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Achieving tunable Kerker-type invisibility for a radiation-enhanced electrically small antenna
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Low-temperature gaseous plasmas exhibit great potential in designing tunable and reconfigurable electromag-
netic devices. In this paper, based on an overdense-underdense core-shell plasma structure, tunable Kerker-type
invisibility for a radiation-enhanced electrically small antenna is achieved, where dominant scattering direction
can be mutated between backward and forward while omnidirectional invisibility and signal enhancement are
maintained. Moreover, by electromagnetic multipole decompositions, it is shown that the underdense outer
plasma with a negative polarizability is able to weaken the strength and modulate the phase of the electric dipolar
scattering component (a1), while the magnetic dipolar term (b1) nearly remains unchanged. Consequently,
quasi-first and -second Kerker conditions are fulfilled near the cutoff band of a1.
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I. INTRODUCTION

In recent decades, low-temperature gaseous plasmas have
received increasing attention in manipulating electromagnetic
(EM) waves from microwave to terahertz [1–8]. This trend lies
in the fact that plasma can be regarded as a subset of metama-
terials in two aspects. One is that plasma’s relative permittivity
can be continuously and dynamically tuned in a broad range
by changing external parameters [9], such as discharge power,
pressure, gas species, etc. Particularly, plasmas of weak col-
lision can flexibly function as ENG (epsilon-negative), ENZ
(epsilon-near-zero), or ELP (epsilon-low-positive) media un-
der different electron densities. The other is that, when taking
specific subwavelength structures into account, plasma’s elec-
tromagnetic characteristics become completely different from
a bulk one [9,10]. Collectively, these two features endow the
plasma with great potential in designing various tunable and
reconfigurable EM devices, including filters [11,12], waveg-
uides [13,14], antennas [3–5], etc.

On the other hand, modern wireless communication sys-
tems are developed towards miniaturization, portability, and
versatility. As key components, the electrically small anten-
nas (ESAs) are not only required to be efficient, but also
desirable with low and reconfigurable detectability for prac-
tical applications. In the meantime, the rapid advancement in
nanophotonics and plasmonics has enabled controlling EM
waves more flexibly and efficiently at the subwavelength
scale. Such principles and techniques can then be adapted
to the microwave frequency regime when normalized key
parameters (e.g., size, permittivity, and permeability) remain
the same as those in visible bands of EM waves, which are
conducive to integrating the aforementioned two functions
into one system by means of plasmas. For the former, surface
plasmon subwavelength optics [15–17] has opened a new
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front for enhancing the intensity of light in the near- or the
far field. Correspondingly, recent studies have demonstrated
that the radiation efficiency of ESAs can be intensified up
to 20 dB from MHz to GHz by overdense or ENG plasma
both by experiments [4,5,18,19] and simulations [20–24].
For the latter, Kerker effect [25–33] and plasmonic cloaking
[34–40] are powerful tools to control or reshape the scattering
pattern of a target illuminated by EM waves. Specifically,
Kerker effect is widely applied for reconfiguring scattering
patterns or directional scattering control, where backward
or forward scattering can be substantially suppressed by the
constructive or destructive interference between electric and
magnetic scattering components. Moreover, plasma’s ELP
characteristics make it an ideal candidate in implementing
plasmonic cloaking, which is advantageous over conventional
absorption-based plasma stealth [41] since plasmonic cloak-
ing is a volumetric effect operated in a nonresonant and
nonabsorption manner and thus is able to strike a balance
between reducing a target’s detectability and maintaining
its communication capability [35]. However, two key is-
sues need to be resolved to achieve the synergism between
signal enhancement and reconfigurable invisibility: (1) the
compatibility between plasma-based enhancement effect and
invisibility induced by plasmonic cloaking in different direc-
tions remains unclear; and (2) most existing research aims to
fulfill Kerker effect in or near the resonant regime by introduc-
ing artificial magnetic resonances [28–33]. In such a situation,
even though scattering in a certain direction is reduced, over-
all scattering efficiency is however greatly enhanced, which
inevitably limits its applications in invisibility.

