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Plasma-Based Reflective Surface for Polarization Conversion

Mirko Magarotto ', Luca Schenato™, Paola De Carlo™, and Antonio-Daniele Capobianco

Abstract— This study analyses, for the first time, the use of reflective
surfaces based on magnetized plasmas for polarization conversion. The
feasibility of this concept has been assessed via a theoretical model.
Moreover, the numerical design of a plasma-based reflective surface
is presented. The latter enables linear-to-linear (LP-to-LP) and linear-
to-circular polarization (LP-to-CP) conversion over a broad frequency
range, from 7.5 to 13 GHz. To this end, the applied magnetic field
intensity has to be tunable over 55-140 mT and its direction steerable
toward three mutual orthogonal axes. At the same time, the plasma
density has to be controlled up to 2 x 10'8 m=3. These requirements are
consistent with the plasma technology at the state-of-the-art.

Index Terms— Gaseous plasma antennas (GPAs), linear-to-circular
(LP-to-CP), linear-to-linear (LP-to-LP), polarization conversion, reflective
surfaces.

1. INTRODUCTION

Gaseous plasma antennas (GPAs) are devices in which an ionized
gas, namely, plasma, is used to transmit and receive electromagnetic
(EM) waves [1]. This class of antennas present unique advantages
over their metallic counterpart, given the possibility to control the EM
response of the plasma electronically [2]. First, plasma is produced by
energizing a neutral gas confined within a dielectric vessel. Namely,
the radar cross section of a GPA can be drastically reduced if the
electric power to sustain the plasma is turned off and, thus, the
main conductive medium fades [3]. This feature is appealing to
minimize the mutual interference between several GPAs stacked into
an array [4] or if stealth is required [5]. Second, the plasma properties
that drive the antenna performance (e.g., density) can be controlled by
varying the electric power coupled to the plasma [6], [7]. Thus, it is
possible to reconfigure the figures of merit of a GPA, such as radiation
pattern [8], [9], operation frequency [10], and polarization [5].

To date, several systems based on metasurfaces have been proposed
to control the polarization of an EM wave in terms of both linear-to-
linear (LP-to-LP) and linear-to-circular (LP-to-CP) conversion [11].
With this regard, polarization control can be achieved via res-
onating [12], anisotropic [13], chiral [14], and artificial magnetic
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conductor [15] elements, in both the transmission and reflection
modes [16]. Notably, LP-to-LP [17] and LP-to-CP [18] ultrawide-
band conversions have been demonstrated relying on anisotropic
metasurfaces. Reconfigurable metasurfaces have been proposed to
integrate various polarization conversions in a single device [19].
Switching between linear polarization (LP) and circular polarization
(CP) [20] as well as between right-handed and left-handed CP [21]
is feasible by integrating diodes on the elements that constitute the
metasurface.

An alternative approach to controlling an EM wave’s polarization
envisions using magnetized plasmas [22], [23]. Theoretical investiga-
tions proved that by varying the plasma properties (e.g., density), it is
possible to selectively control the transmission through a magnetized
plasma layer of the right-handed or left-handed CP waves [22],
as well as transverse electric (TE) or transverse magnetic (TM)
waves [23]. At the same time, EM signals can be controlled by relying
on plasma-based reflective surfaces [24], [25]. In these devices, the
unit cells consist of plasma elements placed on top of a ground plane.
For the first time, the present study explores the use of reflective
surfaces based on magnetized plasmas for polarization conversion.
Specifically, an analytical model and a preliminary design are pro-
posed to prove that this concept enables significant improvements in
terms of polarization conversion with respect to the state-of-the-art.
Indeed, a single plasma-based reflective surface might allow generic
LP-to-LP conversion and LP-to-CP conversion with the possibility
of selecting between the right-handed and left-handed CP. To the
best of the authors’ knowledge, no other solution proposed in the
literature enables all these features in the GHz frequency range and
for a relative bandwidth larger than 50%. Moreover, the significance
of the numerical results presented in this work is strengthened by
the assumption of realistic plasma properties compatible with the
technology at the-state-of-the-art [3], [26].

