
Received 25 October 2023, accepted 14 November 2023, date of publication 16 November 2023,
date of current version 21 November 2023.

Digital Object Identifier 10.1109/ACCESS.2023.3333526

Plasma-Based Dual-Band Reflective Surface
MIRKO MAGAROTTO , (Member, IEEE), LUCA SCHENATO , (Member, IEEE),
MARCO SANTAGIUSTINA , (Member, IEEE), ANDREA GALTAROSSA , (Life Fellow, IEEE),
AND ANTONIO-DANIELE CAPOBIANCO , (Member, IEEE)
Department of Information Engineering, University of Padova, 35131 Padua, Italy
National Inter-University Consortium for Telecommunications (CNIT), 43124 Parma, Italy

Corresponding author: Mirko Magarotto (mirko.magarotto@unipd.it)

This work was supported in part by the European Union under the Italian National Recovery and Resilience Plan (NRRP)
of NextGenerationEU, partnership on ‘‘Telecommunications of the Future’’ (program RESTART) under Grant PE00000001.

ABSTRACT The subject of this work is the numerical design of a plasma-based dual-band reflective surface.
The proposed concept consists of a series of cylindrical plasma discharges placed on top of a reconfigurable
surface made of conventional metallic patches. The possibility to independently control the steering of two
signals, one in Ku-band (12.5 GHz) and the other in Ka-band (27.5 GHz), with a frequency ratio larger
than 2, is proven. The signal at a lower frequency is controlled via the plasma density, while the one at
a higher frequency is reconfigured via the conventional metallic surface. Notably, the larger the difference
between the two working frequencies, the more a plasma-based reflecting surface suits dual-band operations.

INDEX TERMS Gaseous plasma antennas, reflective surfaces, dual-band, Ku-band, Ka-band.

I. INTRODUCTION
Gaseous plasma antennas (GPAs) are devices in which the
communication of electromagnetic (EM) signals relies on an
ionized gas called plasma [1]. A notable property of GPAs
is the capability to reconfigure their operation frequency [2]
and radiation pattern [3], [4] by controlling the plasma density
electronically. Moreover, when the antenna is not operating,
the plasma is not energized and reverts to the neutral gas
state [5]. Thus, a GPA can electrically disappear when plasma
(i.e., the main conductive medium) fades [6]. Moreover,
plasma is a dispersive medium whose EM response is
frequency dependent [7]. This property can be exploited to
integrate different GPAs into arrays or to realize broadband
devices [8], [9]. A peculiar implementation of GPAs consists
of reflective and transmissive surfaces [10], [11]. In these
devices, plasma elements control EM waves’ reflection [12]
and/or transmission [13]. Some of the capabilities enabled by
plasma-based surfaces are beam-steering [14], polarization
control [15], and a combination of the two [16].

