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Abstract

We present a non-resonant circular polarization selective structure based
on multiple layers of stacked meander line sheets arranged closely after each
other. The structure has a total thickness of 13.5mm (0.68 wavelengths at
center frequency 15 GHz) and is realized by cascading printed circuit boards
interspaced with a low permittivity foam material, and the different layers
are bonded together with thin layers of adhesive spray. A design procedure
is presented that can be used to optimize the proposed structure based on
its target band of operation. Based on this method, an optimized design has
been simulated and the structure shows a return loss and insertion loss better
than 0.5 dB, and axial ratio in transmission and reflection better than 0.78 dB,
over a fractional bandwidth of 45.8 % at normal incidence, fully covering the
Ky-band 12-18 GHz. The functionality of the structure has been verified expe-
rimentally through measurements, both in reflection and transmission, with a
total bandwidth of 42.0 %, covering 86.7 % of the K,-band. The simulated per-
formance at oblique angles of incidence shows significant improvements when
compared to classical resonant circular polarization selective structures.

1 Introduction

The constant demand for increased data rates in satellite communication systems
is a strong driving force in the development of new technology [16, 25]. Meanwhile,
the physical aperture of a satellite available for the communication payload, such as
communication antennas, receivers and transmitters, is very limited. This implies
that a crucial task to achieve maximum performance of a communication satellite is
to optimize the use of the available aperture. In recent years, different schemes have
been identified to increase the data throughput of a satellite communication system,
and it has been shown that the total throughput can be significantly improved by
utilizing polarization- and frequency reuse schemes |4, 5, 16, 25, 28|.

Polarization reuse can be achieved in linear polarization simply by separating
signals using a strip grid of conducting wires, where signals polarized parallel to
the wires are reflected and signals polarized perpendicular to the wires are trans-
mitted [5]. In satellite communication systems, it is preferable to utilize circularly
polarized signals, which eliminates the problem of aligning receiving antennas with
the polarization of the incident signals. This implies that it is crucial to be able
to filter signals of different circular polarization (CP). Unfortunately, this is not as
easy as filtering signals of linear polarization. It was proven in [27| that in order
for a structure to possess circular polarization selectivity, it has to have an extent
in the direction of propagation of the incident signal. In this paper, the focus is set
on structures that possess circular polarization selectivity both in transmission and
reflection.

Many circular polarization selective structures (CPSS) have been presented over
the last 50 years. The first design was presented by Pierrot in 1966, and is based
on a periodic array of one wavelength long resonant wires bent in the shape of a



crank, and it has a bandwidth of about 10% at normal incidence [24]. This type
of structure has been realized in different shapes, using innovative manufacturing
techniques, and measured in transmission in [12, 20, 21| and both in transmission
and reflection in [28]. Recently, a similar structure was presented in [26], where the
concept behind the Pierrot element is utilized to create a reciprocal CPSS molecule.
In 1991, Tilston presented a resonant structure based on two one half wavelength
long wires connected with a transmission line with physical length of a quarter
wavelength and electrical length of half a wavelength [35]. The bandwidth of this
structure is comparable to the Pierrot design, but it shows a slightly improved
stability with respect to variations in the angle of incidence. Another resonant
design, based on continuous wires bent in the shape of helices, was presented by
Morin in 1996 [23].

A common remark on these structures, which we refer to as classical resonant
CPSS designs, is that they all have a relatively narrow bandwidth and their per-
formance deteriorate at oblique angles of incidence. In [27], these designs were
evaluated and it was concluded that structures that possess a two-fold rotational
symmetry possess an improved stability with respect to the angle of incidence. This
idea was utilized in [10], where a modified version of the Morin CPSS in [23] con-
sisting of closely spaced helices was presented. The bandwidth of this design is
comparable to previous resonant CPSS, about 10%, but a significant improvement
in angular stability is achieved.

As opposed to the classical resonant designs, a non-resonant CPSS concept re-
alized by cascading two polarizers and one linear polarization diplexer is presented
by Joyal and Laurin in [17, 18, 19]. Each polarizer consists of three layers of printed
meander lines, leading to a total of seven layers including the wire grid diplexer. The
improvement in bandwidth of this structure is significant compared to the classical
designs. The total thickness of this structure is 24 mm, which corresponds to 1.5
wavelengths (1.5)\g) at the center frequency of 19 GHz, and it shows a 3dB axial
ratio fractional bandwidth of 26%. However, for every layer that is introduced the
insertion loss of the CPSS increases, and the fact that the structure is relatively
thick with respect to the wavelength of the incident signal is undesirable. An al-
ternative design utilizing the same concept (polarizer, grid diplexer, polarizer) was
recently presented in [2, 3|, where a wider bandwidth and an improved angle of
incidence stability are achieved compared to [17, 18, 19]. However, this requires
a more complex structure composed of ten substrates and fourteen printed layers,
which negatively affects the overall insertion loss. Also, the axial ratio of this design
is on the order of 4-5dB, which does not meet the strict requirements of satellite
communication systems.

