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ABSTRACT In this paper, we present a four-layer tunable wideband electromagnetic shield based on
cold plasma. It consists of two dielectric matched layers, one backside housing dielectric layer and one
vacuum chamber in between where cold plasma can be produced through a glow discharge. No plasma is
produced within the vacuum chamber when low-power communication signal impinges on the shield and
it can easily propagate through with very low return and absorption loss. When a high-power microwave
pulse impinges on the shield, cold plasma can be timely produced within the chamber to reflect and absorb
the high-intensity microwave energy. Input impedance, standing wave ratio, transmission and reflection
coefficients and shielding effectiveness for proposed four-layer structure electromagnetic shield are deduced
and formulated. Transparent mode of the electromagnetic shield for communication frequency at 3.5GHz is
developed based on transmission line and plane wave theory. Simulation results show that the transmission
coefficient is close to unity, and the reflection coefficient is near to zero. The half-power transmission
bandwidth is 16% for proposed structure with central communication frequency of 3.5GHz. The impact
of plasma frequency and plasma collision frequency on the absorption, reflection, shielding effectiveness
for interference frequency between 0-6GHz are investigated. Simulation results show that higher the plasma
frequency, better the shielding effectiveness is in the investigated frequency band when plasma collision
frequency is fixed. It was also demonstrated that the shielding effectiveness of proposed structure can be
tuned by changing plasma collision frequency.

INDEX TERMS Cold plasma, multilayered shield, shielding effectiveness, tunable electromagnetic shield.

I. INTRODUCTION
With the emergence of high-power microwave (HPM)
weapons, wireless systems like wireless communication net-
work and radar are easily exposed to the interference from
the deliberate illumination. High-power energy generated by
HPM weapons would directly couple with the antenna and
produce damaging current and voltage surges to disturb the
receivers [1], [2]. Conventional electromagnetic shielding is
an effective approach to protect electrically sensitive devices.
But it also would block the expected useful signals for pro-
tected devices. The main reason is that the conventional
shielding techniques cannot differentiate high-power signals
which are usually harmful to the communication electronics
and some other wireless systems from the low-power signals
which are used for communication.
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To solve this contradiction between the propagation of
useful signals and the block of harmful signals, some recon-
figurable and adaptive approaches have been proposed. Those
methods include reconfigurable frequency selective surfaces
(RFSSs) [3]–[7], energy selective surfaces (ESSs) [8], [9],
similar concepts of limiting FSS [10] and field-controlled
active FSS [11]. By actively or passively changing the elec-
trical length of FSS element, the resonance frequency can
be shifted to outside of the operating frequency band. Then
the FSS is turned into a reflecting plate once the high-power
signals are detected. The typical reconfiguration techniques
in design of RFSS include using ferromagnetic substrates [3],
mechanically controlling the FSS element size [6], and uti-
lizing RF-switches such as RF-MEMS [4], PIN diodes [5].
Both ferromagnetic substrate and RF-switch based tuning
techniques of FSS elements require large-scale bias cir-
cuits which limit the signal transmission performance due to
the interference of bias with the communication frequency.
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Mechanical-control based tuning approach of RFSS could
introduce a considerable delay of protection when high-
power takes place. Longer response time because of the
mechanical motion would lead to greater leakage energy.
This could possible damage the receptor before the protec-
tion actually takes effect. Considering these shortcomings,
a more effective protection mechanism is proposed: tunable
FSS elements are directly triggered by the impinging elec-
tromagnetic signals [10]. In other words, this self-actuated
protecting FSS, named as ESS, limiting FSS or field-control
FSS, allows low-power signals to propagate with little atten-
uation and shields the HPM adaptively by using the induced
voltage as the bias of RF-switches [11]. It can avoid the
complicated bias circuit in the conventional RFSS. Alterna-
tively, the metal-insulator phase transition (MIT) material,
typically like vanadium dioxide, is investigated to function
as adaptive electromagnetic protection materials [12], [13].
The conductivity of vanadium dioxide can be increased
by 2 to 5 order of magnitude when the MIT is induced by
high-power electric field. The adaptive schemes can pro-
vide a fast protection because the shielding effectiveness is
directly triggered by the incoming wave with high-intensity
field.

However, both the filed-controlled FSS equippedwith non-
linear RF-switches and MIT material have constant thresh-
old of the triggering field. For example, the threshold of
triggering field of vanadium dioxide is at order of MV/m.
It is too large to produce effective protection of the sensitive
electronic devices against the HPM. Furthermore, both RFSS
and ESS are designed based on the resonant elements, which
lead to effectively shield only in a very narrow frequency
band.

