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Reconfigurable metasurface based on plasma cylinders
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Dynamically reconfigurable metasurfaces, offering real-time wavefront control, promise the realization of
unprecedented components for the future information and communication technologies. The current recon-
figuration approaches, though, suffer from certain inefficiencies, such as small tunability range and depth,
slow response, complex implementation, etc. Plasma discharges promise to face some of those inefficiencies,
as they exhibit a wide tunable range of electric permittivity, via simple control of the plasma source in the
implementation. Here, exploiting these unique tunability properties of plasma, we design and numerically
demonstrate dynamically reconfigurable metasurfaces formed as arrays of plasma cylinders. Analytical results
for single-cylinder scattering properties provide initial guidelines for the realization of a generalized Kerker
condition below the plasma frequency of the plasma cylinder, where both the electric dipole and quadrupole
moments are excited and balanced, and Huygens response for the cylinders array is expected. This is verified
by numerical investigation of arrays of identical cylinders, demonstrating tunable high transmission and a wide
phase coverage. Based on those results, a phase gradient metasurface made of tunable plasma cylinders is de-
signed, optimized, and demonstrated. The analysis is extended to practically realizable coated plasma cylinders,

where both frequency tunability and dynamically controllable beam steering capabilities are demonstrated.

DOI: 10.1103/PhysRevResearch.7.013287

I. INTRODUCTION

Metasurfaces, 2D structures composed of subwavelength
unit cells, can be designed to achieve unconventional elec-
tromagnetic (EM) properties, and to provide full control of
the transmitted and reflected EM waves [1,2]. Applications
include absorption control [3-5], anomalous reflection [6,7],
polarization control [8], etc. Phase-gradient metasurfaces,
which are spatially modulated and locally nonperiodic, have
been used for wavefront control, such as for beam steering
or focusing [9]. Unlike metagrating structures [10], where a
single scatterer per unit cell is tailored to reroute the incident
power to a desired diffraction mode, gradient metasurfaces
rely on discretizing continuous phase or impedance profiles
to achieve anomalous reflection or refraction [11].

One approach to realize phase gradients along thin in-
terfaces is to use Huygens metasurfaces [12—15], where the
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designed meta-atoms exhibit overlapping balanced electric-
dipole and magnetic-dipole resonances, resulting in full
transmission and 27 transmitted-wave phase coverage. For a
single meta-atom, the condition of balanced overlapping elec-
tric and magnetic resonances is known as Kerker condition.
Exploiting the Huygens behavior, desired phase gradients can
be attained, for instance through the designs of cascaded meta-
surfaces [16-18], or dielectric metasurfaces based on Mie
scatterers [19-23].

It has been discussed in Refs. [24,25] that Huygens behav-
ior (i.e., full transmission with 27t phase coverage) is obtained
not only when a meta-atom exhibits a balanced electric-dipole
and magnetic-dipole resonance, but also when it exhibits any
pair of resonances with opposite scattered wave symmetry
in the backward and forward direction (i.e., a resonance of
even scattered fields paired with a resonance of odd scattered
fields). This condition is known as the generalized Kerker
condition. An example of it is, when the electric-dipole and
electric-quadrupole resonant modes are excited and balanced.
[As further explained in Ref. [25], modes of opposite phase
symmetries in their far-field radiation are multipoles of the
same nature (e.g., electric) and successive orders, or of the
same order but different nature (i.e., electric versus magnetic);
interactions between them can lead to the suppression of back-
scattering.]

Published by the American Physical Society
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In general, broadband efficient polarization control can
be acquired by the superposition of scattering from different
electric and/or magnetic multipole modes [26]. Interference
effects between electric, magnetic, and toroidal higher-order
multipoles are discussed in Refs. [27-29], where generalized
Kerker scattering is also studied. Different scenarios, where
the electric and magnetic multipoles excited in a core-shell
dielectric sphere are balanced to produce directionality, are
presented in Ref. [30]. A high-Q passband filter is designed
in Ref. [31], by tailoring the dipole and quadrupole mo-
ments of core-shell spherical dielectric meta-atoms. In most
of these studies on generalized Kerker conditions, static rather
than reconfigurable structures have been explored and demon-
strated. In future technologies though (e.g., communications),
an essential capacity is reconfigurability, which implies recon-
figurable metasurfaces.