In the last ten years, novel resonant CPSS designs without conducting vias have
been presented. In |34] a three layer CPSS utilizing coupling through L-shaped traces
is demonstrated, and in [33] a structure consisting of two closely spaced layers of
split ring resonators is introduced. Recently, a multilayer CPSS consisting of tensor
impedance surfaces was presented in [30]. All these designs provide a very narrow
bandwidth, but the structures can be made very thin with respect to the center
wavelength of operation.



Structures possessing circular polarization selectivity have also been developed
for optical frequencies. A design for visible light based on rotating dipoles is pre-
sented in [37], where it is shown that the performance of the structure improves
with the number of layers, but only transmission results are given. In [13], another
design for optical frequencies is presented, consisting of metal helices attached to a
substrate. This structure has a wide bandwidth but the helices become very large
when scaled to microwave frequencies, where each spiral has an electrical length
corresponding to multiple wavelengths of the incident signal. Also, the performance
of this structure was only investigated in transmission.

It can be concluded that all the circular polarization selective designs satisfying
strict demands presented up to date have a relatively narrow frequency band of
operation, and are sensitive to variations in the angle of incidence, especially the
resonant structures based on bent wire cranks [27]. In [9], it was shown that, at
oblique angles of incidence, the performance of a CPSS is also strongly dependent
on what incidence plane is considered, and that the classical designs like those by
Pierrot, Tilston, and Morin all have a preferred incidence plane of operation. This
implies that to meet the high requirements for satellite communication applications,
a novel CPSS should have a wide bandwidth and show significant stability with
respect to variations in the angle of incidence. Also, a CPSS with multiple incidence
planes of operation would improve the design freedom of the feed placement when
implementing the structure in a satellite communication system.

In this paper, we present a thorough analysis of a novel non-resonant CPSS that
was first presented in [32]. This design possesses a significantly improved bandwidth
compared to previous designs and it shows promising stability with respect to varia-
tions in the angle of incidence. Simulation data indicate that, due to the high degree
of symmetry of the structure, the design has multiple incidence planes of operation.
This is a useful feature when implementing a CPSS in a satellite communication
system. Our novel design is based on a material concept first presented in [36] for a
polarization rotator, and is similar to the structure in [17, 18, 19|, with an electrical
design based on rotating meander lines enabling the use of fewer layers, resulting in
a thinner multilayer structure than [18]. The bandwidth of our design is presented
in Table 1, where a performance comparison to some of the CPSS presented up to
date is presented, based on the design requirements from [4, 29]. Since not all de-
signs were made with these strict requirements in mind, we also present results for
relaxed requirements to give a fair comparison. The bandwidth of most competing
designs is mainly limited by high insertion loss, especially with respect to the strict
design requirements in Table 1.

The paper is organized as follows: in Section II, the theory of designing CPSS
from linear elements is presented. By calculating the scattering matrix components
of cascaded linear grids with a relative rotation, and transforming the scattering
matrix to a circular polarization representation, the functionality of the structure is
derived. In Section III, our novel design is presented and its possible applications in
satellite communication systems are discussed. The optimization scheme that was
used to generate the end design is described in Section IV, and simulation results
of the optimized design are presented in Section V. Measurement verification of



Table 1: Bandwidth over which each CPSS satisfies all requirements: IL and RL bet-
ter than 0.5dB, and AR; and AR, better than 0.78 dB, or the relaxed requirements
of IL and RL better than 1.0 dB and AR; and AR, better than 3.0 dB.

Reference Simulated/ Bandwidth Bandwidth Thickness
measured  strict (%) relaxed (%)
Fusco [12] measured 0.0 2.0 0.25)9
Lopez [20] measured 0.0 < 5.0 0.25)\9
Sanz-Fernandez [28]| measured 7.0 11.0 0.25)
Ericsson[10] simulated 8.0 20.0 0.25)
Joyal [18] measured 3.0 26.0 1.50¢
Abadi [2] simulated 0.0 <20.0 0.23)\g
Tarn [34] measured 0.0 <5.0 0.18X¢
Present work simulated 45.9 56.1 0.68 )\
measured 42.0 33.7

the functionality of the structure is presented in Section VI, and some concluding
remarks are given in Section VII.

2 Circular Polarization Selectivity From Linear Ele-
ments

The archetypical linearly polarized element is a strip. The reflection coefficient
of a periodic arrangement of strips, illuminated perpendicularly to the surface, is
dependent on the polarization of the incident field. This type of scattering problem
can be modeled using transmission line theory, where the strip grid is modeled as a
lumped capacitance or inductance utilizing approximate expressions in [22, p.227|

__ Hoa 2a L €oa 2a
L~ 5. o (%> C~ 4§1n (;1) (2.1)
where a is the period of the strips, w is the strip width, and d is the gap between
the strips, as can be seen in Fig. 1. The permeability and permittivity of vacuum
are denoted by po and €, respectively. These expressions are valid when a < A,
and more or less complicated correction terms can be found in [22], but the range of
possible L and C' is characterized rather well by these simple formulas. In general,

the reflection coefficient for a transmission line with characteristic admittance Yj
which is shunted with an admittance Y is

Y-V +Yy) -Y/(2Y)
Yo+ Y +Y,  14Y/(2Y)

(2.2)
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Figure 1: Equivalent circuit models for scattering against infinitely thin metal strips
[31], where the direction of propagation is given by k. In the scenario at the top,
where the incident electric field is polarized parallel to the strips, the structure is
perceived as a shunt inductance and in the case at the bottom, where the mag-
netic field is polarized parallel to the strips, the structure is perceived as a shunt
capacitance.

where Y = 1/(jwL) for an inductive strip and Y = jwC' for a capacitive strip. For a
plane wave impinging on the strip grid at normal incidence, we have Yy = \/€o/po =
2.65mS.