Electromagnetic shield aims to reduce the coupling of
undesired radiation energy by using a barrier in the path
between the emitter and the receptor. Both reflection and
absorption take place when an electromagnetic wave is
impinging on the barrier. Hence, the shielding effectiveness
can be changed if we change the input impedance or loss fac-
tor of shielding material. Plasma is a special kind of medium
which can be easily produced and is stable in a vacuum cham-
ber through a glow discharge. Therefore, it can be treated as a
lossy medium to design tunable electromagnetic shield. The
lossy factor of plasma is affected by the plasma frequency
and collision frequency. The propagation of microwave in
plasma medium has been widely studied using time- and
frequency-domain methods [14]–[18].

In this work, we present a concept of tunable electromag-
netic shield using collision cold plasma discharged within the
vacuum chamber for protection of wireless systems against
high-power microwave in a wide frequency band. The novel-
ties of the proposed tunable electromagnetic shield include its
high transmittance of the wireless communication frequency
and tunable shielding effectiveness in a wide frequency band.
Thus, it provides an ideal method for the protection of elec-
tronic systems and devices against HMP.

FIGURE 1. Sketch of the switchable shield under illumination of
(a) low-power and (b) high-power signals.

II. STRUCTURE AND PRINCIPLES
To verify the concept of tunable electromagnetic shield based
on collision cold plasma, a practical structure has been
designed. It consists of two dielectric matched layers, one
housing dielectric layer and one vacuum chamber in between
where collision cold plasma can be produced through a glow
discharge. At low-intensity field of the communication fre-
quency, there is no plasma produced in the vacuum chamber
and the four-layer shield is transparently designed for the
communication frequency at 3.5GHz. This scenario is illus-
trated in Fig.1 (a). At high-intensity filed of HPM signals,
collision cold plasma is timely produced through a glow dis-
charge. Therefore, the microwave energy is blocked through
the loss of reflection and absorption. It is shown in Fig.1 (b).

A. TRANSPARENCY DESIGN FOR COMMUNICATION
SIGNAL
At first, it is considered that the protected electronic device
locates in normal electromagnetic environment. The shield
should be transparent for the communication signal such
that it does not have negative impact on the transmitting
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and receiving performance of the communication antenna.
In this case, the four-layered shield is considered lossless
when the total input impedance equals to that of the outer
free space. Considering a uniform plane wave of electric field
Ex and magnetic field Hy, which propagates in z direction,
the Maxwell’s equation based transmission line equation is
given as

dEx
dz
= −ẑ(ω)Hy (1)

dHy
dz
= −ŷ(ω)Ex (2)

Here, ẑ(ω) and ŷ(ω) are called the impedivity and admit-
tivity of the medium, respectively, which specify the char-
acteristics of media and correspond to the admittance and
impedance per length in the transmission line. When dis-
cussing dielectrics, it is common to let ŷ(ω) = jωε̂(ω) and
ẑ(ω) = jωµ̂(ω), where ε̂(ω) and µ̂(ω) are the complex
permittivity and permeability of the medium, respectively.

All homogenous dielectrics also can be characterized by
the intrinsic impedance ηi(ω) =

√
ẑ(ω)/ŷ(ω) and wave num-

ber (or propagation constant)ki(ω) =
√
−ẑ(ω)ŷ(ω), where i

can be 1, 2, 3 and 4 for the four-layered shield.
Let the backside housing dielectric layer (the first layer)

has arbitrary permittivity of ε1 and a thickness of d1, and the
vacuum chamber layer (the second layer) has permittivity of
ε0 and a random thickness of d2, one can calculate the input
impedance Zin2 by

Zin(i) = Z(i)
Zin(i−1) + jZ02 tan [kidi]
Z(i) + jZin(i−1) tan [kidi]

(3)

where Zin(i) is the input impedance on the left boundary of the
ith layer, and Z(i) is intrinsic impedance of the of the ith layer.
Based on the input impedance Zin(i) looking into right of the
plane, the reflection coefficient and resultant standing-wave
ratio (SWR) can be determined by

ri(ω) =
Zin(i)(ω)− Z(i+1)(ω)
Zin(i)(ω)+ Z(i+1)(ω)

(4)

and

ρi =
1+ |ri(ω)|
1− |ri(ω)|

(5)

According to the transmission line theory, two matched
layers are utilized to make the impedance transformation.
In order to let the communication signal transparently prop-
agate through the shield, two conditions must be satisfied:
(1) the four-layer structured shield is impedance-matched
with free space, which means Zin(4) = Z0; (2) the loss of the
four dielectric layers can be ignored.

