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A Compact Double-Sided FSS Absorbing Wall for
Decoupling 5G Antenna Arrays

Faissal Merzaki , Philippe Besnier , Senior Member, IEEE, Mohamed Himdi , Xavier Castel ,
Maëlle Sergolle , Thierry Levavasseur, and Patrick Caldamone

Abstract—The fifth generation (5G) of mobile communications
gives birth to the evolution of the base stations. They progressively
include arrays of antennas in the sub-6 GHz frequency band world-
wide. Moreover, 5G takes advantage of the beamforming capabil-
ities to gain power efficiency and higher throughputs. Within this
framework, achieving high decoupling performance between any
pairs of antennas and compactness at the same time become a major
challenge. The present paper describes an advanced solution based
on the interposition of a thin and low-profile absorbing wall operat-
ing in the 3.4–3.6 GHz frequency band. The absorption is provided
by a frequency selective surface whose elementary pattern size is
first optimized. Then, the compact absorbing wall that associates
back-to-back pieces of absorber is interposed between elements of
an antenna array. Moreover, the fabrication of both antenna array
and decoupling device involve lightweight and low-cost composite
technology. The results show that such a compact decoupling device
achieves excellent decoupling capabilities while keeping up the
antenna array performance.

Index Terms—Antenna decoupling, frequency selective surface
(FSS) absorber, fifth generation (5G) antenna array.

I. INTRODUCTION

PRIOR to the advent of fifth generation (5G) communica-
tions, mobile stations handling 2G, 3G, and 4G communi-

cation systems integrated all these technologies into one single
device. With the forthcoming 5G technologies, the mobile sta-
tion functionality needs to expand its operating frequency to host
the 5G bands. Integrating those new communication systems in-
side a single device without modifying its size summons a major
problem of electromagnetic compatibility due to the potential
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coupling effects between communication systems operating at
various frequency bandwidths. Moreover, 5G communications
support multiple-input multiple output (MIMO) transmissions
to handle beamforming, as a principle for increasing data rate
transmission. Coupling issues within the involved array of an-
tennas may jeopardize the performance of MIMO transmissions
that is optimum if input/output signals are uncorrelated. This
article focuses on this specific issue.

The literature describes numerous strategies to decouple
neighboring antennas sharing, at the moment, the same printed
circuit board. We may classify these strategies in three main
categories.

First, the patterning of antennas common ground plane may
prevent the flowing of currents from one antenna to another.
This set of solutions is based on the so-called “defected ground
structure” technique. For instance, such a solution may consist in
etching a thin slot into the common ground plane of an antenna
array [1]–[5]. This pattern can be seen as a resonator precluding
the current from flowing from one antenna to another through
the ground plane. Therefore, it decreases the induced voltage
difference at neighboring antennas and reduces the coupling
effect, accordingly.

Second, coupling between antennas may be due to surface
wave propagation into the substrate. Therefore, another method
consists in positioning “electronic band gap” (EBG) structure
between antennas as introduced in [6]. In this case, the EBG
structure consists of a metamaterial surface (over the substrate)
that prevents the propagation of surface waves through diffrac-
tion or absorption effects [7]. However, this technique suffers
from its size in case of strict compactness requirements for
antenna arrays. Based on the tailoring of artificial magnetic
conductors (AMCs) [6] allowing reflection with a zero-phase
shift, a double-sided piece of AMC surfaces was used as a ver-
tical wall between monopole antennas [8]. This solution applies
to nonplanar antennas, but remains very useful for designing
low-profile and narrow band antennas [9]. However, surface
waves may have significant contributions for substrate with high
dielectric constant. In the case of moderate dielectric constant,
this is not a predominant effect.