Reconfigurability, or tunability, has been explored exten-
sively for metasurfaces in recent years [32]. Various tuning
mechanisms have been developed, including geometrical tun-
ing, electronic tuning, or material tuning [33]. Mechanical
movements are usually induced in geometrical tuning, for
instance to reorient or move [34,35], or to reshape the unit
cells [36], which generally lead to complicated implementa-
tions and relatively slow responses. Electronic tuning is to
incorporate tunable lumped elements, e.g., varactor diodes
with voltage-controlled capacitance [37], RF MEMS [3§],
or PIN diodes with switchable functions [39], into unit cell
designs. Although reconfigurability rates in the GHz-range
have been demonstrated, limitations arise due to high insertion
losses, limited tuning ranges, or complex integrated designs.
As for material tuning methods, the use of ferroelectric
materials like barium-strontium-titanate (BST) [40], liquid
crystals [41], and phase-change materials such as vanadium
oxides [42] in metasurfaces has been investigated. Through
tuning the permittivity of materials, reconfigurable metasur-
faces are designed, although high insertion losses (e.g., for
liquid crystals or ferroelectric materials) or low reconfigura-
bility rates (e.g., for phase change materials) [33], if operating
in the GHz frequency range, may be inevitable.

Apart from these conventional reconfiguration mecha-
nisms, plasma discharges with tunable EM properties can
also be implemented to introduce reconfigurability, promising
large tunability rates and ranges. This is due to the fact that
the plasma EM response is governed by the free electrons
generated in a plasma discharge; with a possibility to vary the
free electron density (of the plasma discharge) by a few orders
of magnitude, large changes in both real and imaginary parts
of the plasma permittivity can be obtained. Plasma tunabil-
ity has been already investigated in photonic crystals, where
tunable photonic bandgaps realized by the use of plasma
columns have been demonstrated [43,44]. In the case of meta-
materials there are still few explorations involving plasma
discharges. Among the worth-mentioning examples are re-
configurable metamaterials with plasma discharges excited
between the gaps of dielectric resonators [45] and, also, arrays
of split ring resonators, in combination with highly dense
plasma, exhibiting tunable double negative response [46,47].
Numerically, similar applications have also been studied with
both simplified [48] and self-consistent plasma-wave simu-
lations [49]. In the case of metasurfaces, where ultra-strong

response is desired from ultra-thin structures, e.g., for beam-
steering and forming applications, the investigation of plasma
is still very limited. Very recently, plasma discharges as means
for realization of a reconfigurable multipolar Huygens meta-
surface consisting of Drude-like spherical scatterers have been
investigated [50], demonstrating (numerically) the vast recon-
figuration potential of plasma-based scatterers. Compared to
the conventional tuning methods, plasma discharges offer the
possibility to tune both the real and imaginary parts of the
permittivity [51,52]; when the imaginary part (representing
losses) is of low magnitude, a relatively wide tuning range
of the permittivity can be attained. As discussed in Ref. [53],
controllable tunability of plasma photonic crystals and plasma
metamaterials is accessible through varying the experimental
settings: varying the external power sources for plasma igni-
tion controls the electron density (thus changes the plasma
frequency), and regulating the gas pressure changes the losses
of the plasma volume. The plasma EM properties can be tuned
in the time scale of microseconds [54], depending on the
electrical power supply used for igniting and sustaining the
plasma.

In this work, exploiting the wide tuning range of plasma,
in its most commonly and easily attainable form, i.e., that
of cylindrical tubes [55], we investigate and demonstrate nu-
merically the potential of plasma cylinders to realize highly
reconfigurable transmitting metasurfaces. In particular, we
demonstrate metasurfaces of both tunable frequency and re-
fraction angle.

The permittivity of plasma is modeled based on the Drude
model,

w?

ge=1- 2—[)., ey
w°—joy

where ¢, is the relative permittivity, w, is the plasma fre-
quency in rad/s, and y is the collision frequency in rad/s.
w, can be expressed as a function of the electron density
n. (in units of m™3 in SI) of the plasma discharge, i.e.,
W, = Ve*n./eom, , with e being the electron charge, &g the
vacuum permittivity, and m, the electron mass. Substituting
these constant values gives

w, = +/3180n,. 2)

Assuming that the collision frequency is only dependent on
gas pressure p and the plasma discharge is created from air, a
simplified expression for y of air is obtained as y = 27 x
5.3 x 10° p, where the unit of p is Torr [56]. For low-loss
conditions, i.e., ¥ < w,, when o < w,, . has a negative real
part that can be controlled by changing w,. Therefore, the
frequencies lower than the plasma frequency is our range of
interest here, to ensure the tunability of plasma properties.

As already mentioned, in this work we investigate the
possibility to achieve a reconfigurable metasurface compris-
ing cylindrical plasma tubes, and more generally cylindrical
scatterers with Drude-like behavior. Initially, the scattering
properties of a single cylinder are calculated analytically,
and the possibility to obtain Huygens behavior by using
such cylindrical scatterers as unit cells of a metasurface is
investigated and confirmed (Sec. II). This is followed by
a numerical study of homogeneous arrays of Drude-like
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FIG. 1. Contour plots of the scattering properties from an infinitely long plasma cylinder. Panels (a) and (b) are the scattering efficiencies
Qs corresponding to the TE and TM modes, respectively. Panels (c) and (d) are the forward-to-backward scattering ratio F /B for the TE and
TM modes, respectively. The insets in panels (c) and (d) show the polarizations, but the cylinders are shown with finite length for illustration
purposes. In all the subplots, v, ~ 0.1 GHz, x axis is the normalized frequency f/f,, with the plasma frequency f, ~ 20 GHz, and the y axis

is the normalized radius R/, with A, = ¢/ f, ~ 15 mm.