At first, the third layer (the first matched layer) is designed
to realize a real impedance transformation and the impedance
transformation formula can be given as

Zin(3) = η(3)
1+ jρ3 tan [k3d3 − (ϕ3 − π )/2]
ρi + j tan [k3d3 − (ϕ3 − π )/2]

(6)

Here, d3 is the thickness of the third layer, ϕ3 is the reflec-
tion phase on the right boundary and ρ3 is the standing-wave

ratio (SWR) caused by the right boundary reflection r3(ω),
which can be calculated through Eqs. (4) and (5).

In the first step, a proper thickness of the third layer d3 can
be calculated to make the impedance to be transformed into a
real number. According to Eq. (6), the phase transformation
in the third layer must satisfy

k3d3 − (ϕ2 − π )/2 = n · π (7)

Here, n is a positive integer. The material of third layer
can be arbitrary low-loss non-magnetic dielectric, and k3 =
ω
√
ε3µ0. The input impedance looking into right from the

third layer comes to be Zin(3) = η(3)/ρ3.
In the second step, an impedance matched layer of λ/4

length is selected to transform the real impedance into a
value of the intrinsic impedance of the signal incident space.
Suppose that both the front and back spaces of the shield are
free space and their intrinsic impedance are same with that of
the vacuum chamber. In order to make Zin4 = Z0, the intrinsic
impedance of the four layer comes to be Z(4) =

√
Z0Zin(3).

In this transparent design for communication signal, ‘‘good
dielectrics’’ with no magnetism are considered for the back-
side housing layer and the two matched layers. Their real
permittivity remains almost constant at all radio frequency
regime and the image permittivity is very small to be ignored.
As a result, the relative permittivity of the third layer comes to
be ε4 =

√
ε3/ε0ρ3. It should be pointed out that the provided

two-step approach is not the only method to make the input
impedance of the shield to match with the free space.

B. SHIELDING EFFECTIVENESS CALCULATION
The shielding effectiveness (SE) is defined as the ratio
between the absolute value of the electromagnetic field that
is present at a given point beyond the shield and that of at the
same point in the absence of the shield. By definition, the total
shielding effectiveness can be calculated by using the trans-
mission coefficient of the planar multilayered shield under
investigation. Shielding effectiveness is usually expressed in
dB. Moreover, in order to obtain positive values in normal
situations, the reciprocal of the transmission coefficient is
considered, namely

SE = 20 log
(

1
|t(ω)|

)
(8)

Here, t(ω) is the total transmission coefficient of a multilay-
ered or single-layer shield. For uniform plane wave incident
on a planar shield, the reflection and transmission coefficients
can be easily calculated using time- or frequency-domain
solutions. A typical analytical solution is the transfer matrix
method [19]. Using condition of the continuity of tangential
electromagnetic field, the transfer matrix for a single planar
layer gives as

M (di, ω) =
[

cos(kidi) −ω · sin(kidi)/ki
+ki · sin(kidi)/ω cos(kidi)

]
(9)
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FIGURE 2. Reflection phase on the left boundary of the first layer.

and the transfer matrix for the total planar multilayered shield
can be expressed as

X (ω) =
N=3∏
i=1

M (di, ω) (10)

Finally, the reflection and transmission coefficients are
given as

r(ω) =
[X22(ω)− X11(ω)]− j

[
X21(ω)

ωµ0
k0
+ X12(ω)

k0
ωµ0

]
[X22(ω)+ X11(ω)]+ j

[
X21(ω)

ωµ0
k0
+ X12(ω)

k0
ωµ0

]
(11)

t(ω) =
2

[X22(ω)+ X11(ω)]+ j
[
X21(ω)

ωµ0
k0
+ X12(ω)

k0
ωµ0

]
(12)

Using Eq. (8), the calculated shielding effectiveness is the
sum of the absorption loss, reflection loss and re-reflection
loss of the multilayered structure.

III. RESULTS AND DISCUSSIONS
To demonstrate the concept of the tunable electromagnetic
shield, a 5G wireless communication system with central
frequency of 3.5GHz is considered.

A. TRANSMISSION OF THE COMMUNICATION SIGNAL
The tunable electromagnetic shield to protect the communi-
cation antenna from a high-power microwave source should
be transparent in the antenna operating frequency band when
collision cold plasma is not produced. According to the
transparency design method, we let the first layer (the back-
side housing layer of the vacuum chamber) be 3cm-thick
MD-glass with relative permittivity of 3.5.We first calculated
the reflection phase on the left boundary of the second layer,
as shown in Fig.2, where the thickness of the second layer
(vacuum layer) is set to be 7 cm.