The rapid development of application fields such as
5G/6G communications [17], [18], [19] and satellite tech-
nology [20] has led to the adoption of high-frequency bands
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(e.g., Ka-band) to improve data transmission speed [21].
At the same time, lower frequency communications are still
needed to satisfy specific requirements [22] or to exploit
portions of the spectrum allocated for fixed services [23].
As a result, future scenarios will envision communica-
tion systems working at multiple frequencies alternatively
or simultaneously [24]. This establishes the urgent need
to develop dual-band devices that satisfy communication
requirements while ensuring compactness and minimizing
costs [17]. Shared-aperture phased antenna arrays have been
proposed to control the radiation pattern in Ku- and Ka-
bands [20], [25]. In these devices, elements operating in
different frequency bands are integrated into a common
aperture [26], both staggered or overlapped on different
layers [27]. Shared-aperture antennas can achieve a very large
frequency ratio, which is required, for example, in the field of
5G/6G to integrate communications in S- and Ka-bands [17],
[28] or S- and V-bands [29]. A peculiar implementation
of shared-aperture technology envisions housing both a
low-frequency patch array and a high-frequency reflectarray
in the same aperture area to achieve dual-band operations
in S- and Ka-bands, respectively [30]. Nonetheless, shared-
aperture antennas require complex systems to control the
signal phase at each array port, so alternative solutions
are proposed in the literature to exploit dual-band [31].
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Reflectarrays are a particularly consolidated technology in
satellite communications to handle signals in Ku- and Ka-
bands [32], [33]. Nonetheless, the most mature solutions
involving several resonant elements organized in multiple
layers are not reconfigurable [34]. In reflectarrays, recon-
figurability comes at the cost of a reduced frequency ratio
(e.g., two frequencies embedded in the Ku-band) [35]. Some
examples include 1-bit reflectarrays operated in X- and Ku-
bands, which integrate phase-shifters [36] or PIN-diodes [37].
To the authors’ knowledge, the only solution proposed to
realize a reflectarray with a frequency ratio larger than 2 (i.e.,
operations in X- and Ka-bands) envisions a unit cell based on
the barium-strontium-titanate technology [38]. Nonetheless,
this solution causes relatively high reflection losses (>10 dB),
and tests described in the literature concern only a single
unit cell, not the overall array. Another technology proposed
to implement dual-band operations is metasurfaces in which
the unit cells consist of sub-wavelength resonators [39].
Nevertheless, also with this solution, reconfigurability comes
at the cost of a relatively reduced frequency ratio (e.g.,
X- and Ku-band) [40], [41], [42]. Even though examples
of metasurfaces handling signals in Ka- and V-bands are
available in the literature [43], they need to be integrated
into arrays of dual-band antennas, increasing the complexity
of the overall system. Finally, transmittarrays have been
proposed to handle Ku- and Ka-bands simultaneously [44] or
K- and Ka-bands [45]. To sum up, the solutions that combine
reconfigurability and large frequency ratio, say >2, are not
optimal because of their complexity. Therefore, there is the
need to identify alternatives to enable these properties in
reflectarrays and/or metasurfaces.

The scope of this work is to present the numerical design
of the first reflecting surface, operating in the tens of GHz
range, that is reconfigurable and enables a frequency ratio
larger than 2. The proposed solution consists of a plasma-
based dual-band reflective surface. Notably, the proposed
device is also the first GPA that allows a frequency ratio
> 2. In fact, even though GPAs are proven to enable multi-
frequency [2] and broadband [9] operations, this is limited to
hundreds of MHz given a central frequency in the order of
1− 2 GHz. In the following, the lower frequency signal is in
the Ku-band (12.5 GHz), and the higher frequency one is in
the Ka-band (27.5 GHz). In particular, these two frequencies
are adopted for the downlink and uplink signals in satellite
communications [46]. Last but not least, a plasma-based
system does not rely on resonating elements [14]. So, the
twoworking frequencies can be easily tuned considering that,
as proven later, the larger the span between them, the better
the proposed surface is suitable for dual-band operations.

II. METHODOLOGY
Plasma is treated as a dispersive medium whose relative
permittivity εp is computed via the Drude model [14], [47]:

εp = 1 −
ω2
p

ω2 + ν2
+ j

ν

ω

ω2
p

ω2 + ν2
, (1)

where ωp is the plasma frequency in rad/s, ν is the collision
frequency in Hz, and ω is the wave frequency in rad/s. The
plasma frequency reads

ωp =

√
q2ne
mε0

, (2)

where q is the elementary charge, m the electron mass, ε0 the
vacuum permittivity, and ne the plasma density. Thus, the
EM response of the plasma can be controlled by varying
electronically ne and, in turn,ωp [48]. The collision frequency
reads

ν = n0K (Te) , (3)

where n0 is the neutral gas density, and K is a rate constant
that depends on the gas type and the electron temperature Te.
In this work, argon gas is considered [49]. In particular, ν

is associated with Ohmic losses and is proportional to the
amount of residual neutral gas [50]. It is worth defining the
critical density

ncre = mε0

(
2π f
q

)2

, (4)

where f = ω/2π is the wave frequency in Hz. Given that in
usual GPAs ν ≪ ωp [51], Re(εp) > 0 if ne < ncre . Namely,
waves can propagate in plasma if ne < ncre , else they are
evanescent [12].