cylinders, demonstrating high transmission and a phase cov-
erage of nearly 2w within a wide frequency range. Plasma
cylinders can be used to implement these Drude-like scatter-
ers, and we demonstrate that the metasurface is reconfigurable
via controlling the plasma EM properties. A phase-gradient
metasurface composed of tunable plasma cylinders is thus de-
signed and analyzed (Sec. III). To take into account practical
aspects, the analysis is extended to plasma cylinders contained
within glass tubes (referred to as coated plasma cylinders in
this paper), where a reconfigurable phase-gradient structure is
designed for beam steering capabilities, and the sensitivity to
losses or the angle incidence is investigated (Sec. IV).

II. SCATTERING BY A SINGLE PLASMA CYLINDER

The scattering properties of an infinitely long cylinder can
be calculated analytically employing Mie theory. For TE po-
larization, with the magnetic field parallel to the cylinder axis,
the scattering efficiency is [57]

2 +o00
_ 2 2
Oscat = |kRp| |:|Ot()| +2 E lay | :|s 3)

v=1

where o, are the Mie scattering coefficients of order v, defined
as

— Zh Jv(qu)J(;(kRp) —Zc Jv(kRp)J; (qu)
ze H,(kRy)J}(qR,) — 2 Ju(qR,)H| (kR),)’

with R, being the radius of the cylinder, k = ,/¢j, u, w/c and
q = /¢ lLc w/c being the wave vectors in the host and in

“

v

the cylinder, respectively. Here z, = /un/en, 2c = v/ e/ Ec
are the wave impedances of the host medium (assumed to

be vacuum) and of the cylinder. The subscripts & and c refer
to the material properties of the host and of the cylinder, re-
spectively. To assess the scattering properties of the cylinder,
a useful quantity is the forward-to-backward scattering ratio
(F/B) 571,

oo + 235 |

loo +2 375 (= Der,

F/B = |2. &)

Similar expressions for the scattering properties correspond-
ing to the TM polarization can also be found in Ref. [57].

To investigate the scattering properties of a plasma cylinder
with infinite length, we have assumed a low pressure con-
dition, p = 0.02 Torr, and thereby low losses, with collision
frequency v, = y/2m ~ 0.1 GHz. Taking a realistic value
for electron density n, = 5 x 10'8/m?3 (giving a plasma fre-
quency f, = w,/2m ~ 20 GHz and v, = 0.005f,), paramet-
ric contour plots of Qsc, and F'/B ratio for both TE [magnetic
field parallel to the cylinder axis, as illustrated in the inset of
Fig. 1(c)] and TM [electric field parallel to the cylinder axis,
illustrated in the inset of Fig. 1(d)] modes are shown in Fig. 1.
The x axis (f/f,) is the frequency normalized by the plasma
frequency, and the y axis (R,/A,) is the cylinder radius nor-
malized by plasma wavelength, where A, = c¢/f, ~ 15mm
in this case. Figures 1(a) and 1(c) on the left are for the
TE case. It can be seen that, both Qs and F/B ratio reach
high values for roughly R/, > 0.2, at frequencies close to
0.6 f, ~ 12 GHz, within the epsilon-negative regime which is
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FIG. 2. Scattering properties of an infinitely long plasma cylinder with radius R, = 5 mm. Plasma properties are the same as those of
Fig. 1: f, = 20GHz, v, = 0.1 GHz. Panels (a) and (b) are the magnitude-squared of the scattering coefficients over normalized frequency
f/fp. corresponding to the TE and TM polarizations, respectively. Panels (c) and (d) are the TE scattering efficiency and forward-
backward ratio over the normalized frequency, respectively. Solid curves are from analytical calculations, and crosses are from numerical

calculations.