Therefore, in this paper, we firstly investigate the compat-
ibility between signal enhancement and invisibility induced
by plasmonic cloaking in three crucial directions, namely,
forward, spatially averaged, and backward based on an ENG-
ELP core-shell plasma system. On that basis, the possibility to
extend the scope of Kerker effect into the invisibility regime is
unveiled drawing on Mie theory. Our results not only provide
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FIG. 1. Schematics of the simulation model (x-z cross section)
for (a) directional scattering control, and (b) signal enhancement.

a perspective to understand the implementation of Kerker
effect in the invisibility regime, but also offer a referential path
to design next-generation state-of-the-art stealth and sensing
equipment.

II. SIMULATION MODEL

The x-z cross section of the simulation model, with the
y-direction perpendicular to the view, by COMSOL MULTI-
PHYSICS [42] (version 5.4) is schematically shown in Fig. 1.
From inside to outside, it consists of a coaxially fed spher-
ical electrically small antenna (brown part with a radius of
r0 = 0.6 cm, a feed gap of d0 = 0.1 cm, and a driving voltage
of V0 = 1 V ), an inner plasma shell (dark purple part with a
thickness of din = r1 − r0 and an electron density of n1, for
signal enhancement) and an outer plasma shell (light purple
part with a thickness of dout = r2 − r1 and an electron density
of n2, for invisibility). The relative permittivity of the inner
and outer plasmas is approximated by ( e jωt time dependence
is assumed)

εpr (ω,ωpe) = 1 − ω2
pe

ω2 + ν2
− j

ω2
peν

ω(ω2 + ν2)
, (1)

where ω is the angular frequency of EM waves interacting
with plasmas, ωpe is the plasma frequency (with ωin and
ωout for the inner and outer plasma shells, respectively),
and v is the electron momentum transfer collision frequency
(0.1 GHz). Additionally, the frequencies of detecting and
communicating waves are 0.6 GHz (P band) and 1 GHz (L
band), respectively, and both of them propagate along the z
direction with an x-polarized electric field component.

To reveal the directional scattering characteristics of such
a system, we define three different radar cross sections:
normalized backward RCS (RCSBnorm ), normalized forward
RCS (RCSFnorm ), and normalized average bistatic RCS
(RCSavnorm ). They are represented as

RCSBnorm= 10 log10(RCSBwp/RCSBip), (2)

RCSFnorm= 10 log10(RCSFwp/RCSFip), (3)

RCSavnorm= 10 log10

(∑l
1 RCSbiwp/l∑l
1 RCSbiip/l

)
, (4)

where the subscript “wp” stands for “with two plasma shells;”
“ip” designates “with the inner plasma shell only;” and “l“

FIG. 2. Color maps of (a) Pgain, (b) RCSFnorm, (c) RCSavnorm, and
(d) RCSBnorm under different normalized outer plasma parameters
(dout/λ0.6 GHz and ωout/ω0.6 GHz).

represents the number of discrete calculation points along a
spherical surface with a radius r > r2 [Fig. 1(a)] in simula-
tion. Besides, the normalized radiation gain of the antenna is
defined as

Pgain = 10 log10(Pwp/Pnp), (5)

where the footnote “np” denotes “with no plasma shells.”