Numerical simulations are performed with the commercial
software CST Studio Suite ®. The computational domain
has been discretized on an unstructured tetrahedral mesh, and
Maxwell’s equations are integrated in the frequency domain.
Plasma is handled relying on the native dispersion model
called ‘‘Drude’’ which implements εp as prescribed in Eq. 1.
A plane wave is assumed to impinge the structure at hand
propagating along the z-direction of a Cartesian reference
frame. The wave is linearly polarized along the y-direction.
Three different kinds of analysis have been performed:
concept analysis (see section III), Floquet analysis (see
section IV), and array analysis (see section V). In the first
and second cases, unit cells are studied adopting Floquet
boundary conditions on the x- and y-directions while open
conditions are assumed along the z-direction [52]. Because of
these settings, the unit cells are considered as the constitutive
elements of an infinite periodic structure extending along the
x- and y-directions. The performance is evaluated in terms of
the scattering parameters S11 and S21

S11 =
Eρ

Eι

, (5a)

S21 =
Eτ

Eι

, (5b)

where Eι, Eρ , Eτ are complex versors associated with the
incident, reflected and transmitted electric field, respec-
tively [52]. Namely, S11 describes the reflected wave while
S21 the transmitted one. On the other hand, the array analysis
aims to assess the capability of a plasma-based reflective
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FIGURE 1. Unit cells handled in the concept analysis: (a) reflection and
(b) transmission mode.

surface to perform beam steering in dual-band operation.
To this end, a finite-size reflective surface, not an infinitely
periodized unit cell, is simulated by imposing open conditions
along all directions. In this case, the performance is evaluated
via the radar cross section (RCS) [53].

III. CONCEPT ANALYSIS
The feasibility of a plasma-based dual-band reflective surface
is preliminary assessed via the simplified unit cells depicted
in Fig. 1. A uniform plasma cube of side zpl = 15 mm is
analysed in reflection mode at fL = 12.5 GHz (see Fig. 1a)
and in transmission mode at fH = 27.5 GHz (see Fig. 1b).
The plasma cube is assumed to be placed on top of a perfect
electric conductor (PEC) plate in reflection mode, while this
component is not present in transmission mode. Thus, S21 =

0 in the former case. The Floquet boundary conditions applied
to the unit cells depicted in Fig. 1 result in a plasma slab
with an infinite extension along the x- and y-directions [12].
Notably, zpl ≈ 0.6λL , where λL is the wavelength in vacuum
associated with the signal at frequency fL . A realistic value
for the collision frequency is assumed ν = 1.57 GHz [54].
The scattering parameters S11 and S21, computed in

reflection and transmission mode, respectively, are depicted
in Fig. 2. Consistently with previous theoretical analyses [12],
it is possible to control the phase of the reflected signal
at fL over 360◦ varying the plasma density in the interval

FIGURE 2. (a) Amplitude and (b) phase of S11 at fL, and S21 at fH in
function of the plasma density ne. The threshold value to reconfigure the
phase of S11 over 360◦ is n∗

e,L.

ne ≤ n∗
e,L . In this range, |S11| > 0.9, so mild Ohmic

losses affect wave propagation in plasma. More interestingly,
|S21| > 0.9 in the interval ne ≤ n∗

e,L , which means that
the plasma is almost transparent with respect to the signal at
fH . This result confirms the possibility of realizing a plasma-
based dual-band reflective surface. In fact, plasma can be
employed to control the reflection of the signal at fL while
an additional substrate shall be included in the ground plane
to handle the signal at fH , which can propagate through the
plasma. In this case, arg(S21) is affected by the propagation
through the plasma slab (see Fig. 2b). Thus, the substrate that
controls the signal at fH shall compensate for this predictable
phase shift.

In general, |S21| ≈ 1 for ne ≲ ncre since, in this interval,
waves can propagate in plasma [55]. Therefore, a necessary
condition for the feasibility of a plasma-based dual-band
reflective surface is

n∗
e,L ≲ ncre,H , (6)

where n∗
e,L is the threshold density to reconfigure the signal at

fL in a certain phase range [56] and ncre,H identifies the upper
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FIGURE 3. Amplitude of the scattering parameters S11 and S21 vs. wave
frequency f for ne = n∗

e,L. Markers correspond to fL and fH , respectively.
The plasma frequency f ∗

p,L sets a lower bound for fH .

limit to maintain |S21| ≈ 1 for the signal at fH . It is practical
to reformulate Eq. 6 as follows

fH ≳ f ∗
p,L , (7)

where f ∗
p,L is the plasma frequency, in Hz, for ne = n∗

e,L .
In fact, Eq. 7 can be interpreted through Fig. 3, where the
amplitude of S11 and S21 is depicted in function of the wave
frequency. In the case at hand, the condition fH ≥ 20 GHz
shall be enforced to guarantee |S21| ≈ 1. To sum up, the larger
the difference between fL and fH , the more a plasma-based
reflecting surface is suitable for dual-band operations.