the range of interest as explained in Sec. I. This is not the case
for the TM-polarized case though [Figs. 1(b) and 1(d)]. Note
here that high values for Qs., and F/B ratio are both fun-
damental requirements to implement Huygens metasurfaces
[58,59]. The F/B ratio in Fig. 1(c) exhibits a slightly wider
frequency bandwidth as the plasma radius increases. Results
on phase-gradient structures are to be shown in Sec. III, where
the radius of the plasma cylinders has been optimized to be
R, ~ 5mm through numerical calculations. Figure 2 shows
the scattering properties of an infinitely long plasma cylinder
of R, =5mm. The plasma properties of the cylinder are
the same as those for Fig. 1 (f, = 20GHz, v, = 0.1 GHz).
Figure 2(a) shows the magnitude squared of the scattering
coefficients for the TE-polarized case, demonstrating that the
generalized Kerker condition is met near f/f, = 0.6, where
both the electric dipole and the electric quadrupole are ex-
cited. The same phenomenon is, as expected, not seen in
Fig. 2(b) for the TM polarization. The analytically calculated
scattering efficiency Qscy and F/B ratio, for TE-polarized
plane waves, versus the normalized frequency are shown in
Figs. 2(c) and 2(d), respectively, both showing good agree-
ments with numerical results. The numerical calculations have
been performed in CST microwave studio for a single cylin-
der, with boundaries in the x and z directions set to “open (add
space)” to accommodate the space required for far-field mon-
itors, while the boundaries have been set to “periodic” in
the y direction (parallel to the cylinder axis) to model an in-
finitely long cylinder. The radar cross section (RCS) has been

normalized by the rectangular cross-sectional area of the
cylinder enclosed by the boundary set (A = 2R,h, where h
is the height of the boundary box). So far, we have verified
that high Qsc, and high F/B ratio can be achieved at the
same time using an infinitely long plasma cylinder of R, =
5Smm, with the plasma electromagnetic properties listed in
Fig. 2 as reference values. Numerical and analytical results
of the corresponding forward and backward scattered power
from the cylinder are discussed in the Appendix, where we
show that near f/f, = 0.6, the power is largely scattered to
the forward direction; therefore, we expect that in the case
of metasurfaces formed by arrays of cylinders (as the ones
discussed in the next sections,) the multiple scattering effects
will not significantly alter the single scattering picture, and
the single-cylinder scattering properties are able to provide a
sufficient guidance for selecting the suitable parameters for a
Huygens response; this is confirmed by the numerical results
presented in the next sections.

III. INFINITE ARRAYS OF PLASMA CYLINDERS

To design a phase-gradient array for beam steering, the
local transmission phase of each cylinder in a supercell can be
estimated based on the locally periodic approximation [60],
by simulating the transmission through homogeneous arrays
of infinitely long plasma cylinders. Unit cell boundaries in
both x and y directions have been adopted in the simulation
model to model an infinite array of plasma cylinders, with
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FIG. 3. Simulated TE-mode transmission coefficient evaluated at
12 GHz over varying plasma frequency f,,, for a homogeneous array
of plasma cylinders (R, = 5 mm, period a, = 11.5 mm). Panel (a) is
the magnitude of S,;, and panel (b) is the phase of S,; in degrees.

Floquet boundaries set in the z direction. As discussed pre-
viously, the generalized Kerker condition is met near f =
0.6f, = 12 GHz for the TE polarization, therefore an opera-
tional frequency of f,, = 12 GHz has been chosen. The unit
cell period here is a, = 11.5 mm, which has been optimized
for the gradient array. The S,; evaluated at 12 GHz for a
homogeneous array, with f, of each cylinder in the array
changed from 5 to 35 GHz, is plotted in Fig. 3. Figure 3(a)
is the magnitude of the transmission, and Fig. 3(b) is the
transmission phase in degrees. |S,;| remains above 0.5 for
fp <13 GHz, 18.5 < f, < 18.9 GHz, and f,, > 19.5 GHz. It
can be seen that within these ranges of f,, a wide S»; phase
coverage of nearly 2 is achieved.

For a phase-gradient array, we have designed a simple
structure with three plasma cylinders per supercell. As dis-
cussed in Ref. [61], a linear periodic phase gradient profile
exhibited by a gradient metasurface, spanning a 2m-range,
resembles that of a blazed diffraction grating. The incident
wave can be designed to couple to a desired diffraction order,
and steered in the corresponding direction. This allows us to
apply the diffraction formula to a gradient metasurface

A
sin6, — sinf; = m —2—, (6)
super

where 6, is the refraction angle corresponding to the mth mode
(here m =1 is of interest), 8; = 0° is the incident angle, cor-
responding to normal incidence of our concern, Ay, = ¢/ fop™
25mm is the operational wavelength, and Pyper = 3 ay is the
supercell period.

The steering performance of the phase-gradient structure
has been optimized in CST. The dimensional parameters
ay and Ry, as well as the f, of each cylinder, have been
set as variables in the optimizer. The plasma properties of
the three cylinders initially selected based on similar recon-