Third, coupling also occurs at razing incidence through elec-
tromagnetic field propagation (in the near-field zone) over the
air. A lot of research works have contributed to this with vari-
ous concepts of thin absorbing materials including metamateri-
als [10]–[12] and frequency selective surface (FSS) structures
[13]–[15]. Beyond their intrinsic properties, their use as
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decoupling devices is illustrated in many applications [16]–[24].
These solutions mainly consist of implementing an absorbing
structure as a wall between antennas to prevent the electromag-
netic field propagation over the air and thereby to enhance the
decoupling without significant modification of the antenna radi-
ation pattern. Although these various techniques exist, they focus
on decoupling high-profile antennas (such as monopoles). Only
a few of them deal with the specific planar MIMO configurations
for 5G applications and use suspended walls or superstrates.
The solution investigated here is rather based on the design of
a limited size decoupling wall for decoupling an array of patch
antennas.

In this article, we present a low-cost, low-profile decoupling
structure for a 5G planar antenna array, including three main
new features. First, the decoupling structure is made of two
back-to-back pieces of FSS absorbers forming a low-profile
vertical wall with no significant impact on the antenna array per-
formance. Second, it is fabricated using lightweight composite
materials and a low-cost screen-printing process to inscribe the
designed FSS pattern on an aramid sheet. Third, the proposed
FSS pattern is an extension of the original idea in [25] and
propose to intertwine the resistive line strips on the four sides of
the pattern to reinforce couplings and lowering the periodicity of
the unit cell. This pattern restricts the meandering of strip lines
for outmost ones, where it is the more relevant. A preliminary
analysis of the candidate FSS structure was proposed in [26] and
its operation and performance are further analyzed in details.
The resistive surface of the decoupling device was fabricated
using a screen-printing process with a home-made ink. This is
the reason why recently proposed techniques based on graphene
material [27]–[31] were not considered here. These solutions
are not suitable to achieve the target sheet resistance value
by the screen-printing process. The decoupling device is then
obtained by stacking the screen-printed sheet on a composite
substrate. The overall decoupling performance is optimized
from numerical simulations and results are confirmed through
experiments. The rest of this article is organized as follows.
Section II deals with the design of the compact narrowband
absorber made of an advanced FSS unit cell. It also describes
its behavior when illuminated by a plane wave under oblique
incidence. Section III details the fabrication process of the
decoupling device. Section IV provides experimental evidence
of its intrinsic absorbing performance. In Section V, the retained
FSS structure is then shaped as a vertical wall for decoupling
an array of stub-loaded antennas in the 3.4–3.6 GHz frequency
band. Eventually, the experimental validation of the obtained
decoupling device is presented. Section VI concludes the article.

II. FSS ABSORBER UNIT CELL DESIGN

An FSS absorber is composed of a periodic resistive pattern
lying on a dielectric substrate with an electromagnetic reflector
stacked on the opposite side. The contrast between the FSS
absorber input impedance and the wave impedance determines
the operating frequency band in which a minimum reflection
coefficient is achieved. As described in [14], absorption takes
place at the neighborhood of the resonance frequency of the

Fig. 1. (a) Periodic basic FSS design and (b) proposed FSS design (D = 5.9
mm). (c) Dimensions of the basic unit cell. (d) FSS unit cell.

stand-alone FSS pattern. The latter behaves as a simple resonant
R, L, C circuit for a basic resistive pattern made of a patch, cross,
or loop, where C and L stand for the mutual electric and magnetic
coupling between adjacent cells, respectively, and R accounts for
a resistance related to the pattern resistivity. The impedance at
the FSS pattern interface is composed of the parallel association
of the patterned surface and the impedance brought back from
the grounded dielectric substrate [14]. Adjusting the thickness
(which remains thin with regard to the wavelength), it is possible
to obtain a narrowband absorber or a broadband absorber for a
thicker dielectric. The maximum absorption occurs when the
imaginary part of the two parallel impedances are opposite, the
resistivity being adjusted to fulfill matching conditions.

