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ABSTRACT The design of a reflective surface operated in the GHz range is proposed to enable
beam-steering and polarization conversion simultaneously. The concept presented in this work relies on
plasma-based Intelligent Reflecting Surfaces (IRS) in which the plasma is magnetized. Plasma-based IRSs
have been introduced recently and consist of rectangular plasma discharges placed on top of a metallic
ground plane. The reflected signal can be reconfigured electronically by varying the plasma parameters
(e.g., density). First, a theoretical model is exploited to evaluate the capability of a plasma-based IRS to
implement beam-steering and polarization conversion simultaneously. Second, the preliminary design of two
plasma-based IRSs is presented to combine beam-steering with 1) cross-polarization or 2) linear-to-circular
polarization conversion. According to the numerical results, the proposed concepts are feasible assuming
the plasma density can be reconfigured in the range 4.9 × 1017-13.7 × 1017 m−3 and the intensity of the
magnetostatic field in the range 60-183 mT; these values are consistent with the plasma technology at the
state-of-the-art. The operation frequency is 10 GHz, and the bandwidth is between 0.5-0.8 GHz for the two
plasma-based IRSs presented in this work.

INDEX TERMS Gaseous plasma antennas, intelligent reflecting surfaces, beam-steering, polarization
conversion, linear-to-circular, cross-polarisation.

I. INTRODUCTION
Intelligent Reflecting Surfaces (IRSs) [1] are planar struc-
tures capable of controlling a reflected signal in terms of
amplitude, phase, polarisation, and frequency by tuning the
electromagnetic (EM) properties of the surface [2]. IRSs
have been proposed to optimise the medium between the
transmitter and the receiver antennas by enabling the smart
reconfigurability of the radiation environment [3]. IRSs are
usually implemented via phased arrays or metasurfaces [4].
Specifically, an IRS comprises many unit cells embedding
active elements (e.g., PIN or varactor diodes) [5]. Thus,
each unit cell can be controlled independently to change the
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reflected signal’s amplitude and phase, enabling fine beam
shaping [6].

In this framework, much effort has been devoted to tun-
able metasurfaces whose operation status can be dynami-
cally controlled [7], [8], [9], [10]. Considering the variety
of potential applications, the necessity to develop multi-
functional devices is topical [11]. For example, combining
beam-steering and polarization conversion in one single
device would be paramount in networks that rely on circu-
larly polarized signals such as satellite communications [12].
Several metasurfaces operated in the optical frequency range
have been proposed to enable efficient polarization conver-
sion while ensuring complete phase control over the reflected
fields [13]. Nonetheless, it is more challenging to achieve
such multifunctionality in devices operating in the GHz
range [14]. Transmittarrays have been proposed to combine
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beam-steering and polarization manipulation [15]. To this
end, dedicated unit cells have been developed with an active
side that radiates EM waves at an appropriate polarization,
an integrated phase shifter, and a passive side used as a
receiver [16]. In [11], a beam-steering capability of ±60◦

is combined with the possibility to select between several
linear polarization (LP) and circular polarization (CP) modes.
In [17], similar beam-steering capabilities are demonstrated
for a CP signal in Ka-band. Another option is to use phased
arrays. Nonetheless, effective solutions are available only
in the 100 GHz frequency range [18]. The most critical
architecture to implement multifunctional capabilities is the
reflective surface [19]. In literature, solutions are proposed to
select between different functionalities (e.g., beam-steering
or polarization control), not to enable them simultane-
ously [14], [20]. On the other hand, designs are proposed
to combine beam-steering and polarization conversion at the
expense of the reconfigurability [21], [22], [23].