II. METHODOLOGY

The EM response of the plasma is described via its relative
permittivity &,. Given the usual operation frequencies (i.e., in the
GHz range) and plasma properties of GPAs [2], ¢, is formulated
according to the cold plasma model where the ions’ motion is
neglected [27]. ¢, takes the form of a dyadic tensor to account for
the anisotropy induced by the magnetostatic field B [28]. Without
loss of generality, it is practical to express &, in a reference frame
where the z-axis is aligned with B

S —JyD 0
0 0 P

where ; is the imaginary unit, and the adimensional parameters S,
D, and P read [27]

XU _ XY _ X )
v_y P Pty @
The relation between plasma properties and the adimensional param-
eters X, Y, and U follows [27]:
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where w, wp, and w, are the operation angular frequency, the plasma
frequency, and the cyclotron frequency, respectively, in rad/s. Instead,
the parameter v is the collision frequency in Hz. Here, wp, wc, and
v depend on the macroscopic plasma parameters according to the
following relations [27]:

q’ne 4By

wp = . we=—, v=noK (Te) “
me( m

where ¢ is the elementary charge, m is the electron mass, &g is the
vacuum permittivity, n. is the plasma density in m~3, By is the
intensity of the magnetostatic field in T, ng is the neutral background
density in m~3, and K is a rate constant that depends on the electron
temperature T,. If plasma is produced from argon gas, K reads [29]

K =2.336 x 1071471609
x exp (0.0618 (InT,)> — 0.1171 (InT,)% ) (5)

where T is expressed in eV. It is worth stressing that w, depends on
ne, and w. depends on By; this means that in a magnetized plasma,
the EM response (i.e., the reflection of an incident wave) can be
controlled electronically by acting on two macroscopic parameters.
Indeed, the plasma density n, depends on the electric power used
to sustain the discharge [10]. At the same time, the intensity of
the magnetostatic field By can be varied using electromagnets (e.g.,
by current-controlled solenoids) [30]. The collision frequency v is
associated with Ohmic losses occurring within the plasma [24] that
are proportional to ng. With this regard, it is worth introducing the
neutral gas pressure pg, which represents an auxiliary parameter more
often used to characterize plasma discharges rather than ng

po = kpTong (6)

where kg is Boltzmann’s constant and 7 is the temperature of the
neutral gas. According to the state-of-the-art for plasma discharges,
the maximum value of n, is proportional to pq [6], [7].

In an anisotropic medium where &, is given by (1), the relation
between the components of the electric field reads [27]

S — u?cos? 6 —JD u? sin6 cos O E;
JD S —u? 0 Ey|=0 (7
u? sin6 cos 6 0 P —u?sin?0 E,

where E = (Ey; Ey; E3) is the complex electric field vector, 6 is
the angle between B( and the wave vector k, and u is the refractive
index. From (7), the following dispersion relation derives [27]:

X

2o1-Z2 8
u 0 ®)

where the adimensional parameter Q reads

Y#sin*o
4(U - X)2

0-vU Y2sin2 9 :t[
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_2(U—X) + Y~ cos 9} . ()]

For a given direction of the wave vector (i.e., for a fixed 6), two
values of the refractive index, namely, u4+ and w_, satistfy the
dispersion relation reported in (8), where the subscripts are consistent
with the signs used in (9). Thus, two types of waves may exist
simultaneously, from now on called modes [27]. Specifically, it is
possible to identify cutoff and resonance frequencies that delimit
each mode’s propagation interval (i.e., u almost real). Outside the
interval within the cutoff and resonance frequency, the dispersion
relation describes an evanescent wave [31]. For clarity, the cutoff
occurs at u = 0, while the resonance occurs at u — oo [27]. For
what mode + is concerned, w) is a cutoff. Instead, mode — shows
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Fig. 1. Schematic of the plasma element described by the theoretical model.

two cutoffs and one resonance frequency. The cutoffs occur at the
following frequencies:

wg =05 (a)c + i + 4w},) , (10a)
wr =0.5 (—w,; + /w2 +4w%,) (10b)

and the resonance frequency occurs at

5 0.5
wy = [0.5 (a)f, + a)cz) + \/0.25 (a)%, + w%) - w%w% cos2 0] .
(11)

For what follows, it is more practical to define the propagation
intervals in terms of the corresponding plasma density values 7,
rather than the operation frequency w [24]. Specifically, the critical
densities nf N 5, neL, and ng identify the values of n, for which w is
equal to wp, wg, wy,, and wy, respectively. Specifically, the mode +
propagates for n, < ng , while the mode — propagates for n, < nf
and ng < Ne < neL. Instead, if n, > neL, the plasma behaves as a

conductor, namely, only evanescent waves may exist [27].