The proposed FSS absorber was developed considering the
original idea in [25] that consisted in interdigitating adjacent
cells. In this article, authors demonstrated that such pattern
lowered the resonance frequency, increasing mutual coupling
between contiguous cells. This suggests that intertwining neigh-
boring cells should favors an increase of mutual coupling. While
keeping the same approach, we therefore propose an evolution
of the pattern, intertwining the resistive line strips on its four
sides to reinforce couplings and lowering the periodicity of the
unit cell. This pattern restricts the meandering of strip lines for
outmost ones, where it is the more relevant. Furthermore, it
was developed both to fulfill width resolution limitation (about
100 μm) and the range of attainable sheet resistance with
home-made inks. Our design started from the elementary pat-
tern in Fig. 1(a) showing a freestanding FSS structure called
ZZinv (in series association of Z-shaped and inverted Z-shapedAccepted manuscript
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Fig. 2. Physical representation of the TZZinv unit cell free-standing simula-
tion and the excitation modes of the plane wave.

resistive ribbons) as developed in [25]. Our proposed TZZinv

(in series association of transformed Z-shaped and inverted
Z-shaped resistive ribbons), structure initially presented in [26],
is then presented in Fig. 1(b). It is first evaluated through a free-
standing FSS simulation of an infinitely periodic and metallic
(copper) FSS sheet in air in comparison with the initial ZZinv

pattern. Reducing the resonance frequency of an FSS structure
leads to an intrinsic shift of the absorption frequency band toward
lower frequencies when this resonant structure is transformed
to FSS absorber, which is highlighted in the article. Note that
both structures have the same periodicity (D = 5.9 mm). The
geometry of the unit cell for the initial ZZinv pattern and for the
TZZinv pattern is detailed in Fig. 1(c) and (d), respectively.

Fig. 2 shows the physical view of the boundary conditions that
has been ensured to simulate the FSS transmission coefficient
of the free-standing pattern for both cases using the frequency
solver of CST Microwave Studio. Simulations were carried out
using two Floquet ports positioned on both sides of the z-axis.
The boundary conditions are set at the unit cell level for x-,
y-axis (shown in the green dashed rectangular parallelepiped).
So, the structure is expanded periodically and infinitely in the
xy plane. An open boundary condition is set along z-axis (blue
squares) allowing incident wave to propagate through z-axis
with minimum reflection before and after reaching the infinite
structure. The FSS structure is illuminated by a normal incident
plane wave source either in the transverse electric (TE) or in
the transverse magnetic (TM) mode and located at the Floquet
port 1. The transmission coefficient is therefore the transmitted
power from the Floquet port 1 toward the Floquet port 2 located
on the other side of the structure. Simulations of the transmission
coefficient provide a better picture of the resonating nature of

Fig. 3. Simulated transmission coefficient T of the free-standing ZZinv and
TZZinv patterns versus frequency.

FSS patterns. The results of such simulations of both patterns
are reported in Fig. 3.

The resonance frequency of the ZZinv pattern, which is char-
acterized by a null transmission coefficient, equals 10.44 GHz
whereas the TZZinv pattern exhibits a similar resonating be-
havior at a much lower frequency (6.17 GHz). Therefore, the
decrease of the resonance frequency utterly comes from an
increase of the mutual capacitance and inductance.

With the aim of developing a compact FSS absorber with
an operating frequency centered at 3.5 GHz with a 200 MHz-
bandwidth, a parametric study of the dielectric permittivity is
carried out to achieve the absorption peak at 3.5 GHz. Afterward,
the sheet resistance optimization of the TZZinv pattern is carried
out to achieve the maximum absorption. The parametric study
is performed with a 4 mm-thick dielectric substrate (λ/21.5 at
3.5 GHz).

Simulations are carried out by setting an unit cell boundary
in the xy plane (at the four sides of the green dashed rectangular
parallelepiped), and because of the presence of a reflector at the
bottom of the absorber, a perfect electric boundary condition
is set to feature a perfect ground plane (highlighted in red
dash square, Fig. 4) in order to minimize the calculation time.
Therefore, a single Floquet port is used as shown also in Fig. 4.
The structure is illuminated by an incident plane wave source
located at the Floquet port1 and the reflection coefficient is
calculated at this port location.