Assume a linearly polarized element, with zero thickness in the z-direction, with
reflection coefficients r, and r, in its principal polarizations z and y modeled by an
inductance L and a capacitance C'

Yo - (Yo +1/(wl)) 1
Ty = ‘ = — - (2.3)
Yo+ Yo+ 1/(jwl) 1+ jwL2Y,
Yoo (b tiw0) | jeC/(2Yy)
Ty = - = — : (2.4)
Yo + Yo + jwC 1+ jwC/(2Y0)

Given zero thickness, the transmission coefficients are then ¢,, = 1 +r,,. When
tilting the element at an angle ¢ from the z-axis, the scattering matrix in linear



polarization is given by

XX XY XX XY
S o, S Sn
S 11 S 11 S 12 S 12

S
B B N M W Y
St Sy Saz Sy
cosp —singp 0 0 r.. 0 t, 0
| sing cosep 0 0 0 ry, 0 1y
N 0 0 cosp —singp t 0 r, O
0 0 sing  cosp 0 ¢t 0 nry
cose singp 0 0
—singp cosp 0 0
0 0 cosp sing (2:5)
0 0 —singp cosy

where each entry in the matrix is defined as Sk = E* /E! = E¥ is the total outgoing
field at port m with the polarization k and E' is the incident field from port n with
the polarization [, and when all other ports are not excited and terminated with
their characteristic impedance. The scattering matrix in circular polarization, using
the IEEE standard [15, p.61-77|, &' time convention, and defining the z-axis as
pointing from port 1 towards port 2, can be identified as

SRR GRL SRR SRE
B
21 21 P22 22
Sit Si Sy Sy

SCP —

1 —j 0 0) /SXX GXY gXX oXV\ /1 1 0 0
11 5 0 0] ]Sy s sy s | |=jj o 0

210 0 1 jf|eFx sXy gXx gXv o 01 1 (2:6)
0 0 1 —j) \S¥* s3Y sx* ¥/ \o 0 j —j

By combining the expressions (2.5)-(2.6) and collecting the results, we get the fol-
lowing representation of the scattering matrix in circular polarization

e~ 2¥ 0 0 e~ v
gop _ Te =Ty 0 e¥r v
grid — 2 0 62j<P erSO 0
e7de 0 0 e

0110 0010

re+ry, (1 0 0 1 00 01

> 100 1|T|1000] &7
01 10 01 00

The ideal scattering matrix for a symmetric left hand circular polarization selective



structure (LHCPSS) is

SRR GRL GRR  GRL 0 0 e 0
cor_ | siosi st ost| [0 e 0 o o
T SEROSEL SRR OSREL T e 0 0 0 ‘
SiR gLl ghk QoL 0 0 0 e i

where ¢, is the phase of the reflection coefficient, and ¢; is the phase of the trans-
mission coefficient. The expression (2.8) clearly cannot be achieved with a single
surface, but we are now ready to motivate our concept design. For simplicity, assume
that r, = 0 and r, = r, so that

| 1 ey 0010

cp _ T 1 ¥ ¥ ] 0001

Seia=35| 1 e o2 1 |T|10 0 0 (2.9)
e Y 1 1 e ¥ 01 00

Now, assume we have two sheets separated a distance d with the relative rotation o,
both with the reflection coefficient |r| < 1. In the single scattering approximation,
the total reflection coefficients from the left, with reference plane at the left-most
sheet, can then be written

SRR — g (1 4 ¢ 2de=2i%) (2.10)

SRL — GLR _ g (1 4 e 2kd) (2.11)

SLL — g (1 + o~ kde2e) (2.12)
—2jkd

where the exponential e corresponds to the two-way delay between the sheets.
A bounce diagram for the co-polarized reflection and transmission of the sheets,
illuminated by a LHCP wave, is presented in Fig. 2. For a symmetric structure,
these expressions also apply to the S5 elements. By choosing the separation and
relative rotation of the sheets according to

kd=p=m/4 (2.13)

we can achieve polarization selectivity in reflection, since then S} is maximized and
SRR is minimized. Furthermore, it can be seen that by choosing the positions and
rotations according to

kd=—p=m/4 (2.14)

we can achieve polarization selectivity in reflection for the orthogonal polarization,
which corresponds to taking the mirror image of the previous CPSS. In addition,
we can reduce the cross-polarization terms in reflection if more strip grid sheets are
added. The theory of weak interaction can hence predict polarization selectivity in
reflection and low cross polarization, but predicts no selectivity in transmission. This
can be seen in (2.9), where the co-polarized transmission coeflicients St and SH are
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Figure 2: Bounce diagram for the co-polarized reflection and transmission from two
linearly polarized layers with a relative rotation of ¢, illuminated by a LHCP wave.