figurability analysis to those shown in Fig. 3, have been
corrected by full-wave optimizations using CST. The analyti-
cal calculations of the single-cylinder scattering properties in
Fig. 1 provided a guidance for an optimization range of R,
(roughly 5.25 > R, > 3mm, and higher R, within the range
might be desirable due to slightly wider bandwidths), with
the necessary condition of a, > 2R,,. The algorithm “particle
swarm optimization” has been selected in CST. Although
local optimization algorithms usually would result in a faster
convergence, a global algorithm has been chosen to avoid
reaching a local optimum since multiple parameters have been
varied simultaneously. The goals of the optimization have
been set to increasing the S parameter corresponding to the
desired first-order Floquet mode of transmission, while sup-
pressing the other modes at the design frequency f,p. With
the local transmission phases of the plasma cylinders forming
a discretized linear phase gradient, expanding a range of 27
across one supercell, the zeroth- or higher-order transmission
modes are suppressed. TE-polarized waves are normally inci-
dent onto the gradient structure, as illustrated in the schematic
of Fig. 4(a). The optimized transmission coefficients are
shown in Fig. 4(b). Around 45% of the incident power is cou-
pled to the desired m = 1 transmitted mode at 12 GHz, while
the remaining power is distributed among the different reflec-
tion [not shown in Fig. 4(b)], 25% of incident power is cou-
pled to the reflected zeroth mode, which is in the normal direc-
tion and transmission modes (since Pyyper < 2A0p, We consider
up to the first-order modes in the calculations) rather than
absorbed by the low-loss plasma cylinder array. As shown
in Fig. 3, while a transmission phase coverage of 27 can be
achieved, the transmission magnitude is not always equal to
1 as we vary f,. Imperfect local transmission provided by
the individual plasma cylinders within a supercell array, as
well as impedance mismatch of the phase-gradient array to
incident and refracted waves, may have led to reflections from
the metasurface, reducing its beam steering efficiency.

The optimized electric field pattern |E, | at 12 GHz is shown
in Fig. 4(c). Refraction is clearly demonstrated, and the angle
of refraction is estimated to be around 46.8° from Fig. 4(c).
Based on Eq. (6), with Pype; = 34.5 mm, the expected refrac-
tion angle is 6, ~ 46°, very close to what is observed.

IV. COATED PLASMA CYLINDERS

The numerical investigations so far are based on free-
standing plasma cylinders, with the main aim to achieve a
reconfigurable metasurface employing an array of such cylin-
ders. For practical implementations of such a reconfigurable
array, plasma sources such as plasma tubes with DC or
AC/RF excitation [62] can be adopted. Such tubes confine
plasma in a dielectric container which may affect the plasma
electromagnetic response (as it alters its dielectric environ-
ment) and restricts the close proximity of the neighboring
tubes. The effects of such a typical dielectric container, i.e.,
a glass coating, are discussed in this section. The thickness of
the cylindrical container has been chosen to be 1 mm. The
relative permittivity of the coating, €, = 4.6, is a value for
borosilicate tubes that are typically used to confine plasma
discharges. The dimension of the cylindrical plasma volume
has been kept to be of R, = 5mm (the outer radius is then

013287-5



JIARUO YAN et al.

PHYSICAL REVIEW RESEARCH 7, 013287 (2025)

o
©

S parameters
o
N

—— M. \\ _ V/m(og) |

— =1 " . 15000

—_m=1 5185 |18
\'\ 1775

}

585
175
[ 0

2 L - -175
P F i Fane F. ¢
9808686 588

11.8

-[

12 12.2
frequency [GHz]

(b)

SRS 1775
5185
- o -15000

(c)

FIG. 4. Simulated magnitude of the transmission coefficients (TE mode) of a phase-gradient structure of three plasma cylinders per
supercell, with R, = 5mm, v, = 0.1 GHz, a, = 11.5 mm, and with plasma frequency of each cylinder being f, = 5.7, 18.8, 35 GHz. Panel
(a) shows one supercell of the simulated model, with the direction of TE polarized incident plane waves shown. The cylinders are shown with
finite lengths for illustration purposes, but they are modeled as infinitely long cylinders by setting unit cell boundaries along the vertical axis.
Panel (b) is the simulated magnitude of the transmission coefficients corresponding to the zeroth mode (blue), and the first mode (the negative
mode is red, the positive mode is black). Panel (c) is the optimized E-field (the x-component) distribution shown across two supercell periods

at 12 GHz.

Ryt = 6 mm), assuming a collision frequency of 0.1 GHz, the
same as in the previous section.