III. RESULTS AND DISCUSSION

As plasma is supposed to be overdense and of sub-
wavelength for effective radiation intensification [35], for
simplicity, the electron density and thickness of inner plasma
are set as 5 × 1016m−3 (ωin/ω1 GHz = 2.01) and 3 cm
(din/λ1 GHz = 0.1), where an initial radiation gain (enhanced
by inner plasma only, Pgain0 ) of ∼15 dB can be ob-
tained. On this basis, the characteristics of Pgain, RCSFnorm,
RCSavnorm, and RCSBnorm under different normalized outer
plasma parameters (dout/λ0.6 GHz and ωout/ω0.6 GHz ) are shown
in Figs. 2(a)–2(d). For signal enhancement [Fig. 2(a)], since
the outer plasma is underdense for communication signals
(ωout/ω0.6 GHz < 1 ⇔ ωout/ω1 GHz < 0.6), it exerts a minute
negative impact on Pgain0 and thus a positive Pgain (>10 dB)
is maintained both in the E plane and H plane, as demon-
strated by the double arrows in Figs. 3(a) and 3(b). For
invisibility, it can be seen that optimal RCSFnorm, RCSavnorm,
and RCSBnorm (white dashed curves) are reachable where
the relative outer plasma frequency is less than unity, and
thus all of them are compatible with signal enhancement.
However, there also exist several differences among them.
Firstly, it can be observed that the three RCSs are achieved
under different outer plasma parameters. Specifically, for a
fixed thickness of the outer plasma shell, the minimums
of RCSFnorm (min_RCSFnorm ), RCSavnorm (min_RCSavnorm ),
and RCSBnorm (min_RCSBnorm ) are obtained in sequence
with the increase of ωout/ω0.6 GHz. And, their discrepancy be-
comes more evident when increasing dout. Secondly, only does
min_RCSBnorm have a turning point where ωout/ω0.6 GHz ∼
0.5 and dout/λ0.6 GHz ∼ 0.2. In other words, under a fixed ωout,
two values of dout can be found for backward invisibility. By
contrast, for min_RCSFnorm and min_RCSavnorm, the thicker
the outer plasma shell is, the less dense it should be. Lastly, the
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FIG. 3. Pgain in the E plane (a) and H plane (b), where the red
curve stands for without inner and outer plasmas and the green
curve denotes covering two plasma layers with ωin/ω1 GHz = 2.01,
din/λ1 GHz = 0.1, ωout/ω0.6 GHz = 0.875, and dout/λ0.6 GHz = 0.02;
bistatic radar cross sections in the E plane (c) and H plane (d) with
dout/λ0.6 GHz = 0.02, where blue, orange, yellow, and purple lines
designate ωout/ω0.6 GHz = 0, ωout/ω0.6 GHz = 0.859 (min_RCSFnorm),
ωout/ω0.6 GHz = 0.875 (min_RCSavnorm), and ωout/ω0.6 GHz = 0.89
(min_RCSBnorm).

effective invisibility bandwidth of RCSavnorm is larger than
that of RCSFnorm and RCSBnorm.

In addition, of particular interest is that with the decrease
of dout, min_RCSFnorm, min_RCSavnorm, and min_RCSBnorm

tend to coincide. That is to say, when dout is sufficiently
small, the omnidirectional invisibility plays a dominate role,
while a nuanced tuning of ωout will lead to a drastic change
of scattering patterns. For example, when dout/λ0.6 GHz =
0.02, bistatic radar cross sections in the E plane and
H plane for min_RCSFnorm (ωout/ω0.6 GHz = 0.859),
min_RCSavnorm (ωout/ω0.6 GHz = 0.875), and min_RCSBnorm

(ωout/ω0.6 GHz = 0.89) are shown in Figs. 3(c) and 3(d). It
can be observed that a slight increase of ωout/ω0.6 GHz from
0.859 to 0.89 results in the alternation of dominant scattering
direction from backward to forward while invisibility in
nearly all directions is maintained.

On the other hand, according to the Mie theory [43], di-
rectional scattering efficiencies can also be expressed as a
series of expansions of Mie coefficients, namely, {an} and {bn}
(n = 1, 2, 3 . . .), which are proportional to electric and mag-
netic multipoles radiating from the origin [27]. Specifically,
backward (Qb) and forward (Qf ) scattering efficiencies for a
homogeneous sphere with a radius of a under illumination of
plane waves are given by [44]

Qb = 1

k2 a2

∣∣∣∣∣
∞∑

n=1

(2n + 1)(−1)n(an − bn)

∣∣∣∣∣
2

, (6)