identical. Furthermore, reducing the cross-polarization terms by adding more layers
to the structure, might result in a degradation of the insertion loss. Polarization
selectivity in transmission is a higher order effect that can be anticipated by power
conservation and extinction: if LHCP is being highly reflected (]S}{|* ~ 1), the
maximum transmission is bounded by |SH[? < 1 — |SH|? — |SRE)2 — |SREP? < 1.
In the same manner, if the co-polarized reflection of RHCP in (2.10) is minimized
(]SRR|2Z ~ 0) it follows that |SRE|? is maximized, given that the cross-polarized
reflection and transmission are both small (|SE}|2 + [SI}|? = 0).

The main parameters defining the performance of a LHCPSS, defined in [4], are
presented in (2.15),(2.16),(2.17),(2.18): the transmission and reflection parameters,
insertion loss (IL) and return loss (RL), defined as the ratio of the incident power
and the transmitted power in co-polarization (RHCP), and the ratio of the incident
power and the reflected power in co-polarization (LHCP), and the axial ratio (AR)
of the transmitted and reflected signals, which is a measure of the polarization purity
of a circularly polarized wave

IL = —20log,(|S5%) (2.15)
RL = —20log,,(|S1T]) (2.16)

|SLR| + |SRR
5L =[S (2.17)
) (2.18)

[ST] + 1S
ital e bive

After investigating the circular polarization selective properties of multiple layers
of strip grids, a five layer setup seems to yield a good trade-off in the transmission
and reflection performance of the structure. The layout of the concept design is
presented in Fig. 3, where grids of thin strips are modeled in free space, and the
simulated transmission and reflection of the structure is presented in Fig. 4, where
the strip width is 0.1 mm, the strip separation is 5 mm, the relative rotation is 45°
and the separation between the layers is 2.5 mm (corresponding to A¢/8 at the center
frequency of operation f = 15GHz).

AR, = 20log,, (




Figure 3: Concept design of a multilayer strip grid CPSS. The layers are cascaded
with a separation of \y/8 and each layer is rotated 45° relative to the previous layer.
The black line correspond to the polarization direction of a LHCP wave at a fixed
time.

Frequency (GHz) Frequency (GHz)

Figure 4: Simulation results for a five layer strip grid CPSS. The RHCP insertion
loss and the LHCP return loss are presented in the left graph, and the RHCP axial
ratio in transmission and the LHCP axial ratio in reflection are presented in the right
graph. The layers are separated a distance of \;/8 and rotated 45° with respect to
the previous layer.
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Figure 5: Concept design of a multilayer meander line CPSS. The layers are cascaded
symmetrically with the separations d;,d, and each layer is rotated 45° relative to
the previous layer.

More design freedom is obtained by considering meandered strips, as in Fig. 5,
where each strip is bent in a meandering line and the amplitude of the meandering
can be used to obtain effective L and C in a broader range than what is possible
with straight strips. Also, by introducing individual design parameters of each layer,
and of the separation between the meander line sheets, the bandwidth of the CPSS
can be greatly improved.

3 CPSS Design and Applications

When designing for space applications, the considered device needs to be able to wit-
hstand a harsh environment, involving vacuum, thermal cycling, and radiation [1,
Ch. 4|. Furthermore, to reach the strict design requirements associated with satel-
lite communication applications, it is imperative to use materials with low thermal
expansion coefficients and low electromagnetic loss, typically a loss tangent around
0.001 is desirable. A realistic design of the multilayer meander line CPSS is rea-
lized by printing metal wires on thin teflon substrates through a standard etching
process. The substrates are separated by low permittivity spacers, consisting of Ro-
hacell HF31, and the substrates and spacers are bonded together using an adhesive
spray 3M Scotch-Weld 76. The main characteristics of the adhesive spray are that
it is suitable for the materials to be joined, and that it has a long curing time [1],
thus making it possible to readjust the alignment of the materials before they are
completely fixed. The material parameters of the mentioned materials are presented
in Table 2. Information on the electromagnetic properties and the thickness of the
adhesive layers were not available in the design phase of this work.

A unit cell was introduced to simulate the electromagnetic response of a planar
test panel of infinite extent in commercial softwares. The design parameters of the
CPSS can be seen in Fig. 6 and its values are given in Table 3, where P is the side
length of the unit cell, the thickness of the innermost spacers is d;, whereas the
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Table 2: Material parameters of the meander line CPSS.

Material Permittivity Loss tangent Thickness
Rohacell HF31, spacers 1.043 0.0017 dy and dy
Arlon DiClad 880, substrates 2.170 0.0009 0.127 mm
Copper, conducting lines o =58 MS/m 18 um

Table 3: Geometrical parameters of the meander line CPSS.