Gaseous Plasma Antennas (GPAs) [24] constitute another
class of devices that allows dynamic control of their opera-
tion status [25], [26]. In these systems, the transmission and
reception of EM waves are conveyed through an ionised gas,
namely plasma [27]. Controlling the electrical power cou-
pled to the plasma enables reconfiguring parameters as the
density [28], [29] which, in turn, significantly affect the EM
response of a GPA [30], [31]. This feature can be exploited to
reconfigure the radiation pattern [32], [33] and the operation
frequency [34], [35] of these devices. Notably, the possibility
of controlling beam-steering and polarization via GPAs has
been demonstrated in the literature. Phased arrays have been
proposed to reconfigure the radiation pattern via an appro-
priate digital switching sequence while ensuring CP [36].
Surfaces working in transmission [37] and reflection [38]
mode have been studied to enable polarization conversion in
terms of LP and CP. More recently, plasma-based IRSs with
beam-steering [39] and polarization conversion [40] capabil-
ities have been proposed. A plasma-based IRS consists of
plasma discharges of rectangular shape placed on top of a
metallic ground plane, and the reflected signal is reconfig-
ured, controlling the plasma parameters electronically [39].
Notably, polarization conversion is feasible using a magne-
tised plasma [40].

To the author’s knowledge, this is the first time a reflective
surface operated in the GHz range is proposed to enable
beam-steering and polarization conversion simultaneously.
A preliminary design has been elaborated via a theoreti-
cal/numerical approach; it relies on a plasma-based IRS in
which the plasma is magnetized. An operation frequency f =

10 GHz has been assumed [41], [42]. This value is within the
range of interest for communications beyond-5G (i.e., from
sub-6 up to 300 GHz [43]). Section II outlines the theo-
retical and numerical models. In Section III, the theoretical
model is exploited to analyse the capability of a plasma-based
IRS to combine beam-steering with polarization conversion.
In Section IV, the plasma elements constituting the IRS are

FIGURE 1. Schematic of the plasma slab handled by the theoretical
model.

analysed numerically. In Section V, the preliminary design of
two plasma-based IRSs enabling beam-steering and 1) cross-
polarization conversion or 2) LP-to-CP conversion is dis-
cussed. Finally, conclusions are drawn, and future works are
outlined in Section VI.

II. METHODOLOGY
The methodology to study the reflection of an EM wave
through a plasma slab is outlined in the following. For a more
detailed description of the theoretical and numerical models,
the reader is referred to [39] and [40].

The response of a magnetized plasma to an impinging EM
wave depends on the following parameters [40]

ωp =

√
q2ne
mε0

, ωc =
qB0
m

, ν = n0K (Te) (1)

where ωp is the plasma frequency in rad/s, ωc is the cyclotron
frequency in rad/s, and ν is the collision frequency in Hz.
Specifically, q is the elementary charge, m is the electron
mass, ε0 is the vacuum permittivity, ne is the plasma density
in m−3, B0 is the intensity of the magnetostatic field in T,
n0 is the neutral gas density, and K is a rate coefficient that
depends on the electron temperature Te [39]. Provided thatωp
depends on ne and ωc on B0, it is possible to reconfigure the
EM response of the plasma acting on twomacroscopic param-
eters. The power spent to sustain the discharge drives ne [34],
while B0 can be controlled relying on electromagnets [44].
On the other hand, ν is directly related to Ohmic losses
occurring within the plasma medium and is proportional to
n0 [39]. The neutral gas pressure p0 is more often used to
characterize plasma discharges rather than n0 [31], [34].
In the theoretical model, a linearly polarized plane wave is

assumed to impact normally a homogeneous plasma slab of
thickness zpl placed on top of an infinite ground plane realized
in a perfect electric conductor (PEC) (see Fig. 1). The incident
wave propagates along the ξ -axis, normally to the ground
plane, and forms an angle θ with the uniform magnetostatic
field vector. The reflected field reads [40]

Er = 0+E+

i + 0−E−

i (2)

where Ei and Er are complex electric field vectors describing
the incident and reflected waves, respectively, and 0 is the
reflection coefficient. Superscripts refer to the components of
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the incident wave that couple to the two propagation modes
that occur within a magnetized plasma referred to as mode+

and mode −, respectively [45]. The fields and the reflection
coefficients associated with each mode can be computed
according to the methodology described in [40]. Notably, the
reliability of the theoretical model has been assessed in [39]
and [40] verifying its results against numerical predictions.
Given the value of Er , the reflected wave can be analysed
in terms of phase front and polarisation. In particular, cross-
polarization conversion is studied via the polarisation con-
version ratio PCR, which quantifies the amount of power
transferred from the incident field to its cross-polarized direc-
tion [40]. LP-to-CP conversion is analysed via the axial ratio
AR which is defined as the ratio between the major and the
minor axes of a generic polarisation ellipse; conventionally,
CP is achieved for AR ≤ 3 dB [46].