Fig. 5 displays the TZZinv simulations of 36 μm-thick copper
ribbons (σ = 5.96 ×107 S/m) printed on a grounded 4 mm-
thick dielectric substrate. When the dielectric permittivity εr
increases, the absorption peak decreases smoothly toward low
frequency. The absorption peak sets at 3.58 GHz with εr = 3 and
at 3.46 GHz with εr = 4. Thus, to achieve the peak absorption
at 3.5 GHz, the dielectric permittivity value could be expected
to range between 3 and 4.Accepted manuscript
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Fig. 4. Physical representation of the TZZinv absorber.

Fig. 5. Simulated reflection coefficient vs. dielectric permittivity values of a
copper TZZinv pattern printed on a 4 mm-thick dielectric substrate.

To get the maximum absorption peak at 3.5 GHz, the dielectric
permittivity value was set at 3.5 and new numerical simulations
were performed by varying the sheet resistance value of the
ribbons (see Fig. 6). With ribbons made of metallic conductor
(copper with a sheet resistance Rs=0.0005Ω/sq), the absorption
peak reaches −3.98 dB at 3.47 GHz. When the sheet resistance
value increases, the peak absorption level increases as the Ohmic
loss in the TZZinv pattern increases and the input impedance of
the overall absorber matches with the free space impedance. This
matching reaches its maximum at Rs = 1.5 Ω/sq and the related
absorption level achieves−18 dB at 3.47 GHz. Beyond 1.5Ω/sq,
the input impedance unmatched the free space impedance and
the absorption peak level decreases.

Based on the previous TZZinv parametric studies, a compact
absorbing FSS structure, called ATZZinv was developed to
operate in the 3.4–3.6 GHz frequency band. This absorber is
characterized by a periodicity of only D = 5.9 mm (λ/14.5 at
3.5 GHz). The optimized sheet resistance of the ribbons is equal
to 1.5 Ω/sq. The simulated substrate is a composite material

Fig. 6. Simulated reflection coefficient vs. sheet resistance values of conduc-
tive and resistive TZZinv patterns printed on a 4 mm-thick dielectric substrate
with (a) εr = 3.5. Magnitude [dB] versus frequency and (b) Smith chart from
3 GHz to 4 GHz (b). The red star is located at 3.5 GHz.

made of glass fiber tissue and polyester resin. It is characterized
by a dielectric permittivity εr = 3.7, a loss tangent tanδ= 0.0094
and a thickness t = 4 mm.

Fig. 7 provides an illustration of the simulated absorber
whereas Fig. 8 shows the related simulated reflection coefficient
at normal incidence over the 3–4 GHz frequency range. As a
result, the absorption coefficient is better than −10 dB from 3.3
to 3.65 GHz. To assess the performance of the ATZZinv FSS
absorber, its simulated reflection coefficient was compared with
that of the AZZinv FSS absorber in the same configuration, i.e.,
using the same sheet resistance value of the resistive ribbons
(Rs = 1.5 Ω/sq) and the same dielectric substrate. At normal
incidence, the AZZinv cell based absorbing material reaches
its maximum absorption at 6.5 GHz against 3.5 GHz for the
ATTZinv absorber. The gain in size is therefore of about 46%.
Note that these simulations aim at comparing the position ofAccepted manuscript
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Fig. 7. (a) ATZZinv unit cell pattern and (b) ATZZinv FSS absorber
periodic pattern.

Fig. 8. Simulated reflection coefficient comparison vs. frequency of the
AZZinv and ATZZinv absorbers at normal incidence.

the frequency absorption peak and not the absorption level.
To compare the absorption levels of both structures, a sheet
resistance optimization of the AZZinv resistive ribbons needs
to be performed.