Parameter P d1 dg h() hl hg

Value (mm) 5.20 261 381 244 0 2.83

Parameter Wog — Woy w1 Wop  Way -

Value (mm) 0.46 058 0.21 0.25 017 -

outer spacers have thickness dy. The rest of the parameters describe the meander
lines, where index 0 denotes the center layer, index 1 the intermediate layers (dia-
gonal lines), and index 2 the outermost layers. The parameters w;; correspond to
the width of the meander line segments of layer ¢, in the direction j. The height
hy is zero since there is no meandering in the diagonal lines, which is a result of
multiple optimization iterations of the structure. The total thickness of the struc-
ture is approximately 13.5mm, which at the center frequency of operation 15 GHz
corresponds to 0.68)\g. An exploded view of the unit cell geometry is presented in
Fig. 7, and the optimization scheme that was used to generate the final design, and
the numerical implementation of the simulation model, are described in more detail
in Sections 4-5.

Two possible satellite communication applications of a CPSS are identified in [29],
where a CPSS could be implemented either as curved surfaces in a CP version of the
DGR presented in [5], or as a flat CP diplexer. The angles of operation of the CPSS
depend on the application, and on parameters of the full reflector antenna system
such as the ratio of the focal length and the diameter of the reflector (commonly
referred to as f/D ratio). Typically, both the DGR and the diplexer applications
require the CPSS to be able to operate at oblique angles of incidence up to 20° — 40°
depending on the application. However, relaxed requirements can be considered at
high angles of incidence due to the tapering at the edge of the beam illuminating
the CPSS. In this type of applications, it is also crucial to consider the orientation
of the CPSS with respect to the antennas illuminating the structure, so that the
CPSS is illuminated in its preferred plane of oblique incidence.
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\
~ “
x P

Figure 6: A unit cell of the meander line CPSS design, where the design parameters
used in the design optimization process are marked out. The design is symmetric
if excluding the center layer which implies that the design parameters of the back
layers are the same as those of the first two layers.

1 [ Substrate 2 [ Conducting wire 3 [ll Adhesive layer 4 @ Spacer

Figure 7: Exploded view of the meander line CPSS implemented for optimization in
a commercial software, with realistic, lossy, materials suitable for space applications.
The metal wires are printed on substrates that are separated by low permittivity
spacers, and the substrates and spacers are bonded together using thin adhesive
films.
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4 Optimization Scheme

The CPSS design was optimized using a three-step process, as can be seen in
Fig. 8. First, an analytical model implemented in Python was used to find the
parameter region of interest for further local optimization (see www.python.org and
www.scipy.org). The code uses transmission line theory to model the low permitti-
vity foam and the substrates as propagation matrices, and each interface between
the different materials is modeled as a matching matrix [7|. The meander line sheets
are modeled as lumped reactances by using explicit formulas for the effective capa-
citance and inductance of meander lines in [14], which were implemented in [6]. The
whole structure is thus described by a cascaded system of T-matrices, which can
easily be transformed to yield the total scattering matrix S of the CPSS structure.
This implementation only considers one mode for each polarization and does not
include the effect of higher order modes from coupling between subsequent layers
of the CPSS. Depending on the geometry of the structure under study, this might
cause a discrepancy between the analytic model and full wave results. The parame-
ters were optimized using the SciPy optimization package routine fmin, which is a
downhill simplex algorithm, by minimizing a penalty function of the form

1 f2
F= / (alARr -+ CLQARt + ClgR,L + a4IL) df (41)
fa= N1 )y

where f is the frequency and a; are weights assigned in the optimization process.
AR, and RL are the axial ratio and return loss of the reflected signal for incident
LHCP, AR; and IL are the axial ratio and insertion loss of the transmitted signal
for incident RHCP, and all these quantities are defined in decibels. A few thousand
design candidates were generated in a few minutes, and a more detailed discussion
of the analytical model is presented in [32].

The found parameter values were then imported from the python model into a
full wave simulation software, Computer Simulation Technology Microwave Studio
(CST MWS), where further optimization was performed at a reasonable accuracy
and speed. The trust region framework optimizer was used to find the best design
in a local parameter space, where the parameters were typically varied £20% with
respect to the initial design. A tetrahedral mesh was utilized consisting of about 35
000 elements, using 2.4 GB of RAM on a dual core Intel Core i7, 3.5 GHz workstation,
and finishing one design simulation in 17 minutes. About a hundred designs were
generated in one full optimization iteration of 28 hours. In some design cases,
a few iterations of this full wave optimization were necessary to reach the goals,
using different weights a; and frequency bands in the penalty function F'. Finally,
the resulting design was verified using a finer simulation mesh, leading to longer
simulation times.
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Figure 8: Optimization scheme, utilizing an analytical model implemented in Python
and full wave simulation models in CST MWS.

5 Simulation Results

The meander line CPSS design was simulated in CST MWS, as a unit cell model,
in the full wave frequency domain finite element solver that utilizes Floquet mode
analysis. At the design stage, the electromagnetic properties and the thickness of
the adhesive layers were unknown to the authors, but these layers were expected to
be very thin, and thus the adhesive layers were excluded from the simulation model.
In Figs. 9-10 simulation results after multiple optimization iterations using the ana-
lytic model, referred to as design 1, are presented alongside simulation results after
multiple optimization iterations in CST, referred to as design 2. Good agreement
between the analytic model and full wave simulations of design 1 can be seen in
RL, but the IL and AR in reflection and transmission deviate. This difference is
mainly due to the previously mentioned higher order mode excitations that are not
considered in the analytic model.