IV. FLOQUET ANALYSIS
The realistic design of a plasma-based dual-band reflective
surface is discussed, beginning with analyzing its constitutive
unit cells (see Fig. 4). A design procedure is proposed starting
from the separate analysis of a ‘‘plasma’’ unit cell aimed
at controlling the signal at fL = 12.5 GHz (see Fig. 4a)
and a ‘‘patch’’ unit cell dedicated to the signal at fH =

27.5 GHz (see Fig. 4b). These results are merged to define the
‘‘combined’’ unit cell that constitutes the plasma-based dual-
band reflective surface (see Fig. 4c). Specifically, the plasma
unit cell consists of two cylindrical plasma discharges placed
on top of a PEC ground plane consistently with the realistic
design proposed in [47]. The patch unit cell is constituted by
metallic squares connected via varactors and placed on top of
a dielectric layer and a PEC ground plane. This is consistent
with the solution proposed in [57] and represents a generic
substrate designed to handle the signal at fH [58].
The periodicity of the considered unit cells is p = 0.5λH =

0.23λL = 5.5 mmwhere λH is the wavelength in vacuum for
the signal at fH . Namely, this value is selected to avoid the
presence of grating lobes at both operation frequencies [59].
Given that the size and periodicity of the unit cells are in the
order of some parts of the wavelength, this structure cannot
be rigorously addressed as a metasurface [60]. Consequently,
the resultant plasma-based reflective surface has been treated
as a reflectarray, and modeled accordingly, given that the

FIGURE 4. Unit cells handled in the Floquet analysis: (a) plasma,
(b) patch, and (c) combined.

local surface homogenization should not be applied [60]. The
elements that constitute the plasma unit cell are cylinders
of height and diameter p, where the plasma columns have
diameter d = 0.8p = 4.5 mm and are encased in a
glass vessel of thickness t = 0.1p = 0.5 mm, relative
permittivity εg = 4.82 and loss tangent tan δg = 5.4× 10−3.
For the plasma medium, the collision frequency is ν =

1.57 GHz [54]. The patch unit cells rely on a dielectric layer
of thickness w = 0.06p = 0.3 mm and relative permittivity
εd = 2.2 (i.e., Rogers RT/duroid 5880). Metallic squares

VOLUME 11, 2023 128973



M. Magarotto et al.: Plasma-Based Dual-Band Reflective Surface

FIGURE 5. Plasma unit cell: (a) amplitude and (b) phase of the scattering
parameter S11 as a function of the plasma density ne. Comparison
between results at fL and fH . The colored background indicates the
intervals in which waves propagate within the plasma.

are separated from one another by a distance s = 0.25p =

1.4 mm; namely, their side is equal to D = 0.75p = 4.1 mm.
Varactors are simulated as an RC series circuit where the
resistance is R = 1 �, and the capacitance C is variable [57].

A. PLASMA
The parameter S11 for the plasma unit cell (see Fig. 4a)
is reported in Fig. 5. Both the signals at fL and fH have
been analyzed. Maintaining ne ≲ 1019 m−3, it is possible
to reconfigure the phase of the signal at fL of about 340◦

ensuring |S11| > −1.2 dB. At the same time, ncre ≈ 1019 m−3

for the signal at fH , so the proposed unit cell falls within
the limit prescribed by Eq. 6 for the feasibility of a plasma-
based dual-band reflective surface. Due to the interaction
with the plasma medium, the signal at fH is subject to mild
Ohmic losses and a maximum phase shift of 90◦ that the
patch substrate shall compensate. The values of arg(S11) are
normalized in order to equal 0◦ when ne → 0.
Other plasma unit cell designs can take a largermarginwith

respect to the condition established by Eq. 6. For example,
adding a third plasma discharge would allow reconfiguring

FIGURE 6. Patch unit cell: amplitude and phase of the scattering
parameter S11 vs. varactor capacitance C .

arg(S11) over 360◦ maintaining n∗
e,L < 1019 m−3 [12], [14],

[47], namely farther away from ncre,H . But, this solution would
increase the technological complexity of the design.