Fig. 9 illustrates the power loss density at 2 and 3.5 GHz
of the ATZZinv FSS absorber under the TE mode excitation.
Power loss is mainly concentrated at upper and lower borders
of contiguous FSS cells at 3.5 GHz compared with that at
2 GHz, which confirms the absorption effect at 3.5 GHz for
the TE mode (electric field aligned with the y-axis). Under TM
mode excitation, power loss is concentrated at the left and right
borders of the unit cells (not shown here).

Such ATZZinv absorber will be used in Section V to decouple
antennas exposed to EM waves impinging at incidence angles
different from normal incidence. Simulations are achieved using
the boundary conditions of Fig. 4. By controlling a CST software
predefined variable, the propagating wave direction is tuned to
any required incident angle. Therefore, Fig. 10 illustrates the
simulated reflection coefficient of the ATZZinv FSS structure
under four incident angles θi in the TE mode (similar results,
not shown here, are obtained in the TM mode). The absorption
performance decreases under oblique incidence angle with an

Fig. 9. Power loss density of the ATZZinv FSS absorber at (a) 3.5 GHz and
(b) 2 GHz under TE mode excitation.

Fig. 10. Simulated reflection coefficient vs. frequency of the ATZZinv FSS
absorber under various incident angles θi.

absorption coefficient lower than −10 dB on a more restricted
frequency range, but not anymore at θi = 50°.Accepted manuscript



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

6 IEEE TRANSACTIONS ON ELECTROMAGNETIC COMPATIBILITY

Fig. 11. (a) Metallic ground plane and (b) dielectric composite substrate.

Fig. 12. Global view and detail of the ATZZinv FSS absorber printed on a
100 μm-thick aramid sheet.

III. FABRICATION PROCESS

The dielectric substrate is made of a fiber-reinforced matrix.
The FSS pattern is printed on a dielectric sheet and stuck on the
top face of the dielectric substrate.

On the one hand, the 4 mm-thick fabricated substrate (S2-
glass fiber tissue infused with polyester resin) was characterized
at microwaves. Its dielectric permittivity εr = 3.7 ± 0.5 and
loss tangent tanδ = 9.4×10−3 ± 0.5×10−3 from 100 MHz to
1 GHz were retrieved from impedance measurements [32]. The
dielectric composite substrate is then associated with a 2 mm-
thick aluminum plate on its back-side (see Fig. 11).

On the other hand, the FSS pattern was printed using a screen-
printing process based on a home-made ink (53.1% PF410 silver
ink and 46.9% 6017SS carbon ink by weight) to get the required
sheet resistance value of 1.5Ω/sq (see Fig. 12). It is worth noting
that the process resolution achieves an accuracy of 100 μm. The
resistive FSS was patterned on a 100 µm-thick aramid sheet.
The size of the aramid sheet, of the dielectric substrate and of
the metallic plate equals 35 cm × 35 cm.

The absorbing performance of the fabricated absorber was
measured using estimation of the radar cross section computed
from S-parameters.

IV. MEASUREMENT METHOD AND EXPERIMENTAL RESULTS

Absorbing efficiency measurement is based on the retrieval
of the radar cross-section (RCS) in an anechoic chamber (see
Fig. 13). It is made possible through the retrieval of the ballistic
backscattered wave from the target and by analyzing the scat-
tering S-parameter as measured from TX and RX antennas in a
quasi-monostatic configuration. The antennas were placed at a
distance of 4 m from the sample. Identification of the target,
considered as a point source scatter, was achieved using time
gating of the inverse Fourier transform of the spectral response.

Fig. 13. RCS measurement setup.

Fig. 14. Simulated reflection coefficient vs. frequency of the ATZZinv FSS
absorber compared with the difference between the RCS measurement of the
metallic plate and that of the ATZZinv FSS absorber placed in front of the
metallic plate. Colored frames feature the simulated and measured absorption
bandwidths (reflection coefficient lower than −10 dB).