A. Theoretical Model

A theoretical model has been developed to assess the use of a
magnetized plasma as a polarization converter. A schematic of the
considered setup is depicted in Fig. 1. A homogeneous plasma slab of
thickness z;; is located on top of an infinite perfect electric conductor
(PEC), constituting the ground plane [24]. A uniform magnetostatic
field B is assumed to be aligned with the z-axis of the reference
frame depicted in Fig. 1. A linearly polarized plane wave impinges
the plasma slab normally. The wave propagates along the &-axis,
forming an angle 6 with B(. The reflected wave is described via the
following relation:

E,=TYE} +T7E; (12)

where E; is the complex electric field vector associated with the
incident wave, E; corresponds to the reflected wave, and I' is the
reflection coefficient [24]. As done above, the superscripts refer
to mode 4+ and mode —, respectively. In particular, El+ and E;
describe the component of the incident electric field which excites
the propagation of the mode + and mode — within the plasma,
respectively.

According to the classical transmission line model [31], the reflec-
tion coefficient reads

+ +
p=+T
r£— pl

=—7 (13)
+E
1+ p Fpl
where p is Fresnel’s reflection coefficient at the air—plasma interface,
r pl is the reflection coefficient within the plasma medium, and the
superscripts refer to the mode + and mode —, respectively. Fresnel’s
reflection coefficient reads [31]

i_l—ui

= 14
14+ut 14

0
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Fig. 2. Schematic of the plasma element simulated numerically.

Plasma

and [pi reads [31]

z
= —exp (j 4nui%) (15)
where A = c¢/f is the wavelength in air, and ¢ is the speed of
light in the vacuum. To separate the E l+ and E; components, the
first step consists of expressing the incident field into the (x y z)
reference frame. Therefore, for geometric construction (see Fig. 1),
the following relation holds at the air—plasma interface:

tLET =
Ey +Ey = Ey
(E;"—I-Ez_)sinQ—(E;'—i—Ex_)cos@:E{.

It is worth noting that E¢ = 0 provided that the incident field is a
plane wave propagating along the &-axis [31]. Using (7), E; and E

(16)

read
jD jD
S—u%_ S—u?
uisin&cos@ . u? sin6 cos )
— sinf —cosf — ) sind — cos 6
P — u” sin“ 6

2 win2
P—u+51n 6

EY Ey
. 17
()-() »
from which E;r and E, can be calculated. Once E;CF and E, are
known, the vectors El+ and E :_ are determined via (7) and, thus, E,

is calculated via (12).
Given the value of E,, we can analyze the capability of a mag-

netized plasma slab to act as a polarization converter. The following
reflection coefficients:

{rrm = En,r/Ey,i

Pen=E¢r/En.i

18)

help quantify LP-to-LP conversion, as they are sufficient to describe
the behavior of an n-axis polarized incident wave. In this case, the
polarization conversion ratio (PCR) is defined as

r 2
PCR = Ceyl

= s (19)
|F;,,|2+ |F7777|2

The PCR quantifies the amount of power transferred from the incident
wave to its cross-polarized direction (i.e., the ¢-axis). At the same
time, the parameter used to describe the LP-to-CP conversion is the
axial ratio (AR), namely the ratio between the major and the minor
axes of a generic polarization ellipse [32]. Conventionally, CP is

defined for AR < 3 dB [32].

B. Numerical Model
Numerical analyses have been accomplished with the commercial
software CST microwave Studio!. The schematic of a simulated

1 Registered trademark.
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Fig. 3. (a) Magnitude and (b) phase of the reflection coefficient I versus
plasma density n.. Both theoretical (theor) and numerical (CST) results are
represented. The incident field is linearly polarized along n, f = 10 GHz,
zp = 0.74 = 21 mm, and v 3.1 x 108 Hz. Yellow, cyan, and green
colors indicate the regions for which either mode 4, mode —, or both modes

propagate, respectively.