Making use of Eqs. (3), (4) and (5), the SWR can be
recorded. On only presence of the first and second layers,
the SWR is calculated and plotted in Fig.3. At 3.5GHz, the
reflection phase and SWR are -0.158 rad and 5.28, respec-
tively. In order to get total input impedance equal to that of

FIGURE 3. Standing-wave ratio at the first boundary.

the free space, the thickness of the third layer d3 is calculated
using Eq. (7) to transform the input impedance on the left
boundary of the second layer into a real value, as mentioned
in the first step. When let n equals to 1, the thickness of the
vacuum chamber comes to be d3 = 1.09 cm.
Next, as the permittivity of the fourth layer is confirmed

by the SWR, the physical thickness d4 can be determined
by the electrical length of λ/4, which equals to 0.7cm.
Up to now, the transparency design for the communication
frequency 3.5GHz accomplished. In order to get an insight
of the impedance transformation, the input impedance on
the three left boundaries of the second to fourth layers are
calculated based on Eq. (3), as depicted in Figs.4(a)-(c),
respectively. It can be seen that the input impedance on the
second boundary is a complex number with its image part
unequal to zero at 3.5GHz. In Fig. 4(b), the input impedance
on the third boundary becomes a real number through the
impedance transformation, but it is not equal to the intrinsic
impedance of the free space. Due to the final impedance
transformation by the λ/4 length layer, the input impedance
on the fourth boundary becomes to be 120π� or 377�,
as shown in Fig.4(c). It indicates that the incoming commu-
nication signal can totally penetrate into the shield. As all the
loss factors are ignored for ‘‘good dielectrics’’ and vacuum,
no reflection occurs. The communication signal is derived
to transparently propagate through the shield. That is to say,
the four-layer structure has no shielding effectiveness for the
communication signal when no cold plasma is produced in
the vacuum chamber.

To validate the transparency design, the transmission and
reflection coefficients are calculated, as shown in Fig.5.
As the prediction, the transmission reaches near unity and
the reflection is close to zero at 3.5GHz, and the half-power
transmission bandwidth ranges from 3.18GHz to 3.75GHz.
This operating frequency band almost covers standard band
for 5G mobile wireless communications. Conventional finite
domain time difference (FDTD) method is applied by cal-
culate the transmission and reflection power ratio as well,
where the excitation is a differential gauss pulse, and the
one-dimensional spatial step 1Z equal to 0.1 cm (much less
than one-tenth of the smallest wavelength in the constructive
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FIGURE 4. Impedance of the three boundaries on (a) the second layer,
(b) the third layer and (c) the fourth layer.

layer), and the time step is 30ns, which satisfy the Courant
condition. The operation time is 5000 time-step and FFT was
applied to calculate the frequency domain transmission and
reflection power ratio, as plotted in Fig.5 as well. It is found
that the numerical results agree well with the theoretical
results, which verifies the validity of the design theory.

It should be mentioned that the total dimension of the four-
layered shield structure is about 11.8cm (1.35 λ3.5GHZ ). The
constituent materials of the four layers are easy to obtain
and fabricate, as the first and third layers are MD-glass with
relative permeability of 3.5, the second layer is vacuum or
later produced cold plasma and the fourth layer is dielectric
with relative permeability of 9.8, like ceramic dielectric.
Compared with the thickness of some EM shield using arti-
ficial structure, such AFSS and ESS, the thickness of the

FIGURE 5. Transmission and reflection of the shield when no plasma
produced within the vacuum chamber.

proposed multilayered shield seems thicker. However, the
artificial structure is usually resonant structure, resulting in
narrow shielding bandwidth. Moreover, the dimensions of the
four-layered shield structure are not unique. The thickness
of the third layer is enslaved to the condition described by
Eq. (7). The thickness of the vacuum chamber also can be
changed for adjusting the effective shielding effectiveness
when cold plasma is induced.