Qf = 1

k2 a2

∣∣∣∣∣
∞∑

n=1

(2n + 1)(an+bn)

∣∣∣∣∣
2

, (7)

where k is the wave number in the host medium. From the two
expressions, one can find that Qb and Qf can be minimized
under certain conditions. For instance, when just consider-

FIG. 4. Amplitudes (a) and phases (b) of a1, b1, a2, and b2

under different ωout/ω0.6 GHz when dout/λ0.6 GHz = 0.02, where blue,
orange, yellow, and purple curves correspond to a1, b1, a2, and b2,
respectively.

ing dipolar contribution (neglecting an and bn, n � 2), if
the electric and magnetic dipoles have the same amplitudes
and oscillate in phase (a1 = b1), backward scattering can be
completely suppressed. On the contrary, if the two dipoles
oscillate out of phase (a1 = −b1), forward scattering can be
totally eliminated. These two circumstances are the well-
known first and second Kerker conditions [27,28]. What is
more, as the dimension of the two-layered system in this work
is of subwavelength, it is reasonable to take the first four Mie
coefficients, namely a1, b1, a2, and b2, into consideration [28].
Based on above discussions, the Electromagnetic Multipole
Decomposition Method [45] is integrated into COMSOL MUL-
TIPHYSICS to extract the first four Mie terms in order to reveal
the physical insights behind the differences among RCSFnorm,
RCSavnorm, and RCSBnorm in Fig. 2.

Without loss of generality, the characteristics of Mie co-
efficients under different ωout/ω0.6 GHz when dout/λ0.6 GHz =
0.02 are analyzed. In the beginning, the amplitudes and
phases of a1, b1, a2, and b2 when varying ωout/ω0.6 GHz are
shown in Figs. 4(a) and 4(b). Obviously, first-order Mie
coefficients dominate total scattering since (|a1|, |b1|) �
(|a2|, |b2|). Also, it can be observed that |a1| has a
dip around ωout/ω0.6 GHz = 0.87 with the increase of
ωout/ω0.6 GHz. This is because the underdense outer plasma
shell (ωout/ω0.6 GHz < 1), compared with the inner overdense
one (ωin/ω0.6 GHz = 3.35), exhibits a negative polarizability
[35–37]. As a result, the total electric dipole element of the
system ptot (proportional to a1 as ptot = ε0αeE0, where αe =
i6πa1/k3 ) will decline to a minimum when the electric polar-
ization of inner plasma shell and the electrically small antenna
is nearly offset by the outer plasma shell. Nonetheless, with
the continuous increment of ωout/ω0.6 GHz, the excessive offset
provided by the outer plasma shell contributes to the augmen-
tation of |a1| [Fig. 4(a)] and a steep jump of ∠a1 from ∼−π/2
to ∼π/2 [Fig. 4(b)]. By contrast, |b1| and ∠b1 are weakly
associated with ωout when ωout/ω0.6 GHz < 1. Furthermore, of
particular interest is that the amplitudes and phase angles of
a2 and b2 show similar changes with regard to ωout/ω0.6 GHz,
though they play a minor role in scattering.

Since a1 and b1 dominate total scattering, the connection
between RCSFnorm/RCSavnorm/RCSBnorm and the imaginary
and real parts of a1 and b1 under different ωout/ω0.6 GHz

(0.82 ∼ 0.92) is presented in Figs. 5(a) and 5(b). In Fig. 5(b),
it can be seen that the imaginary part of b1 is much larger than
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FIG. 5. (a) RCSFnorm (black), RCSavnorm (grass green), and
RCSBnorm (blue) under different ωout/ω0.6 GHz (0.82 ∼ 0.92). (b)
Imaginary and real parts of a1 and b1 under different ωout/ω0.6 GHz

(0.82 ∼ 0.92), where purple, dark green, orange, and red curves
stand for Im(a1), Im(b1), Re(a1), and Re(b1); black dashed
lines, from left to right, designate positions of min_RCSFnorm,
min_RCSavnorm, and min_RCSBnorm.