The mesh convergence of the final design was investigated, and it was concluded
that the results had converged to an accuracy of 0.02dB with respect to IL, RL,
and AR, when using a mesh consisting of 75 000 mesh elements, corresponding to
16 steps per wavelength mesh setting. A simulation with the described settings
was using 10 GB of RAM and finishing one simulation in about one hour. When
comparing the simulation results using the finer mesh setting to the results generated
in the optimization scheme, which used 35 000 mesh elements, corresponding to 12
steps per wavelength mesh setting, a deviation smaller than 0.07 dB is observed, see
Figs. 9-10. In [32], the mesh convergence of the CPSS was studied in detail using
finer mesh settings and comparing two separate simulation softwares.

Simulation results of the final design were generated for multiple incidence angles
using the fine mesh and are presented in Figs. 11-12. The results indicate that
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Figure 9: Simulation results of the multilayer CPSS at normal incidence. The solid
and dashed curves correspond to simulation results from the analytic model and
from CST after optimization in the analytic model. The dash-dotted and the dotted
curves correspond to simulation results from CST after full wave optimization using
a normal mesh and a finer mesh for verification, respectively. In the left plot is the
RHCP IL, and in the right plot is the AR of the corresponding transmitted signal.
The solid black lines are the design requirements defined in [4].
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Figure 10: Simulation results of the multilayer CPSS at normal incidence. The
solid and dashed curves correspond to simulation results from the analytic model
and from CST after optimization in the analytic model. The dash-dotted and the
dotted curves correspond to simulation results from CST after full wave optimization
using a normal mesh and a finer mesh for verification, respectively. In the left plot is
the LHCP RL, and in the right plot is the AR of the corresponding reflected signal.
The solid black lines are the design requirements defined in [4].
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Figure 11: Simulation results of the multilayer CPSS at different angles of incidence,
in the plane ¢ = 225°. In the left plot is the RHCP IL, and in the right plot is the
AR of the corresponding transmitted signal. The solid black lines are the design
requirements defined in [4], and the dashed black lines are relaxed requirements of
AR < 1.74dB.

the fractional bandwidth of the design is approximately 45%, which is a significant
increase compared to what has previously been presented |2, 3, 10, 12, 17, 18, 19, 20,
21, 23, 24, 27, 28, 33, 34, 35| as can be seen in the bandwidth comparison in Table 1.
Furthermore, the results indicate a significant stability with respect to variations in
the angle of incidence, especially in the range 6 € (0°,20°). The performance of the
CPSS has been compared to the requirements put forward in [4] and used in [29]
for a K,-band scenario:

e Insertion loss and return loss better than 0.5 dB.
e Axial ratio better than 0.78 dB.

The axial ratio requirement corresponds to 27dB cross polarization discrimination,
which can be relaxed to 20 dB (AR better than 1.74 dB) at higher angles of incidence.
As can be seen in Figs. 11-12, these requirements are satisfied in the incidence plane
@ = 225° up to a 20° angle of incidence in the entire K, band, or 30° angle of
incidence for the relaxed AR requirements, except for a small penalty in IL at lower
frequencies.

To evaluate how the performance of the structure varies with respect to the
oblique angle of incidence (@) in all possible incidence planes (¢), the scattering
matrix of the structure was computed for every combination of § = 0°,5°,...,85°
and p = 0°,5°,...,355° corresponding to 1296 simulations. In Figs. 13-14 simu-
lation results are presented at the fixed frequencies f = 13,15,17 GHz, utilizing
a coarser mesh setting of 10 steps per wavelength, corresponding to about 22 000
mesh elements. To speed up these computations, the simulations were divided be-
tween multiple work stations, and multiple simulations were run in parallel on each
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Figure 12: Simulation results of the multilayer CPSS at different angles of incidence,
in the plane ¢ = 225°. In the left plot is the LHCP RL, and in the right plot is
the AR of the corresponding reflected signal. The solid black lines are the design
requirements defined in [4], and the dashed black lines are relaxed requirements of
AR < 1.74dB.
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Figure 13: Simulation results for front side illumination of the CPSS at the center
frequency of operation fo = 15. The left plots show the return loss and axial ratio
of the reflected LHCP signal, the right plots correspond to the insertion loss and
the axial ratio of the transmitted RHCP signal, and all values are in dB. The white
circles indicate # = 10°, 20°, 30°, the solid black contours are the design requirements
defined in [4], and the dashed black contours are relaxed requirements of AR <
1.74dB.
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Figure 14: Simulation results for front side illumination of the CPSS at the frequency
f = 13GHz to the left, and at the frequency f = 17 GHz to the right.

computer. The full parameter sweep was completed in about 367 hours of CPU
time.