A. Scattering by a single plasma cylinder

The scattering properties of a coated plasma cylinder
(plasma frequency f, ~ 20 GHz) are plotted in Fig. 5. For the
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coated cylinder case, generalized Kerker condition is met for
the TE polarization [Fig. 5(a)] near frequency f ~ 0.45f, =
9GHz, where the electric dipole and quadrupole modes
are almost balanced, and strong forward scattering of the
cylindrical scatterer is expected. Recall that the same con-
dition is met near 12 GHz for a single plasma cylinder as
shown in Fig. 2. This frequency shift to a lower range can be
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FIG. 5. Scattering properties of an infinitely long coated plasma cylinder, with properties of the plasma content the same as in the previous
analysis R, = Smm, f, = 20GHz, v, = 0.1 GHz, and with an additional 1 mm coating (R, = 6 mm). Dielectric constant of the coating
is €, = 4.6. Panels (a) and (b) are the magnitude squared of the scattering coefficients over normalized frequency, corresponding to the TE
and TM cases, respectively. Panels (c) and (d) are the TE scattering efficiency and forward-backward ratio over the normalized frequency,
respectively. Solid curves are from analytical calculations, and crosses are from numerical calculations.
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coated plasma cylinder arrays, R, =5mm, Ry =6mm, v, =
0.1 GHz, with plasma frequency f,, varied from 5 to 35 GHz. Results
are shown for three different unit cell sizes: a, = 12.5 mm (blue),
a, = 13.5mm (red), and a, = 14.5mm (black). Panel (a) is the
magnitude |S,;|, and panel (b) is the phase of S,; in degrees.

attributed to the presence of the dielectric coating. Similar
to the case of a pure plasma cylinder, there is no sharp res-
onances below the plasma frequency for the TM-polarized
case, as seen in Fig. 5(b). Figures 5(c) and 5(d) are the
TE scattering efficiency and forward-backward ratio, respec-
tively, matching well with the numerical results. Here the
RCS from CST is normalized by A’ = 2R/, the area of
the coated cylinder enclosed by the boundary box. Both Qg
and F'/B ratio reach maximum values near f/f, = 0.45. As a
consequence, similar to the plasma cylinder without coating,
the coated cylinder may be used as a composite unit cell of a
Huygens metasurface.

B. Infinite arrays of coated plasma cylinders

A homogeneous array of coated plasma cylinders has
been modeled in CST, and the transmission of normally
incident TE waves has been simulated. With the physi-
cal dimensions of the cylinders, R, = 5mm, R,y = 6 mm
kept constant, the plasma frequency of the plasma con-
tent has been swept from 5 to 35 GHz, evaluating S5
at 9 GHz in the simulations. Although a, has been opti-
mized to be 11.5 mm for the gradient structure consisting
of plasma cylinders in the previous section, here a larger
value of a, would be required to accommodate the coated
cylinders. The results corresponding to three different val-
ues of a, are shown in Fig. 6: a, = 12.5mm (blue),
13.5 mm (red), 14.5 mm (black). For the case a, =
12.5, |$21] [Fig. 6(a)] remains above 0.5 for f, < 13 and f, >
21.6 GHz, and within these ranges, —160° < £S,; < —90°
and —130° < £S3; < 135° are achieved. The overlapping
phase ranges means that a continuous range of phases is
accessible while keeping a relatively high transmission. As a,

1
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FIG. 7. Simulated magnitude of the transmission coefficients
(TE mode) of a phase-gradient structure of three coated plasma cylin-
ders per supercell, with R, = 5mm, R, = 6 mm, v, = 0.1 GHz,
a, = 12.5mm. For panels (a) and (b), the optimization has been
performed at 9.5 GHz, and the plasma frequency of the plasma
volume in each cylinder is f, =4.9, 22, 39.6 GHz. Panel (a)
shows magnitude of the transmission coefficients corresponding to
the zeroth mode (blue) and the first mode (negative is red, positive
is black). Panel (b) is the optimized E-field distribution at 9.5 GHz.
Panel (c) is the E-field at 11.6 GHz when the properties of the plasma
cylinders are f, = 5.4, 28.4, 41.1 GHz, here the optimization has
been performed at 11.6 GHz instead.

increases gradually, there is barely any change to the S,; for
lower values of f,, in terms of both its magnitude and phase.
However, the phase range —90° < £S,; < —30° corresponds
to a range of values of f, that give || < 0.5 for a, =
13.5mm. Similarly for a, = 14.5mm, —90° < £S5 < 0°
correspond to values of f, that give S| < 0.5, which is
expected to deteriorate the efficiency of a phase-gradient
metasurface even more. Consequently, a, = 12.5mm has
been selected to construct a phase-gradient metasurface. Re-
sults of the TE mode refraction through a gradient structure
of three coated plasma cylinders per supercell are shown
in Fig. 7. The transmission coefficients corresponding to
the three calculated modes are shown in Fig. 7(a), with
m = 0 (blue), m = —1 (red), m = 1 (black). The plasma fre-
quencies of each cylinder have been optimized using CST
to be of f, =4.9, 22, 39.6 GHz, with the aim of suppress-
ing the transmitted modes except for the desired first mode,
m = 1. A relatively smooth E-field (x component) distribu-
tion at 9.5 GHz, slightly higher than the design frequency
fop = 9GHz, is shown in Fig. 7(b). The refraction angle is
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estimated to be around 56° based on the field distribution. The
expected angle from Eq. (6) is 57.4°.