B. PATCH
For the patch unit cell (see Fig. 4b), the parameter S11 referred
to the signal at fH is reported in Fig. 6. Keeping C <

200 fF, it is possible to reconfigure the phase of the scattering
parameter over 340◦ maintaining |S11| > −1.2 dB. The value
of arg(S11) is normalized to equal 0◦ when C = 200 fF. Even
for the patch unit cell, other designs are available if arg(S11)
shall be controlled over 360◦ [61]. Nonetheless, a higher
complexity level is required to implement these solutions
(e.g., multi-layer patches), and, as proven in section IV-C,
they are not needed for the case at hand. Moreover, it is
worth mentioning that the patch substrate behaves almost as
a ground plane for the signal at fL . Namely, the values of C
adopted in the present design (see Table 1) cause a variation
of arg(S11) in the range of some degrees.

C. COMBINED
Once the behavior of the plasma and patch unit cells is known,
a procedure is needed to select the values of ne and C to
control the EM waves’ reflection. If the value of C does not
have a major impact on the signal at fL , the parameter ne can
be selected from Fig. 5, say via the array factor rule [53],
to induce a certain steering angle θmax

L . Provided these values
of ne, C can be selected to impose a second steering angle
θmax
H to the signal at fH compensating the phase shift due to
the plasma. As proven in Fig. 7, the latter procedure can be
accomplished via the superposition of the effects

arg(S11) ≈ arg(Splasma
11 ) + arg(Spatch11 ) − 180◦ . (8)

Namely, the phase of the scattering parameter computed
with the combined unit cell arg(S11) is almost equal to the
plasma contribution arg(Splasma

11 ) plus the patch contribution
arg(Spatch11 ). The 180◦ term is needed to correctly account for
the reflection occurring at the ground plane. Clearly, the terms
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FIGURE 7. Combined unit cell: phase of the reflection coefficient 00 vs.
column number N to get θmax

H = 30◦. The results obtained according to
Table 1 (‘‘Combined’’) are compared against the superposition of the
effects given by plasma and patch unit cells (‘‘Summation’’).

TABLE 1. Plasma density (ne [1018 m−3]) and capacitance (C [fF]) sorted
by column (N [-]) to obtain θmax

H = 30◦ and θmax
L = −30◦.

arg(Splasma
11 ) and arg(Spatch11 ) in Eq. 8 refer to the signal at fH

and are depicted in Fig. 5 and Fig. 6, respectively.
The results in Fig. 7 are obtained assuming the values

of ne and C reported in Table 1. The latter is obtained via
the proposed design strategy imposing θmax

H = 30◦ and
θmax
L = −30◦. In particular, a structure of 20 uniform
columns that induce steering in the azimuth plane (x-z) has
been considered. Notably, the computations performed with
the combined unit cell (‘‘Combined’’) and the superposition
of the effects (‘‘Summation’’) fairly match.

It is worth mentioning that if the variation of C has
a significant effect on the signal at fL , the design of the
combined unit cell is not straightforward, given that ne and C
shall be selected simultaneously to satisfy the requirements
imposed at both operation frequencies. Nonetheless, this
does not prevent the possibility of realizing a plasma-
based dual-band reflective surface. At the same time, the
assumption of the array factor rule to implement wave
deflection is not always optimal when applied to a reflective
surface [62]. For example, based on a proper surface local
impedance definition, advanced syntheses techniques are
available to handle reflective surfaces, implemented via
metasurfaces [62].

FIGURE 8. Reflective surface handled in the array analysis. The structure
consists of 20 pairs of plasma discharges placed on top of a substrate
composed of 20 × 20 patch elements. Radar cross section (RCS) evaluated
at fL according to the data reported in Table 1.

V. ARRAY ANALYSIS
The unit cell proposed in section IV has been exploited
to numerically design a plasma-based dual-band reflective
surface (see Fig. 8). The structure comprises 20 pairs of
plasma discharges [47] placed on top of a substrate realized
with 20 × 20 patch elements. Columns are enumerated (N )
from negative to positive values of the x-axis. The plasma
tubes, encased in a glass vessel, are long L = 20p =

109 mm and terminate in metal electrodes of length p and
diameter d . All the other dimensions are consistent with the
values reported in section IV. As pointed out in [47], this
configuration enables the control of the signal at fL only in
the azimuth plane (x-z). To implement reconfigurability also
in elevation, square plasma elements would be needed [12].
Nonetheless, cylindrical plasma discharges are a technology
at the state of the art [6], so they have been preferred with
respect to more exotic implementations.