Simulating the scattering from the structure in CST MWS at each angle of
incidence of interest resulted in scattering data at a great number of frequency
points over the full frequency band of interest. This follows from the fact that the
program utilizes automatic frequency sampling in a few points and then applies
curve fitting to the results in between the sample points. The radius in Figs. 13—
14 corresponds to sinf so that the Cartesian coordinates are x = sinf cos, and
y = sinfsin g, with the z-axis pointing towards the reader. It is seen that the
performance of the CPSS at oblique angles of incidence is maximized in incidence
planes close to ¢ = 45° 135°. The reason why the structure has two preferred
incidence planes is due to the rotational symmetry of the design. Furthermore, the
symmetry of the structure implies that the scattering performance is symmetric with
respect to the sign of the incidence angle #, meaning maximum performance also for
@ = 225° 315°. When comparing the results in Figs. 13-14 it can be seen that the
stability of the performance of the structure varies with the frequency of the incident
signal, and that the performance at more oblique angles of incidence deteriorate for
frequencies at the outer parts of the design band of operation. A small discrepancy
can be observed between the results in Figs. 11-12 and in Figs. 13-14. This is caused
by the fact that a coarser mesh was used when generating the results in Figs. 13-14.

The same type of performance evaluation as in Figs. 13-14 is found in [9], where
the designs by Pierrot [24], Morin [23|, and Tilston [35] were studied. There it is
shown that all three designs have one preferred incidence plane of operation (iden-
tifying directions +6 as being in the same plane). The fact that the novel CPSS
presented in this paper possesses multiple incidence planes of operation, results in a
significant design freedom for implementations in satellite communication systems.
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Figure 16: Printed teflon substrates, consisting of Arlon DiClad 880, with a relative
permittivity of 2.17, and a thickness of 0.127 mm. The period of the printed pattern
is the same in all five layers, where P = 5.38 mm.

6 Manufactured Test Panel and Measurements

A prototype of the optimized CPSS design was manufactured as can be seen in
Fig. 15. The width and height of the test panel is 58 cm, and the total thickness
of the structure is 13.7 mm, which should be compared to the total thickness of the
simulated structure of 13.5mm. The thickness of the spacers were controlled to a
tolerance of +0.2mm in the manufacturing process, and the effect of the adhesive
layers on the total thickness of the structure is unknown. The fact that the thickness
of the manufactured test panel only deviates from the desired value by 0.2mm is
a desirable outcome. The full test panel was assembled by joining the thin teflon
sheets, see Fig. 16, to the Rohacell spacers by applying a thin layer of adhesive spray,
and then applying an even pressure over the full surface for an extended amount of
time. Since the full prototype consists of five layers of substrates, and four layers of
spacers, a total of eight adhesive layers were applied to the structure one layer at a
time using the above mentioned technique. When the full prototype was assembled,
protective tape was added to the edges to avoid cracks in the spacers and failure in
the bonding.

Transmission and reflection measurements of the manufactured prototype were
carried out at Lund University, and the measurement setup in transmission is seen
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Figure 17: Measurement setup at Lund University, Sweden. The manufactured
CPSS test panel was measured using single feed, linearly polarized, standard gain
horn antennas in the frequency range 10 GHz < f < 20 GHz.

in Fig. 17. The test panel was illuminated using two rectangular standard gain horn
antennas, SATIMO SGH 1240, each with a cross polarization discrimination of about
40 dB. Two free standing antenna fixtures were separated a distance of approximately
3m, at a height of 1.4 m, and a table with the device under test (DUT) was placed at
the center of the setup. The antennas were connected to a vector network analyzer,
Agilent E8364b, which in turn was controlled by a laptop through a GPIB connection
and a Matlab script. In the reflection case, both antennas were placed at the same
side of the DUT, at a small oblique angle 6§ ~ 3° due to the size of the antenna
apertures.

To reduce the amount of multipath components in the measurement data, porta-
ble absorbing panels as can be seen in Fig. 17 were placed around the setup during
the measurements. That way, the user and the electronics controlling the measure-
ment were shielded from the radiating antennas. Since linearly polarized antennas
were used in the measurements, the circular polarization response of the test pa-
nel was synthesized from four linearly polarized components. To achieve a similar
signal to noise ratio (SNR) in all four linearly polarized components measured, the
transmitting and receiving antennas were oriented 45 degrees with respect to each
other in each measurement. The advantage of this technique is that when each scat-
tering matrix component of the DUT is normalized with a corresponding reference
measurement, all reference measurements have similar and high SNR. This implied
that, instead of synthesizing circular polarization through the traditionally used 90
degrees antenna orientations: XX, YY, XY, YX the four 45 degrees components
XU, XV, YU, YV were measured, see Fig. 18.

The four scattering matrix transmission components S5, SyY, S5V, S5}V were
measured for the test panel and for a free space through reference setup. These four
components of the DUT were each normalized with its reference components and
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Figure 18: A principal sketch of the antenna orientations for synthesizing circular
polarization from linear polarization measurements. To the left, the main directions
of the transmitting and receiving antennas are aligned, and the relative rotation
between the antennas is either 0° or 90°. To the right, the main directions of the
transmitting and receiving antennas are not aligned, and if the antenna orientation
angle o = 45°, the relative rotation between the antennas is always 45°.

then transformed to the traditional linear co- and cross polarization components
S, SR, SY, SY through the matrix rotation relation

SLP (S%%X S§Y> _ (S%%U Sgiv) ( cos 45° sin45°) (6.1)

SyX SYY SYU SYV ) \ —sind5° cos45°

In the same manner, the four scattering matrix reflection components SiU,S1Y,
SEV. SYY were measured for the test panel and for a reference reflection setup, by
adding aluminum foil to the front surface of the test panel. These four components
were then normalized and transformed to the traditional linear co- and cross po-
larization components Si¢%, S75%, S)Y, S5Y using the same matrix rotation relation
as in (6.1). The circular polarization response was then determined applying the
relation (2.6) to the linear polarization scattering matrix.