the real part, and both of them are hardly changed when vary-
ing ωout. For a1, with the increase of ωout/ω0.6 GHz, Im(a1) is
positively proportional to ωout/ω0.6 GHz and its absolute value
reaches a minimum at ωout/ω0.6 GHz ∼ 0.875, while Re(a1) is
relatively stable. Also, as illustrated by three black dashed
lines, the positions of min_RCSFnorm, min_RCSavnorm, and
min_RCSBnorm in Fig. 5(a) actually correspond to those of
Im(a1) + Im(b1) ≈ 0, Im(a1) ≈ 0, and Im(a1) − Im(b1) ≈ 0
in Fig. 5(b), which can be regarded as quasisecond-Kerker
condition, plasmonic cloaking, and quasifirst-Kerker condi-
tion, respectively, and are more intuitively demonstrated in
Fig. 6(a). It should also be noted that the two quasi-Kerker
conditions are satisfied near the cutoff band of a1 (|a1| ≈ 0),
which guarantees the directional scattering to be tuned with
omnidirectional invisibility, as shown in Fig. 2.

Finally, the relationship between a1 and b1 in the phase
space and corresponding 3D scattering patterns (norm of
electric far field) for min_RCSFnorm, min_RCSavnorm, and
min_RCSBnorm when dout/λ0.6 GHz = 0.02 are shown in Fig. 6.
It can be observed that when Im(a1) + Im(b1) ≈ 0 (case I),
the destructive interference between an electric dipole and
a magnetic dipole enables the scattering pattern similar to a
“Huygens reflector [32]” [Fig. 6(b)]. When Im(a1) ≈ 0 (case
II), the minimal total scattering of the target is achieved,
obvious in Fig. 6 as the norm of electric far field in Fig. 6(c)
has a minimal peak. This is exactly the principle of plas-
monic cloaking. And, when Im(a1) − Im(b1) ≈ 0 (case III),
the constructive interference between an electric dipole and
a magnetic dipole reshapes the scattering pattern parallel to

FIG. 6. (a) a1 (red) and b1 (blue) in the phase space for Im(a1) +
Im(b1) ≈ 0 (I), Im(a1) ≈ 0 (II), and Im(a1) − Im(b1) ≈ 0 (III)
when dout/λ0.6 GHz = 0.02; 3D scattering patterns (norm of elec-
tric far field) for (b) min_RCSFnorm, (c) min_RCSavnorm, and (d)
min_RCSBnorm.

a “Huygens secondary source [32]” [Fig. 6(d)]. Note that it
is the mismatch of real parts between a1 and b1 [orange and
red lines in Fig. 5(b)] that makes the scattering patterns in
Figs. 6(b) and 6(d) not identical to those cases with the first
and second Kerker conditions rigorously satisfied, as a small
protruded scattering component still exists in both forward
and backward directions.

IV. CONCLUSION

In conclusion, tunable Kerker-type invisibility and omni-
directional signal enhancement are fulfilled simultaneously
at different frequency bands by a core-shell overdense-
underdense or ENG-ELP plasma pair. It is shown that the
underdense outer plasma shell with a negative polarizability
can reduce the intensity of electric dipolar (a1) response of
the system and tune its phase, while the magnetic dipolar term
hardly changes. In this case, interference between electric (a1)
and magnetic (b1) dipolar responses is restricted to the cutoff
band of a1. Further, with the increase of ωout, the nature of
interference between electric and magnetic dipolar scatter-
ing components alters from destructive to constructive. As
a result, quasisecond-Kerker condition, plasmonic cloaking,
and quasifirst-Kerker condition can be satisfied in sequence,
and correspondingly, min_RCSFnorm, min_RCSavnorm, and
min_RCSBnorm can be obtained in order. For future experi-
mental investigations, one can use different kinds of plasma
generators to fabricate the inner (e.g., inductively coupled
plasma) and outer plasma (e.g., DC glow discharge or ca-
pacitively coupled plasma) with proper combination in one
system.

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
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