Numerical simulations are performed with the commercial
software CST microwave Studio®; two types of analyses
have been accomplished. First, the reflection of a linearly
polarized plane wave on a Lpl × Lpl square plasma element,
placed on top of a L × L ground plane, is studied relying
on Floquet boundary conditions [39]. This is propaedeutic
to the second analysis, in which the design of an array
of plasma elements is presented to combine beam-steering
and polarization-conversion. The latter analysis is performed
relying on open boundary conditions. Beam-steering is anal-
ysed in terms of the radar cross section (RCS) diagrams [39].

Finally, in Appendix A plasma sources at the state of
the art [47], [48] have been characterized experimentally to
prove that the plasma parameters adopted in this paper are
compatible with the current technology.

III. THEORETICAL ANALYSIS
The theoretical model outlined in Section II has been
exploited to investigate the capability of a plasma-based
IRS to combine beam-steering with cross-polarisation or
LP-to-CP conversion, respectively.

A. CROSS-POLARISATION CONVERSION
The considered plasma slab has thickness zpl = 36 mm,
namely 1.2λ at the operation frequency f = 10 GHz. Pro-
vided the results in terms of cross-polarisation conversion
reported in [40], the magnetostatic field is assumed aligned
along the ξ -axis, namely θ = 0◦. The neutral gas pressure
is p0 = 0.4 mbar provided that this value is consistent
with the discharge technology at the state-of-the-art [31];
consequently, the collision frequency is ν = 3.1 × 108 Hz.
For the sake of simplicity, the incident wave is assumed
polarized along the η-axis, parallel to the ground plane. Thus,
the following reflection coefficients{

0ηη = Eη,r/Eη,i

0ζη = Eζ,r/Eη,i
(3)

are sufficient to describe the reflection process. Hence,
the PCR quantifies the power transferred to the

FIGURE 2. (a) Polarisation conversion ratio PCR, and (b) phase of the
reflection coefficient 0ζη in function of the plasma density ne.
Comparison among different values of the magnetostatic field B0.
Configurations in which cross-polarisation conversion occurs are
highlighted. Incident field aligned with η-axis, θ = 0◦, ν = 3.1 × 108 Hz.

ζ -axis and reads

PCR =
|0ζη|

2

|0ζη|
2 + |0ηη|

2 . (4)

In Fig. 2, PCR and the phase of 0ζη are depicted in func-
tion of the plasma density ne for three different values of
B0. Interestingly, there is a threshold value of B0, between
10 mT and 20 mT, above which PCR ≈ 1 for at least one
value of ne. In these points, indicated with green stars in
Fig. 2, the cross-polarisation conversion occurs; namely, the
reflected wave is practically polarized along the ζ -axis. At the
same time, the phase of the reflected wave, namely ang(0ζη),
is mildly affected by the value of B0 but depends on ne. It is
therefore possible to find combinations of B0 and ne that
allow to reconfigure ang(0ζη) over 360◦ while maintaining
PCR ≈ 1 and |0ζη| > −1 dB (see Fig. 3). Consistently
with the results reported in Fig. 2, progressively lower values
of ne are required to obtain cross-polarisation conversion as
B0 increases. At the same time, assuming ne can be con-
trolled in the range 2 × 1017 − 1 × 1018 m−3 and B0 in
the range 20 − 190 mT, complete control of the phase of the
reflectedwave is ensured. Being these values compatible with
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FIGURE 3. (a) Plasma density ne to maximize the cross-polarisation
conversion, and (b) amplitude and phase of the reflection coefficient 0ζη

in the function of the magnetostatic field B0. Incident field aligned with
the η-axis, θ = 0◦, ν = 3.1 × 108 Hz.

the plasma technology at the state-of-the-art [31], [44], it is
proven that plasma-based IRSs are a promising technology
to combine beam-steering and cross-polarisation conversion.
Moreover, considering that ang(0ζη) is reconfigurable over
360◦, both continuous and discrete control strategies can be
implemented to steer the reflected beam [7].