plasma element is depicted in Fig. 2. Its thickness is z,;, the square
plasma block measures Lj,; x L, and the square ground plane is
L x L. The parameter L also represents the lattice periodicity [24].
The plasma is handled in CST via the native dispersion model
called “Gyrotropic”, conceived for media described by the anisotropic
permittivity reported in (1); moreover, a generic direction of the
magnetostatic field is allowed. Simulations rely on an unstructured
tetrahedral mesh, where Maxwell’s equations are solved in the
frequency domain. As for the theoretical model, a linearly polarized
plane wave is assumed to normally impinge the plasma element
along the £-axis. Two simulations have been performed: 1) single-
element analysis to verify the theoretical model and 2) array design to
evaluate the capability of a plasma-based reflective surface to act as
a polarization converter. The single element analysis is accomplished
assuming Floquet boundary conditions along the n-axis and the
¢-axis; an open condition is imposed along the &-axis [24]. Moreover,
L = L for consistency with the theoretical model, which refers to a
slab geometry. Instead, open boundary conditions have been adopted
along all directions to simulate the plasma-based reflective surface.

ITII. ELEMENT ANALYSIS
The theoretical model has been exploited to investigate the use of
a magnetized plasma as a polarization converter, both LP-to-LP and
LP-to-CP conversion have been considered. Numerical simulations
have been performed to verify the theoretical model.

A. LP-to-LP Conversion

The considered plasma slab has thickness Zp = 21 mm, i.e., 0.7A
at the central frequency f = 10 GHz. The LP-to-LP conversion is
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Fig. 4. PCR versus the operation frequency f for different combinations of
plasma density n, and magnetic field By. Here, the incident field is linearly
polarized along 7, z,; = 21 mm, and v = 3.1 x 108 Hz.

TABLE I
PLASMA PROPERTIES TO MAXIMIZE PCR AT f = 10 GHz

zpi [mm]  Bg [mT] ne [m™3] PCR
15 230 6.0 x 107 1.0
21 95 8.0 x 107 1.0
30 30 1.0 x 10'8 1.0

analyzed assuming the magnetostatic field with intensity By = 95 mT
and aligned with the &-axis, i.e., & = 0°. A neutral gas pressure
po = 0.4 mbar has been assumed for consistency with the plasma
generation technology at the current state-of-the-art [2]. Without loss
of generality, when the incident electric field is linearly polarized
along the n-axis, the LP-to-LP conversion can be characterized via
the I'yy, Cens and PCR parameters defined in Section II-A.

The corresponding I'y; and I'¢;, are depicted in Fig. 3 as a function
of ne for L = Ly = 15 mm [24]. First, we can observe an
excellent agreement between theoretical and numerical results (within
an error < 1%). Regarding the modulus of the reflection coefficient,
[Typl is minimum and |T'zy| is maximum in correspondence of
ne = 8.0 x 1017 m=3. Here, PCR ~ 1, meaning an almost
complete cross-polarization conversion occurs. Instead, for n, — 0 or
ne ~ 10! m=3, PCR — 0, meaning the plasma does not affect
the polarization. As a result, it is possible to rotate the LP in an
arbitrary direction controlling n.. The phase of the reflected wave
is almost unaffected by the magnetostatic field, being practically the
same as that produced by a non-magnetized plasma element [24].
Indeed, if n, — 0, the wave is almost not influenced by the
presence of the plasma, and it is correspondingly reflected by the
ground plane. If n, =~ 10" m=3, the plasma behaves itself as a
good conductor, and the wave is reflected at the air-plasma interface
with ang(T") ~ —180°. Intermediate situations are associated with
different propagation paths within the plasma before the wave is
reflected. Specifically, if n, > ng only evanescent waves occur within
the plasma, thus the EM propagation is almost entirely determined
by the reflection at the air-plasma interface [24].

From a physical standpoint, the proposed LP-to-LP conversion
relies on the Faraday rotation effect [27]. Namely, the two propagative
modes occurring for & = 0° are identified as R-waves and L-waves.
The former is a right-handed CP wave propagating along the direction
of the magnetostatic field, whilst the latter is a left-handed CP
wave [27]. Being uy # u_, the longer the path traveled by these
two waves within the plasma before being reflected, the larger the
rotation induced in the polarization direction. This is consistent with
data reported in Fig. 3 since, for n, < n§ , the Faraday rotation
reaches its maximum before the R-wave becomes evanescent [27].