The radiation pattern depicted in Fig. 8 refers to the signal
at fL and has been obtained assuming the values of ne and
C reported in Table 1. In particular, Fig. 9 shows the RCS
in the azimuth plane for two different configurations of
the plasma-based reflective surface. The steering angle of
the higher frequency signal is θmax

H = 30◦ and θmax
H =

−30◦, respectively, while the main lobe at lower frequency
is maintained at θmax

L = −30◦. The reflected beam is
reconfigured in this way by keeping the same ne values
and by tuning C as prescribed in Table 1 and Table 2,
respectively. The two configurations perfectly satisfy the
design requirements ensuring a side lobe level SLL ≈

−10 dB. Spurious lobes at both frequencies are due to the
finite-size of the proposed reflective surface as well as the
adoption of the array factor rule to design the structure [62].
Differences lower than 0.1 dB are notably registered between
the two signals at fL . Thus, the reflected wave at fH can be
controlled by acting only on the conventional metallic patches
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FIGURE 9. Radar cross section (RCS) vs azimuth angle θ evaluated at fL
and fH , imposing a fixed θmax

L = −30◦ and for two different values of
θmax
H = 30◦ (see Table 1), and θmax

H = −30◦ (see Table 2).

TABLE 2. Plasma density (ne [1018 m−3]) and capacitance (C [fF]) sorted
by column (N [-]) to obtain θmax

H = −30◦ and θmax
L = −30◦.

via the C values without any major effect on the signal at fL ,
which is controlled by the plasma elements through the ne
values.

On the contrary, Fig. 10 shows the RCS for the other two
configurations, which vary the direction of the reflected beam
at lower frequency (θmax

L = ±30◦) while keeping the one at
higher frequency fixed (θmax

H = 30◦). In this case, both ne and
C shall be controlled since, even though the signal at fH is
driven by the C values, changing ne to reconfigure the signal
at fL causes a variation of the phase shift to be compensated.
This is not a major issue given that the phase shift induced by
the plasma is predictable as it is the corresponding value of
C needed to compensate for it. Notably, the proposed design
satisfies the imposed requirements ensuring SLL ≈ −10 dB.

VI. CONCLUSION
The numerical design of a plasma-based dual-band reflective
surface has been presented. The proposed concept operates
in the Ku- and Ka-bands being the first GPA ensuring a
frequency ratio larger than 2. A plasma-based reflective
surface is better for handling dual-band operations if the
difference between the two working frequencies is large
(i.e., in the tens of GHz range). In fact, the signal at a
lower frequency depends on the plasma density, while the
one at a higher frequency can be controlled via varactors

FIGURE 10. Radar cross section (RCS) vs azimuth angle θ evaluated at fL
and fH , imposing a fixed θmax

H = 30◦ and for two different values of
θmax
L = −30◦ (see Table 1), and θmax

L = 30◦ (see Table 3).

TABLE 3. Plasma density (ne [1018 m−3]) and capacitance (C [fF]) sorted
by column (N [-]) to obtain θmax

H = 30◦ and θmax
L = 30◦.

integrated into a dedicated patch substrate. A simplified
design procedure is proposed if the signal at a lower
frequency is mildly affected by the varactors’ parameters.

The realization and test of the proposed concept will be
the subject of future work. Indeed, a plasma-based dual-
band reflective surface is challenging. First, the electronics
to sustain the plasma shall be improved in terms of
miniaturization, stability in time, and capability to control
the plasma density with a fine resolution of approximately
1017 m−3 [47]. This task has been solved in the frame of space
electric propulsion [63], [64], but effort is required to apply
such improvements in the field of plasma-based reflective
surfaces. Second, metasurfaces that operate in Ka-band are
available in the literature [58] but their realization and test are
non-trivial. Thus effort is required to integrate a suitable patch
substrate in a plasma-based reflective surface. Nonetheless,
the plasma properties assumed in this work are realistic [47],
and the simulated plasma discharges are compatible with the
technology at the state of the art [6], [54]. Thus, plasma-based
dual-band reflective surfaces are demanding but feasible.
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