Results can be interpreted considering that the two propa-
gation modes occurring for θ = 0◦ are L-waves and R-waves,
respectively [45]. The two waves propagate along the ξ -axis;
they are left-handed and right-handed CP, respectively. Pro-
vided that the refractive index of the two modes is differ-
ent [45], the longer the path travelled by a wave within
the plasma slab, the larger the Faraday rotation effect [40].
Specifically, ne and B0 affect the distance required to rotate
the polarisation direction of 90◦ [40]. The combinations
ne-B0 reported in Fig. 3(a) are exactly the ones for which
a plasma slab of thickness zpl is required to obtain cross-
polarisation conversion. At the same time, different couples
ne-B0 provide diverse values of the phase of the reflected
wave.

B. LINEAR-TO-CIRCULAR CONVERSION
A plasma slab of thickness zpl = 24 mm is considered
to study the combination of beam-steering and LP-to-CP
conversion. At the operation frequency f = 10 GHz, the

FIGURE 4. Phase of the reflection coefficient 0+ in function of the
plasma density ne. Four states to implement LP-to-CP conversion
maintaining a phase difference of ±90◦ are highlighted. Incident field has
equal components along η-axis and ζ -axis, θ = 90◦, ν = 3.1 × 108 Hz.

TABLE 1. States to implement LP-to-CP conversion maintaining a phase
difference of ±90◦ according to the theoretical model (see Fig. 4).

thickness is equivalent to 0.8λ. According to the results
of [40], the magnetostatic field is aligned along the ζ -axis,
namely θ = 90◦, and the incident wave has equal components
along the η-axis and the ζ -axis. This configuration produces
a reflected beam that is left-handed CP [40]. If right-handed
CP is required, it is necessary to align the magnetostatic
field along the η-axis instead of the ζ -axis, maintaining θ =

90◦ [40]. Regarding the neutral gas, p0 = 0.4 mbar and
ν = 3.1 × 108 Hz.
In the case of θ = 90◦, the two propagation modes are

associated with O-waves and X-waves, respectively [45].
The two modes are orthogonal, namely the component Eζ,i
couples to the O-wave and Eη,i to the X-wave [40]:{

0+
= Eζ,r/Eζ,i

0−
= Eη,r/Eη,i

. (5)

Interestingly, the propagation along the ζ -axis is parallel
to the magnetostatic field, so 0+ is independent of the
B0 value [40]. Generally speaking, CP is achieved if Eζ,r
and Eη,r (i.e., 0+ and 0−) are 90◦ out of phase [46]. In that
case, implementing beam-steering can be achieved simply via
0+ provided the phase difference between Eζ,r and Eη,r is
fixed. The phase of 0+ is depicted in Fig. 4 as a function
of ne. The four states highlighted with green stars present
a phase difference of ±90◦ among each other. Given that
B0 is properly selected (see Table 1), these four states enable
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FIGURE 5. Plasma density ne to maximize the cross-polarisation
conversion in function of the magnetostatic field B0. Theoretical (‘‘theor’’)
and Floquet (‘‘CST’’) predictions were compared. Eight states to
implement beam-steering are highlighted. Incident field aligned with
η-axis, θ = 0◦, ν = 3.1 × 108 Hz.

TABLE 2. States to implement cross-polarisation conversion and
beam-steering according to the Floquet analysis (see Fig. 5).