The capability of the proposed design to perform LP-to-LP con-
version is analyzed in Fig. 4, where the operation frequency f
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Fig. 5. AR versus plasma density n.. Both theoretical (theor) and numerical
(CST) results are represented. The incident field is linearly polarized at 45°
in the n-¢ plane, f = 10 GHz, Zp = 0.7 =21 mm, and v = 3.1 x 108 Hz.
Yellow, cyan, and green colors indicate the regions for which either mode +,
mode —, or both modes propagate, respectively.
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Fig. 6. AR versus operation frequency f for different combinations of plasma
density n, and magnetic field Bj. The incident field is linearly polarized at
45° in the n-¢ plane, zp; =21 mm, v = 3.1 x 108 Hz.

varies. As one can note, cross-polarization conversion can take
place over a remarkably large operation bandwidth (approximately
from 7 to 13 GHz) by simply reconfiguring the plasma properties.
Specifically, the relative bandwidth in which PCR > 0.98 is 55% of
the central frequency f = 10 GHz. It is worth noting that: 1) the
condition n, < nf is enforced by all the n, and B pairs reported
in Fig. 4 and 2) the intensity of both n, and B are consistent
with the plasma production technology at the current state-of-the-art
[3], [26]. This confirms that the LP-to-LP conversion via
plasma-based reflective surfaces is a feasible and appealing tech-
nology. Finally, Table I reports the plasma properties to achieve
cross-polarization conversion at different values of z,;. It is worth
noting that the values of B reported here are the minimum ones that
allow achieving PCR ~ 1.0 for at least one interval of n,. In fact, the
higher By, the higher the Faraday rotation effect [27]. By increasing
too much By, the polarization direction might vary by more than
90°, which is out of the present scope. As one can note, the required
intensity of By is inverse proportional to zp. In particular, a slab
thickness of z,; = 21 mm is a trade-off between the compactness
and the technological feasibility of the proposed design.

B. LP-to-CP Conversion

The same plasma slab analyzed in Section III-A is investigated in
terms of LP-to-CP conversion. In this case, the magnetostatic field
has intensity By = 110 mT, and it is aligned with the ¢-axis, i.e.,
0 = 90°. Moreover, the incident electric field is linearly polarized at
45° in the n—¢-plane. The reflected wave is then analyzed in terms
of circular polarization components through the parameter AR.
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Fig. 7. Schematic of the plasma-based reflective surface. Each element is
characterized by L = 15 mm, L = 12 mm, and zj; = 21 mm.

Fig. 5 shows the parameter AR as a function of n. for the
same plasma element described in Section III-A. Again, an excellent
agreement is found between the theoretical and numerical results
(within an error <1%). The condition AR < 3 dB, which corresponds
to an efficient LP-to-CP conversion, is achieved for n. in the range
7.0x107-1.1x 108 m—3. From a physical standpoint, this achieve-
ment is related to the wave modes excited by the incident electric
field E;. The E;; component, parallel to B, couples to an ordinary
wave (O-wave). In contrast, the E;; component, perpendicular to
B, couples to an extraordinary wave (X-wave) [27]. According to
(8), O-the waves are associated with the mode + and X-waves with
mode — [27]. Provided O-waves and X-waves are orthogonal [31],
the CP condition is obtained for a 90° phase shift between 't and
'™ and, in turn, between E¢ and Eyp . Moreover, it is possible
to switch between the right-handed and left-handed CP by rotating
E; of 90° in the n—¢ plane. A more practical implementation of this
feature (not envisioned by the theoretical model in its current form)
is obtained by orienting B along the n-axis instead of the ¢-axis.

The proposed design is analyzed as the operation frequency f
varies; see Fig. 6. By reconfiguring the plasma properties, a circularly
polarized reflected wave is achievable in a large operation band-
width (approximately from 7 to 14 GHz). Remarkably, the relative
bandwidth for which AR < 3 dB is 65% of the central frequency
f = 10 GHz. The intensities of n, and By are consistent with
the plasma production technology at the state-of-the-art [3], [26].
Therefore, this confirms that LP-to-CP conversion via a plasma-based
reflective surface is feasible and appealing.

IV. ARRAY DESIGN

A design closer to practical implementation has been analyzed
numerically to investigate further the feasibility of a plasma-based
reflective surface with polarization conversion capabilities The setup
is depicted in Fig. 7: it is composed of 10 x 10 plasma elements, each
characterized by L = 15 mm, L,; = 12 mm, and z,; = 21 mm.
The lattice periodicity is L = 0.5A at the central frequency f =
10 GHz [32]. The condition L, = 0.8 L has been imposed to
account for the additional equipment required to operate the array
ensuring homogeneity and controllability of the plasma properties
(e.g., vessels to confine the neutral gas and electrodes to ignite the
discharge) [3].