To remove the remaining multipath components from the measured data, time
gating was implemented by applying a Gaussian window function to the data in the
time domain. The relative measurement error of the setup when rotating the anten-
nas, mainly caused by misalignment of the antennas, was measured in transmission
and reflection to approximately +0.3dB in amplitude, and 4+3° in phase. Part of
the effect of antenna misalignments are mitigated by the normalization of each com-
ponent with a reference measurement, which implies that these values can be seen
as a worst case scenario. The AR of a free space measurement in transmission was
better than 0.5dB, and in reflection the AR of a conducting reference panel was
better than 0.7dB, over the full frequency range of interest 10 GHz < f < 20 GHz.
These results indicate that measured AR values below 0.5dB in transmission and
below 0.7dB in reflection have to be considered uncertain.
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Figure 19: Transmission measurement results of the manufactured test panel, at
normal incidence (f = 0°,¢ = 0°). The left plot shows the RHCP insertion loss
from simulated and measured data, and the right plot shows the RHCP AR. The
solid black lines are the design requirements defined in [4].

Table 4: Bandwidth over which the CPSS satisfies all requirements IL and RL better
than 0.5 dB, and ARy and AR, better than 0.78 dB. K, coverage relates to the target
band 12GHz < f < 18 GHz.

\ Min. freq. Max. freq. Total BW K, coverage

Simulated | 11.4 GHz 18.2 GHz 45.9% 100%
Measured | 11.3GHz 17.2 GHz 42.0% 86.7%

The measurement results presented in Figs. 19-20 show a clear selectivity with re-
spect to circular polarizations, both in transmission and reflection. The bandwidths
of the simulated and measured CPSS with respect to satisfying all the requirements
in IL., RL, ARy, and AR,, are summarized in Table 4. The total bandwidth exceeds
40% in both simulations and measurements. A slight shift down in frequency is
observed when comparing the measured data to the simulated results, reducing the
coverage of the targeted K, band to 86.7%. The shift in frequency might be caused
by the impact of the adhesive spray on the thickness of the structure, the effective
conductivity of the spacers, as well as the manufacturing uncertainty of the spacers
of £0.2mm. Also, a slight increase in level can be noticed in the measured curves
in Figs. 19-20, which might be caused by air bubbles in the adhesive layers, and
additional material losses not accounted for in the simulations. Also, misalignment
between the subsequent substrates is a source of error that can affect the AR of the
test panel.

In order to account for the impact of the adhesive spray on the performance of
the test panel, a simulation model was implemented with adhesive layers added to
the structure. Since the thickness of the manufactured test panel was observed to be
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Figure 20: Reflection measurement results of the manufactured test panel, at normal
incidence (6 = 3°, ¢ = 0°). The left plot shows the LHCP return loss from simulated
and measured data, and the lower right shows the LHCP AR. The solid black lines
are the design requirements defined in [4].

0.2mm thicker than the simulated structure, this difference was distributed evenly
over the eight adhesive layers. The material parameters of the adhesive were chosen
according to comparable adhesive films commonly used for similar applications, for
instance the LTM123 used in [8], having ¢, = 2.77 and tan 6 = 0.005. The thickness
of the adhesive layers was calculated from the deviation in thickness between the
simulation model and the manufactured design, resulting in ¢ = 0.2/8 = 0.025 mm.

The simulated performance of the structure, with adhesive layers, is compared
to measurements in Figs. 19-20, and the results indicate that adding adhesive layers
to the simulations improve the agreement between the simulated and measured data
both in transmission and reflection. However, the IL curves in Fig. 19 and the RL
curves in Fig. 20 still show a small discrepancy. The difference in RL can possibly
be caused by a misalignment in the measurement setup, as this was found to be
especially sensitive in reflection. A small discrepancy can also still be noticed in the
AR curves between simulations and measurements. As previously mentioned, this is
most likely caused by measurement errors, misalignment between the meander line
substrates, as well as the uncertainty of the Rohacell spacer thickness.

7 Conclusions

This paper presents a novel circular polarization selective structure based on multi-
layer meander line sheets. Compared to previous CPSS designs, the structure shows
significant improvements in bandwidth and stability with respect to variations in
the angle of incidence. The performance of the structure was evaluated both as a
function of frequency, as well as over all possible angles of incidence at the edges
and center of the frequency band, and it is shown to possess two preferred incidence
planes of operation. A concept prototype was manufactured and the measurement
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results are in good agreement with simulation data. The high performance of this
design makes it a good candidate for implementations in future satellite communi-
cation systems, either as a flat circular polarization diplexer or as a curved shared
aperture reflector.
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