LP-to-CP conversion since AR ≤ 3. Moreover, |0+
| >

−1 dB, namely a mild amount of power is dissipated on each
plasma element due to Ohmic losses [39]. Thus, the recon-
figurability of the reflected signal is ensured by relying on
a discrete control of the plasma parameters [7]. Specifically,
if ne can be varied in the range 4.0 × 1017-1.0 × 1018 m−3

and B0 in the range 90-190 mT, it is possible to combine
beam-steering and LP-to-CP conversion. These values are
compatible with the technology at the state-of-the-art [31],
[44]. It is worth noting that to ensure continuous control of
the phase of the reflected wave (i.e., reconfigurability over
360◦), B0 shall span in a much larger range not compatible
with the existing technology. Similarly, modifying zpl is not
much helpful since, reducing its size, both ne and B0 shall
vary in a larger span to enable certain reconfigurability of the
phase of the reflected wave [39]. Vice versa, if zpl > 0.8λ
the phase of 0− is very sensitive to ne [40]. Thus, it is not
feasible to maintain a stable value of AR ≤ 3 accounting for
uncertainty on ne compatible with the technology at state of
the art (between 1016 and 1017 m−3 [31]).

IV. FLOQUET ANALYSIS
The single plasma element is analysed numerically, account-
ing for practical constraints such as Lpl ̸= L [39].

FIGURE 6. (a) Polarisation conversion ratio PCR, and (b) phase of the
reflection coefficient 0ζη in function of the operation frequency f . Three
out of the eight states to implement beam-steering are analysed.

This is propaedeutic to the design of plasma-based IRSs
capable of combining beam-steering and polarization
conversion. Specifically, both the elements intended for
cross-polarisation and LP-to-CP conversion exhibit Lpl =

12 mm and L = 15 mm. The latter, corresponding to the
lattice periodicity, equals 0.5λ at the operation frequency
f = 10 GHz [39].

A. CROSS-POLARISATION CONVERSION
The plasma thickness is assumed zpl = 36 mm, the collision
frequency is ν = 3.1 × 108 Hz, the magnetostatic field is
aligned along the ξ -axis (i.e., θ = 0◦), and the incident
electric field is aligned along the η-axis. These values are con-
sistent with the theoretical analysis reported in Section III-A.

The values of ne-B0 that maximize PCR are depicted in
Fig. 5. The results associated with the current plasma element
(Lpl ̸= L) are compared against theoretical results (Lpl = L).
Similar trends are obtained at the expense of a higher value of
ne, which is needed to enable the cross-polarization conver-
sion. This is consistent with previous results [39], [40] high-
lighting that the presence of propagation paths outside the
plasma medium has a detrimental effect on the performance
of a plasma-based IRS. Notably, it is still possible to iden-
tify a continuous set of ne-B0 that enable cross-polarization
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FIGURE 7. Phase of the reflection coefficient 0+ in function of the plasma
density ne. Theoretical (‘‘theor’’) and Floquet (‘‘CST’’) data were compared.
Four configurations to implement LP-to-CP conversion maintaining a
phase difference of ±90◦ are highlighted. θ = 90◦, ν = 3.1 × 108 Hz.

TABLE 3. States to implement LP-to-CP conversion maintaining a phase
difference of ±90◦ according to the Floquet analysis (see Fig. 7).

conversion, the reconfigurability of the phase of 0ηζ , and
mild power losses (i.e., |0ηζ | > −1 dB). In Table 2, eight
states are identified that present a relative phase shift of
±31.3◦ and maintain PCR > −0.2 dB. This is possible
assuming ne is reconfigurable in the range 4.9 × 1017-1.1 ×

1018 m−3 and B0 in the range 60-140 mT, which is feasible
with the actual technology [31], [44]. According to the array
factor rule, a constant phase shift of ±31.3◦ enables a 10◦

beam-steering in a linear array [46]. This result has been
exploited in Section V-A to design a plasma-based IRS that
combines beam-steering and cross-polarization conversion.

In Fig. 6, the performance of three of the eight plasma
states reported in Table 2 is analysed in the frequency range
9.8-10.2 GHz. The band in which PCR > −1 dB increases
with B0, the most critical configuration is the one in which
B0 = 60 mT where this condition is maintained in an interval
of about 0.15 GHz. Similarly, the B0 = 60 mT plasma
state presents the largest phase variation over the considered
frequency interval, which exceeds 90◦.