This difference in operation frequency can be explained by
the local periodic approximation, as we selected the f;,, based
on a reference case with f, = 20 GHz, whereas the EM en-
vironment of a cylinder in a supercell affects its transmission
properties, which cannot be modeled accurately. In addition,
as we initially selected the f, of each cylinder based on the
results in Fig. 6, the beam deflection efficiency of the phase-
gradient structure has been affected by the locally imperfect
transmissions of the individual cylinders within the supercell
period [|S>;| varies over f, and is not always equal to 1 in
Fig. 6(b)]. Impedance mismatch of the array to the incident
and refracted waves may also lead to reflections, lowering the
beam steering efficiency.

C. Frequency tunability and steering angle tunability

With a different design frequency of 11.6 GHz for the
phase-gradient structure, the corresponding E,-field distribu-
tion is shown at this higher operation frequency in Fig. 7(c).
Here the plasma properties have been varied so that we have
fp =5.4, 28.4, 41.1 GHz, while other parameters remain un-
changed. The refraction angle is approximately 42.5° from
Fig. 7(c), very close to the estimated value of 43.7° based on
Eq. (6), resulting to a change in the steering angle of around
14° compared to Fig. 7(b). What we have shown here is that,
by simply tailoring the plasma frequencies, the operational
frequency of beam steering can be tuned, which in turn mod-
erately changes the steering angle. Larger frequency tuning
ranges might be achievable, but this is beyond the scope of
this paper.

It is also possible to dynamically control the steering an-
gle, without changing the dimensions of the coated plasma
cylinders or the distance between the cylinders. This can again
be achieved merely by controlling the plasma properties of
each cylinder - essentially changing the period of the su-
percell. Results demonstrating beam-steering for a gradient
structure of four coated cylinders per supercell are shown
in Fig. 8. The f}, of each cylinder has been optimized to be
10, 21.9, 23, and 31.7 GHz, respectively, with the aim to
couple the normally incident waves to the desired transmitted
mode (m = 1) while suppressing other transmitted modes.
Figure 8(a) is the transmission coefficients of a four-cylinder
gradient structure. The transmission coupled to the first Flo-
quet mode is slightly above 0.4, which is of an acceptable
magnitude, while the undesired modes are well suppressed,
especially so at 9.65 GHz. A relatively smooth E-field dis-
tribution is observed at 9.65 GHz, with a refraction angle
estimated to be 37.6° from Fig. 8(b), close to the expected
angle of around 38.5° based on Eq. (6). Comparing the results
from the 4-cylinder supercell (Fig. 8) and those from the three-
cylinder supercell structure (Fig. 7), increasing the supercell
size decreased the achieved S parameter corresponding to the
first transmission mode from 0.51 to 0.43 at the corresponding
operation frequencies (although not shown in the figures, the
zeroth-mode reflection coefficient rises slightly from 0.35 to
0.4). In the mean time, the beam-steering angle reduced by
nearly 10°.

1
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FIG. 8. Simulated transmission through a gradient structure of
four coated cylinders per supercell, with R, = 5 mm, Ry, = 6 mm,
a, =12.5mm, f, =10, 21.9, 23, 31.7 GHz. The operational fre-
quency is 9.65 GHz. Panel (a) shows the transmission coefficients
of the zeroth mode (blue), first mode (negative is red and positive is
black). Panel (b) is the E-field distribution at 9.65 GHz.

Increasing the number of plasma cylinders within the
supercell further decreases the beam-steering angle. For ex-
ample, five cylinders per supercell results in a refraction
angle of around 25° near 10 GHz, again corresponding to the
transmission mode m = 1. The gradual decrease in the beam
steering efficiency can be explained by the imperfect local
transmission exhibited by the individual plasma cylinders in
the environment of nonidentical neighbors [as indicated in
Fig. 6(a) which serves as a local-periodic approximation].
With more cylinders of different f,, bearing local phases that
form a discretized linear phase gradient covering 27, it is
inevitable that some of these cylinders may exhibit locally
low transmission (i.e., high reflection), degrading the overall
beam steering performance. To conclude at this point, the
supercell design composed of three plasma cylinders, shown
in Fig. 7, has resulted in the largest beam steering angle and ef-
ficiency for our selected plasma cylinder configuration, while
control of the steering angle can be achieved via variation
of the supercell period which is not complex to realize in
practice.