The performance of the plasma-based reflective surface, in terms
of PCR, is shown in Fig. 8§ as the operating frequency is varied; here,
6 = 0°. It is confirmed that PCR > 0.98 over a broad operation band-
width, approximately 7-13 GHz. Concerning the theoretical model’s
results shown in Fig. 4, higher values of n, are required to obtain
similar outcomes consistently to what happens in nonmagnetized
systems due to the presence of propagation paths outside the plasma
medium [24]. Nonetheless, this is only a minor issue since the values
of By and n, are still within feasible ranges for the plasma technology
at the state-of-the-art [3], [26]. Similar considerations hold for AR,
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Fig. 8. (a)PCR and (b) AR versus operation frequency f for different
combinations of plasma density n, and magnetic field By. These data are
obtained regarding the plasma-based reflective surface depicted in Fig. 7 and
for v = 3.1 x 10% Hz.

here computed for & = 90°. In this case, the operation bandwidth
where AR < 3 dB spans between 7.5 and 13 GHz. It is worth
mentioning that the performance depicted in Fig. 8 is very close
to the one derived from the reflection coefficients of each element
of the reflective surface: differences are <0.01 in terms of PCR, and
<0.1 dB in terms of AR. Similar results have also been obtained
in the case of nonmagnetized systems [24], highlighting a generally
mild cross-talking among plasma elements.

To sum up, given that 1) n, is varied up to 2.0 x 1018 m=3 with a
resolution of 1.0x 1017 m_3, 2) By is varied in the range 55-140 mT,
and 3) the direction of the magnetostatic field is changed over the
&-axis, np-axis, and the ¢-axis, then the proposed plasma-based
reflective surface enables:

1) the cross-polarization conversion;

2) LP-to-LP conversion for a generic polarization direction;

3) LP-to-CP conversion with the possibility to select between the

right-handed and left-handed CP.

All these features are achievable from 7.5 to 13 GHz, namely, with
a 55% relative bandwidth with respect to the central frequency
f = 10 GHz, and for a fixed incident electric field. No other
design proposed in the literature enables all these features in the GHz
frequency range and for such a large operation bandwidth. Moreover,
the requirements listed above are feasible with the plasma technology
at state-of-the-art and assuming the magnetostatic field is generated
with a suitable set of electromagnets [30].

V. CONCLUSION

A feasibility study has been accomplished to assess, for the first
time, the use of reflective surfaces based on magnetized plasmas for
polarization conversion. A theoretical model has been formulated to
analyze LP-to-LP and LP-to-CP converters relying on this concept.
Afterward, the numerical design of a plasma-based reflective surface
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is presented. The latter enables 1) cross-polarization conversion,
2) generic LP-to-LP conversion, and 3) LP-to-CP conversion with
the possibility to select between the right-handed and left-handed
CP. To the best of the authors’ knowledge, this is the first concept
enabling all these features in the GHz range with a relative bandwidth
larger than 50%. From a technological standpoint, it requires the
plasma density to be controlled up to 2.0 x 1018 m=3, and the mag-
netic field shall be varied in the range 55-140 mT with the possibility
to change its direction along three perpendicular axes. The practical
implementation of these constraints, while challenging, is entirely
feasible. In fact, the controllability of the plasma density has been
demonstrated in the field of GPAs [2], [10], and electromagnets
providing variable magnetostatic fields up to 200 mT are commonly
used in electric space propulsion [30].

In conclusion, the proposed solution is extremely appealing regard-
ing polarization conversion capabilities. Thus, the realization and
testing of a proof of concept will be the subject of future works.
At the same time, a drawback of plasma-based reflective surfaces
is their relative thickness, almost doubled with respect to other
systems presented in the literature [18], [20]. Nonetheless, the most
critical aspect that might hinder the applicability of these devices
in realistic scenarios (e.g., intelligent reflecting surfaces—IRSs [33])
is the nonnegligible power consumption, in the range of several
watts [3]. This drawback can be substantially mitigated by taking
advantage of the recent technological advances made in the field of
electric space propulsion in terms of optimization and miniaturization
of the electronics to manage the plasma [26].
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