B. LINEAR-TO-CIRCULAR CONVERSION
Consistently with the analysis reported in Section III-B, each
plasma element has thickness zpl = 24 mm, the collision
frequency is ν = 3.1 × 108 Hz, the magnetostatic field is
aligned along the ζ -axis (i.e., θ = 90◦), and the incident
electric field has equal components along the η-axis and
ζ -axis.

FIGURE 8. (a) Amplitude, and (b) phase of the reflection coefficient 0+ in
function of the operation frequency f . The four configurations to
implement LP-to-CP conversion maintaining a phase difference of ±90◦

are analysed. The yellow background indicates unwrapped values of the
phase.

The phase of 0+ is depicted in Fig. 7 as a function
of ne. A comparison is performed between the considered
plasma element and the theoretical results. Similar trends are
obtained, but higher values of ne are required if propagation
paths outside the plasma medium occur [40]. This is not a
significant issue provided that four states that present a phase
difference of ±90◦ and ensure CP are feasible controlling
ne in the range 5.7 × 1017-1.3 × 1018 m−3 and B0 in the
range 87-190 mT (see Table 3). In Fig. 8, the performance
of these four plasma states is analysed in the frequency range
9-11 GHz. The reflection coefficient amplitude is maintained
above −1 dB, confirming that Ohmic losses occurring within
the plasma medium are very mild [39]. Regarding the reflec-
tion coefficient phase, no abrupt variation is registered in the
frequency range of interest. Nonetheless, the phase difference
between subsequent states decreases to ±40◦ at the edges of
the frequency interval.

V. ARRAY DESIGN
A numerical analysis is performed to preliminary design
plasma-based IRSs that enable beam-steering and polariza-
tion conversion. Two solutions, combining beam-steering
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FIGURE 9. Plasma-based IRS to implement cross-polarization conversion
and beam-steering. Each plasma element is colored according to the
color scale and indicates the corresponding plasma density ne.
Numbering (#) refers to the columns of the array. Each element is
characterized by L = 15 mm, Lpl = 12 mm, zpl = 36 mm.

TABLE 4. Polarization conversion ratio PCR at φ = 10◦ for different
operation frequencies f .

with cross-polarization and LP-to-CP conversion, respec-
tively, are presented.

A. CROSS POLARIZATION CONVERSION
The preliminary design of a plasma-based IRS that enables
beam-steering and cross-polarization conversion relies on
the plasma elements discussed in Section IV-A. The array
envisions 8×8 plasma elements; the values of ne displayed in
Fig. 9 induce a 31.3◦ phase shift between adjacent columns
which, according to the array factor rule, is associated to
a 10◦ beam-steering in the ξ -η plane (see Table 2) [46].
Specifically, a linearly polarized plane wave propagating
along the broadside direction φ = 0◦ is assumed to impinge
the plasma-based IRS. Two cases have been analysed: inci-
dent wave polarized along the ζ -axis and the η-axis. It is
worth noting that this corresponds to analyse the capabil-
ity of the proposed design to steer the beam in azimuth
and elevation, given that a 90◦ rotation of the polarization
direction is equivalent to geometrically rotating the plasma-
based IRS. The proposed design satisfies requirements for
both beam-steering and cross-polarization conversion (see
Fig. 10). At f = 10 GHz, the main lobe of the RCS occurs at
φ = 10◦ with a relative side lobe level SLL of about −10 dB.
Notably, PCR > −1 dB in an angle larger than 10◦ and
centered on the direction of the main lobe. Moreover, power
losses due to Ohmic effects are very mild, considering that
97% of the incident power is back-scattered. The proposed

FIGURE 10. Polarization conversion ratio PCR and radar cross section RCS
in function of the azimuth angle φ (ξ–η plane). Two polarization
directions of the incident field are compared.

