5. dB over the frequency band 10.75-14.5
GHz. This result can be compared with the fabricated planar
CPSS demonstrator results in Fig. 12 where a reflection loss
of less than 0.5 dB over the same frequency band is observed.
The LHCP AR bandwidth in Fig. 20 is significantly less than
that of the planar CPSS design in Section III.A. This indicates
that the CP selectivity of the doubly curved CPSS is not as
pure as for the planar demonstrator in Section IIL.A.
However, it can also be seen that acceptable LHCP AR levels
are achieved in the frequency range of about 12.7-13.9 GHz
in relation to the relaxed AR requirement put forward in
Section II.B. It is noted that the two cross-polarization
scattering components in Fig. 20 are not equal, which is
caused by the losses in the structure as well as the fact that it
is the far-field scattering parameters of the antenna system
that are evaluated. When the CPSS demonstrator is
illuminated with an RHCP wave, the main reflection
contribution is in LHCP, which is seen in Fig. 20.

In order to identify potential fabrication errors, the
demonstrator was inspected visually, and the thicknesses of
the reflector layers were measured. Excess portions of the
doubly curved demonstrator that were made available after
the reflector was trimmed to size were inspected. It was found
that the thicknesses of the inner and outer honeycomb spacers
were 2.9 mm and 5.0 mm. These values should be
respectively 2.6 mm and 4.9 mm as can be seen in Table II.
This deviation is acceptable and should not result in the
degradation in bandwidth that can be seen in Fig. 20. The
overall thickness of the CPSS reflector was measured at 6
different points across the surface and it was shown to be in
the range of 16.6-17.0 mm, to be compared to the expected
thickness of 16.0 mm.

Effects of delamination were not detected in the inspection.
It was observed that considerable wrinkling occurred in the
printed layers, mostly in the outer regions of the reflector.
The inner circle, which is the portion of the reflector that will
receive most of the feed power, was relatively less affected
by the wrinkling. It is safe to mention that with the current
manufacturing process wrinkling is an inevitable side effect,
that might potentially have a significant impact on the
scattering properties of the demonstrator. The magnitude of
the effect of wrinkling on the scattering properties of the
reflector is difficult to evaluate through simulations.
However, a sensitivity analysis was carried out of the CPSS
on unit cell level where translations and rotations of each
printed layer were introduced. The results indicated that

misalignments due to relative pattern translations have a very
minor effect on the performance of the structure, but
misalignment due to unwanted rotations of the subsequent
layers has a more significant effect on the performance. It is
anticipated that the curvature of the structure will imply
mainly translational misalignments of the cascaded layers.

It should also be stated that it was not possible to
completely assess whether wrinkling and delamination had
occurred at the center of the different regions of the reflector
without a destructive inspection approach. Another aspect
that might affect the scattering properties of the demonstrator
is the joint between the two parts of the reflector. This joint
will impact the electrical properties of the printed layers since
the copper patterns consist of continuous meander line strips.
Furthermore, if some of the printed layers were not aligned
with respect to the other layers of the same panel, or if the
printed layers of the separate panels were not aligned with
respect to one another, this would potentially have resulted in
significant performance degradation of the demonstrator.

The fact that the feed horn and the receiving antenna had to
be manually rotated may introduce phase variations in the
subsequent measurements used to compute the scattering
response in CP. Phase errors caused by manual antenna
rotations were assessed and were shown to only lead to
marginal errors. In conclusion, it was not possible to fully
judge whether the differences between the experimental
results and simulations are due to fabrication errors in the
demonstrator or to errors associated with the experimental
setup that was used. From the discussions above, it is
reasonable to assume that the bandwidth degradation of the
CPSS demonstrator was mainly due to inaccuracies and
limitations associated with the fabrication process of the
doubly curved multilayered structure.

These results indicate that with the current state of
manufacturing processes for large structures, the considered
stack-up of multiple printed layers is still a challenge to
implement in a doubly curved configuration. The antenna
configuration described in [30] with the CPSS as sub-
reflector is currently a preferred geometry. However, this
would require more complex feed systems for the shaped
contoured beams investigated in this paper, similar to the
ones reported in [11], [12] in the case of an LP antenna
system.

IV. CONCLUSION

A reflector antenna system in Ku-band has been presented
corresponding to a circular polarization equivalent of the
linear polarization dual-gridded reflector. The system is based
on a wideband, non-resonant circular polarization selective
surface (CPSS) consisting of multiple layers of printed
meander lines. The CPSS was initially designed as a planar
surface and later implemented as a doubly curved reflector.
This concept was simulated as a contoured-beam reflector
satellite antenna system, consisting of two shaped doubly
curved CPSS reflectors.

A planar CPSS demonstrator was fabricated and tested
experimentally, and good agreement with simulations was
observed. Different fabrication methods were evaluated for
manufacturing a doubly curved CPSS demonstrator, and the
most mature concept was implemented. The doubly curved
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demonstrator did not provide as good performance as in
corresponding  simulations in terms of bandwidth.
Unfortunately, the costs associated with the fabrication and
testing of a new hardware prototype made it difficult to move
ahead with a new prototype. However, the demonstrator
shows performances that, although not compliant with the
requirements, are acceptable given the degrees of difficulty
for this first time doubly curved multilayer demonstrator.

It is concluded that the manufacturing approach adopted is
not ideal for a multilayer doubly curved structure. It would be
preferable to adopt techniques that allow depositing the
metallic patterns directly on top of a curved surface. Further
investigations of this type of techniques can potentially result
in significant improvements with respect to reduced
fabrication complexity and improved fabrication accuracy.
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