D. Sensitivity

So far we have considered low-loss and normal-incidence
conditions only. Here the sensitivities of the phase-gradient
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FIG. 9. Simulated transmission coefficients through arrays of
coated plasma cylinder (R, = 5mm, R,y = 6 mm, a, = 12.5 mm)
to demonstrate the effects of the collision frequency and the an-
gle of incidence. Three different cases (normal incidence) with
collision frequency v, = 0.1 GHz (blue), v, = 0.5 GHz (red), v, =
1GHz (black) are shown in panels (a) and (b). Panel (a) is the
simulated S5, evaluated at 9 GHz over f, for homogeneous arrays
of coated plasma cylinders, showing both the magnitude (upper)
and the phase in degrees (lower). Panel (b) is the transmission in
the first mode for a gradient structure with three coated cylinders
per supercell. Panel (c) is with the reference collision frequency
v, = 0.1 GHz, but changing the angle of incidence 6;, with 6; =
0° (blue), 5° (red), and 8° (black).

structure to the losses and angle of incidence are discussed.
Take the gradient structure with three coated plasma cylinders
per supercell as a reference case, of which the beam steering
performance has been shown in Fig. 7. First, keeping the
normal-incidence condition unchanged, the reconfigurability
of the coated plasma cylinder is shown for homogeneous
coated plasma cylinder arrays of different collision frequen-
cies, v, = 0.1 GHz (blue), 0.5 GHz (red), and 1 GHz (black)
in Fig. 9(a). The S, evaluated at 9 GHz are plotted against
varying plasma frequencies f,. Increasing v, increases the
losses, and |S>;| drops for higher f, values. The influence
on the phase of Sp; is limited, except for the ranges of
fp near 20 GHz. As v, increases, certain ranges of /S
no longer correspond to high transmission coefficients—e.g.,

if —90° < £85;1 < 0°,1821] < 0.5 for v, = 0.5GHz; and if
—90° < £81 < 40°, |Sy(| < 0.5 for v, = 1 GHz. This may
have contributed to the degraded beam steering performance
of the phase-gradient structure, as quantized in Fig. 9(b),
where the transmission coefficients corresponding to the first
mode are plotted for the three cases of increasing colli-
sion frequency. The phase-gradient structure (three coated
cylinders per supercell) has been optimized and smooth re-
fracted E-field distribution at 9.5 GHz has been numerically
demonstrated [Fig. 7(b)]. Keeping f, of the cylinders un-
changed, increasing v, by ten times reduces the transmission
coefficient of the first mode by around 30% (power is roughly
reduced by half) at the optimum frequency of 9.5 GHz. As for
the effects of the angle of incidence (v, kept as 0.1 GHz),
the transmission coefficients of the first Floquet mode are
shown in Fig. 9(c), where blue curve is the reference case
of incidence angle 6; = 0°. Again the f, of the cylinders
remained unchanged, as optimized for the ; = 0° case. When
6; increases, the transmission drops as expected, since the im-
pinging TE waves experience different phase gradients across
the supercell as the incident angle is varied. This may be
improved if further optimization is performed for different 6,,
but is out of the scope for the current study.

V. CONCLUSION

A reconfigurable phase-gradient metasurface, based on an
array of tunable plasma cylinders, has been demonstrated. An-
alytical calculations of the scattering properties from a single
plasma cylinder show that the generalized Kerker condition
can be satisfied, where the electric dipole and quadrupole
moments are balanced, justifying the possibility of using a
plasma cylinder for the design of a Huygens metasurface.
Numerical results for cylinder arrays show that both high
transmission and wide phase coverage can be achieved simul-
taneously. Thanks to the tunability of plasma EM properties, a
phase-gradient metasurface has been designed and optimized
for beam steering at the selected operational frequency, with
plasma cylinders as meta-atoms.

To practically realize the phase-gradient structure, plasma
discharges enclosed by quartz tubes can be used. The analysis
has been therefore extended to plasma cylinders with borosil-
icate coatings. Similar effects of Huygens behavior have been
observed, and reconfigurable gradient structures have been
designed and demonstrated. We have also described both
the frequency tunability and the dynamic reconfigurability
of the beam steering angles through controlling the plasma
frequencies of the plasma discharges, with no requirements of
mechanical movements. Practical aspects, such as the sensi-
tivities to losses as well as the angle of incidence, have been
addressed. Control of the sources (e.g., the voltage source) for
igniting and sustaining the plasma discharges is one approach
for tuning the electron density in practice [63], and hence
the plasma frequency. Such a metasurface based on plasma
cylinders can be incorporated in antenna systems to tailor the
emitted field in a reconfigurable way. For instance, a hybrid
metal-plasma antenna array has been discussed in Ref. [54];
switchable plasma array acting as a reflecting or directing
array for a horn antenna has been proposed in Ref. [64]. In
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the form of a cylindrical array or a dome [18], a metasurface
based on plasma can surround an antenna, such as a dipole
antenna, and tailor its radiation pattern in real time.
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APPENDIX

The normalized scattered power from a single plasma
cylinder, with the numerical results (circles) validating the
analytical predictions (solid) [57] are shown in Fig. 10. For-
ward scattering (red) reached high values close to f/ f, = 0.6,
while the back scattering (blue) is suppressed.
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FIG. 10. Normalized scattered power from a single infinite
plasma cylinder, both from analytical (solid) and numerical (circles)
calculations, in the backward (blue), and forward (red) directions.
The angle v as denoted in Ref. [57] is the in-plane angle from the
forward direction.
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