TABLE 5. Performance parameters of the plasma-based IRS for different
steering angles.

design is further analysed for different values of the operation
frequency in Table 4. Despite the relatively narrow band in
which all the eight plasma states maintain a constant phase
difference and PCR > −1 dB (see Section IV-A), the per-
formance of the plasma-based IRS satisfies requirements in
the frequency range 9.6-10.1 GHz. Indeed, in this interval,
the main lobe is registered in correspondence of φ = 10◦ and
PCR > −0.4 dB.
The beam-steering capabilities of a plasma-based IRS have

also been evaluated in terms of maximum steerable angle (see
Table 5). Applying the array factor rule [46], plasma elements
have been designed to ensure a certain steering angle and
PCR > −1 dB. For a steering angle between 20◦ and 30◦,
the relative side lobe level (SLL) is modest. Larger values
cannot rely on the array factor rule since the main lobe occurs
in the broadside direction. This limitation is associated with
the anisotropic back-scattering produced by plasma elements.
Indeed, their RCS is maximum in the broadside direction and
decreases by about −3 dB at φ = 40◦-45◦. Thus a dedicated
synthesis, which is out of the scope of the present work, would
be needed to optimize the SLL and to extend the steering
range up to a reasonable limit of 40◦-45◦.

B. LINEAR-TO-CIRCULAR CONVERSION
A plasma-based IRS that simultaneously enables beam-
steering and LP-to-CP conversion has been preliminary
designed. The array proposed is made of 8 × 8 elements
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FIGURE 11. Plasma-based IRS to implement LP-to-CP conversion and
beam-steering. Each plasma element is colored according to the color
scale and indicates the corresponding plasma density ne. Numbering (#)
refers to the columns of the array. Each element is characterized by
L = 15 mm, Lpl = 12 mm, zpl = 24 mm.

FIGURE 12. Polar plot of the radar cross section RCS referred to the
plasma-based IRS depicted in Fig. 11 and assuming the optimized plasma
states described in Table 6.

TABLE 6. Optimized plasma states to implement LP-to-CP conversion.

arranged in a rectangular lattice (see Fig. 11). The design is
based on the discrete control of the plasma properties that
envision four different states. Two configurations have been
analysed; the first one assumes plasma properties that ensure
a phase shift of 90◦ between adjacent columns (see Table 3);
according to the array factor rule, this guarantees a 30◦

FIGURE 13. (a) Axial ratio AR and radar cross section RCS in function of
the azimuth angle φ (ξ–η plane) assuming the plasma states described in
Table 3 and the optimized ones reported in Table 6. (b) AR and relative
side lobe level SLL in function of the operation frequency f for the
optimized configuration.

steering of the reflected beam in the ξ -η plane [46]. In the
second configuration, plasma properties are optimized to
ensure a 30◦ steering while minimizing the relative SLL (see
Table 6). The two solutions proposed match the requirements
both in terms of beam-steering and LP-to-CP conversion at
the operation frequency f = 10GHz (see Fig. 12 and Fig. 13).
Indeed, the main lobe, evaluated in terms of RCS, occurs in
correspondence of φ = 30◦, and AR ≤ 3 dB in an interval
of about 10◦ centered on this direction. A relative SLL of
circa −5 dB is registered for the configuration based on the
array factor rule, while it decreases at about −8 dB for the
optimized one. The latter result is remarkable given that each
plasma state does not guarantee AR ≤ 3 dB (see Table 6);
as explained in Section V-A, this is related to the anisotropic
radiation the plasma elements. The power back-scattered by
the overall plasma-based IRS is 96% of the incident one, con-
firming that losses due to Ohmic effects aremild. For the opti-
mized configuration, the operation bandwidth spans in the
range 9.5-10.3GHz assuming that an acceptable performance
envisages: 1) main lobe in the direction φ = 30◦, 2) relative
SLL ≤ 6 dB, 3) AR ≤ 3 dB in correspondence of the main
lobe. It is worth remarking that, given the discrete control of
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TABLE 7. Comparison between the proposed design (first line) and other
plasma-based reflective surfaces previously discussed in the literature.

the plasma properties adopted for the LP-to-CP conversion,
the concept of maximum steering angle is ill-defined since
only specific diffraction patterns can be implemented [7].
To conclude, plasma-based IRSs are a feasible alternative to
combine beam-steering and polarization conversion. Indeed,
numerical results rely on plasma properties compatible with
the technology at the state-of-the-art [31], [44].