B. WIDEBAND FREQUENCY SHIELDING
In the condition of high-power microwave, cold plasma will
be produced and stays stable within the vacuum chamber
once high-power signal is detected. Collision cold plasma
is usually produced in a vacuum chamber through a glow
discharge, and the response time is fast enough to protect
the sensitive electronic device. The complex permittivity for
isotropic cold plasma is given by [14]

ε̂(ω) = ε0

(
1+

ω2
p

ω (jνc − ω)

)
(13)

where νc is the plasma collision frequency, ωp is the plasma
angular frequency. A general form of the complex permittiv-
ity is given as

ε′(ω) = ε0

(
1−

ω2
p

ω2 + ν2c

)
(14)

ε′′(ω) =
ε0ω

2
pνc

ω
(
ω2 + ν2c

) (15)

For a bulk plasma layer without plasma collision, it oper-
ates as a high pass filter and the cut-off frequency of the
incident wave equals to the plasma frequency, as it can be
derived in Eq. (14).

In a realistic utilization, the shield should work in the
wide frequency band including the communication fre-
quency because the interference HPM may be an electro-
magnetic pulse. Hence, the plasma frequency should be
beyond the communication frequency to produce protec-
tion through reflection loss, where the plasma frequency is
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FIGURE 6. Shielding effectiveness of the plasma-based shield with
different plasma frequency and collision frequency, and the plasma
frequency is kept at (a) 1.0GHz, (b) 4.8GHz, (c) 9.6GHz, and (d)16GHz.

determined by the discharged electron density. Fig.6 gives
the shielding effectiveness of the shield with produced cold

FIGURE 7. (a) Absorption loss and (b) reflection loss of the shield at
different collision frequency when the plasma frequency is 4.6GHz.

plasma at different plasma frequency and collision frequency.
In Fig. 6(a), the shielding effectiveness is below than 10dB
when the incident wave frequency is beyond 0.4GHz, where
the plasma frequency is fixed at 1.0 GHz. With the increase
of plasma frequency, which is beyond the communication
frequency, the shielding effectiveness increases when keep-
ing the plasma collision frequency unchanged, as shown in
Figs. 6(b), (c) and (d). It is also found that the shielding
effectiveness is easy to reach up 40dB when the plasma fre-
quency is beyond 4.6GHz in frequency range of 1.0-6.0GHz.
At low collision frequency and high plasma frequency, the
shielding effectiveness can reach up 100dB in the investi-
gated frequency band. At very low frequency, the 0.7cm-thick
plasma layer is very ‘‘thin’’ because the skin depth is very
larger. Thus, the electromagnetic wave at very low fre-
quency can penetrate the plasma layer, leading to a low
shielding effectiveness, as shown Fig.6. In addition, from
Eq. (14), the attenuation of the wave propagation becomes
faster when the plasma frequency is larger. If the plasma
frequency is constant, the shielding effectiveness decreases
with the increase of collision frequency, as also shown in
Figs. 6(b), (c) and (d). It can be explained that more power
is penetrated into the plasma layer and partly dissipated in
form of Joule energy due to the collision effect among mas-
sive electrons, and the reflection is reduced. For this reason,
the re-reflection loss between the multilayered boundaries is
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enhanced, which is aminor contribution for the total shielding
effectiveness.

To further validate the above analysis, the absorption and
reflection loss are calculated at different collision frequency
when the plasma angular frequency is fixed at 4.6GHz.
As shown in Fig.7 (a), the power absorption is increased
with the increase of collision frequency, which is related
with the temperature of the produced cold plasma. This phe-
nomenon reveals that more electromagnetic energy has been
penetrated into the plasma chamber and less reflection loss
has been caused. The penetrated energy is partly consumed in
Joule heating and partly transmitted into the outgoing space
through the re-reflection effect. The reflection loss is calcu-
lated as shown in Fig.7(b), and the reflection loss decreases
with the increase of plasma collision frequency. When the
plasma is non-collision, the incident waves at the frequency
below the plasma frequency will be perfectly reflected by the
plasma shield and propagates at the frequency beyond the
plasma frequency.

IV. CONCLUSION
In this paper, we have presented a concept of tunable elec-
tromagnetic shield based on collision cold plasma. At low-
intensity field of communication signals, the designed shield
can let the communication frequency transparently propagat-
ing through. Whereas at high-intensity field of high-power
microwave, the four-layer shield can effectively block the
unwanted signal in a wide frequency band through producing
cold plasma within the designed vacuum chamber layer. The
transparency mode for communication frequency is realized
by using transmission line and plane wave theory. Finally, the
shielding effectiveness of the shield is investigated. Larger
plasma frequency can enhance the shielding effectiveness,
whereas a higher plasma collision frequency can reduce the
shielding effectiveness due to pronounced multiple reflec-
tion and transmission caused by more energy penetration
within the plasma chamber. Such a concept also can be easily
extended to the switchable shield design operating in other
frequency bands.
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