C. DISCUSSION
Plasma-based IRSs that combine beam-steering and polariza-
tion control are compared against other numerical designs
of plasma-based reflective surfaces proposed in the litera-
ture that operate in the GHz range (see Table 7). The solu-
tions proposed in this paper are the only ones that combine
beam-steering and polarization control. In [39] and [49],
solutions to steer the reflected beam without any polarization
control are proposed. Notably, the maximum steering angles
presented are comparable to the values demonstrated in this
work (i.e., about 30◦), and the relative SLL is only a few dB
lower. In [38] and [40] polarization converters are proposed,
the first one [38] enables only LP-to-CP conversion while the
second one [40] allows generic reconfigurability of the polar-
ization state. Notably, the designs proposed in this work allow
both cross-polarization and LP-to-CP conversion. Finally, the
bandwidth of plasma-based solutions is relatively high, from
5% up to 50% of the central frequency.

VI. CONCLUSION AND FUTURE WORK
A feasibility study has been conducted to assess, for
the first time, the use of plasma-based IRSs to combine
beam-steering and polarization control in the GHz range.
A theoretical model has been exploited to investigate both
cross-polarization and LP-to-CP conversion. Moreover, the
numerical design of two arrays that simultaneously enable
1) beam-steering and cross-polarization conversion, as well
as 2) beam-steering and LP-to-CP, is presented. Both of
these concepts are feasible assuming the plasma density is
reconfigurable in the range 4.9 × 1017-13.7 × 1017 m−3

and the magnetostatic field in the range 60-183 mT. These
values are consistent with the plasma technology at the
state-of-the-art [31], [44]. Moreover, both concepts present
a bandwidth between 0.5-0.8 GHz. Thus, plasma-based IRS
is proven to be an extremely appealing technology in terms
of multifunctionality.

Even though the proposed design is feasible, a few chal-
lenges shall be faced before realizing a proof-of-concept
of this technology. First, the solutions implemented for the
electronics dedicated to plasma production are usually bulky
and power-consuming [30]. With this regard, it is possible
to take advantage of the technological advances in space
propulsion, where miniaturized solutions are available [50],
[51]. Second, plasma discharges shall be controlled via an
‘‘intelligent’’ algorithm. Also, in this case, a partial solution
can be derived from the plasma display panels application
where strategies to control the ignition of multiple plasma
elements are available [52]. Third, plasma sources employed
in the field of GPAs usually have a cylindrical shape [35].
To implement the design proposed in this work, it is necessary
to develop square plasma blocks. Nonetheless, the literature is
plenty of rectangular dielectric barrier discharges (DBD) [52]
that have been developed, for example, in the field of plasma
display panels. A practical implementation might envision
a segmented metallic plate in which ground high-voltage
electrodes are integrated. This is not expected to interfere
with the signal [35] given that the power to ignite DBDs is
usually provided in the MHz range [52]. Thus, the realization
and test of a prototype plasma-based IRS will be the subject
of future work.

FIGURE 14. Measured plasma density ne in function of the discharge
current I for three different values of the magnetostatic field B0.

APPENDIX A PLASMA MEASURES
Plasma discharges usually employed in GPAs [30], [47], [48]
have been realized and tested to evaluate further the feasi-
bility of the IRSs proposed in this work. Plasma is produced
by applying a sufficiently high voltage (100 V range [35])
between two electrodes placed at the opposite ends of a glass
vessel that contains argon gas. The plasma density ne has
been evaluated via interferometric measures [53] for different
values of the discharge current I and the magnetostatic field
B0 (see Fig. 14). The former is provided and monitored via
a custom-built power processing unit (PPU), and the latter
is generated via electromagnets. Notably, there is a linear
correlation between ne and I while B0 has a negligible effect
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on the achievable plasma density [28], [29]. Thus, the two
variables that determine the behavior of a plasma-based IRS
(i.e., ne and B0) can be controlled independently. Moreover,
experiments show that the values of ne assumed for the
numerical design are perfectly feasible as the possibility to
vary B0 in an interval of 120 mT.
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