The measurement of the absorbing FSS structure followed a two-
step procedure. The first step consisted in measuring the RCS
of the metallic plate. The second step consisted in measuring
the FSS placed in front of such metallic plate. The contrast of
RCS provides the absorbing performance of the FSS device, at
normal incidence of the electromagnetic quasi-plane wave.

Fig. 14 shows the comparison of the simulated reflection coef-
ficient of the two-dimensional infinite FSS absorber and the ratio
between the RCS of the 35 cm × 35 cm FSS absorber and of the
35 cm × 35 cm metallic plate. This difference in the logarithmic
scale is analogous to the magnitude of a reflection coefficient
that can be directly compared with numerical simulation. The
experimental result indicates that the realized absorbing FSS
owns a maximum level of absorption at 3.43 GHz against
3.50 GHz for numerical simulation. The absorption bandwidth
at −10 dB is 3.15–3.94 GHz, which remains wider than the
simulated one (3.32–3.62 GHz). This difference is probably due
to the difficulty in controlling the sheet resistance of the resistiveAccepted manuscript
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Fig. 15. (a) Representation of the four-elements antenna array and (b) detailed
view of a single antenna.

TABLE I
PHYSICAL DIMENSIONS OF THE SLP ANTENNA ARRAY

ribbons all over the 35 cm × 35 cm sample size. Furthermore,
the simulation is performed using periodic boundary conditions
that do not take into account the finite size of the fabricated
sample. As a reminder, TZZinv absorption is sensitive to the
ribbon sheet resistance value (see Fig. 6), a little variation in Rs

value modifying the behavior of the overall FSS structure.

V. APPLICATION TO ANTENNA DECOUPLING

A. Stub Loaded Patch (SLP) Antenna Array

Utility of the FSS absorber for the reduction of the mutual
coupling between antenna elements of an array is now assessed.
An array of four patch antennas operating in the 5G 3.4–3.6 GHz
frequency band is therefore considered. Each patch owns a set
of four stubs attached symmetrically at the two opposite corners
of their square patch. Hence, they are named SLP antennas. This
four elements array is presented in Fig. 15. In the following, the
four antennas are called Ant1, Ant2, Ant3, and Ant4 according
to their labeling in Fig. 15(a). The physical dimensions of
the antenna array are given in Table I. Its fabrication uses a
composite dielectric substrate with a permittivity ε r = 2.4, a
loss tangent of 0.0047 and a thickness t = 4 mm. Note that the
spacing between antennas is only d1 = 16 mm from edge to
edge [see Fig. 15(a)].

Fig. 16 shows the magnitude of the reflection coefficient
S11 of Ant1 and the magnitude of scattering parameters from
Ant1 to all other antennas, namely Ant2, Ant3, and Ant4. From

Fig. 16. Simulated S-parameters versus frequency of Ant1.

Fig. 17. Four-elements antenna array with the decoupling wall made of two
ATZZinv FSS absorbers.

the S11 measurement, the operating frequency of the array lies
between 3.38 and 3.62 GHz, S11 being less than−10 dB over this
frequency range. In that operating frequency band, the scattering
coefficients to Ant2 (S21) and Ant4 (S41), i.e., in the direction
of the E-plane cut of the radiation pattern, vary from −15 to
−19 dB and from −25 to −40 dB, respectively. In the direction
of the H-plane cut, the coupling coefficient S31 varies from
−18 to −22 dB. Specifications in terms of 5G MIMO antennas
require that the coupling between each antenna remains at least
lower than −20 dB. Therefore, to enhance our MIMO antenna
system, the interposition of the proposed ATZZinv FSS absorber
is investigated to preclude the radiation coupling.

B. Decoupling Wall Absorber and Height Optimization

The decoupling device consists of the back-to-back asso-
ciation of two FSS absorbers of type ATZZinv. They form a
vertical wall between antennas to be decoupled. Fig. 17 shows
the insertion of such decoupling wall in the E-plane of theAccepted manuscript
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Fig. 18. Simulated S11 parameter versus frequency of Ant1 for various heights
of decoupling wall (h1 = 12 mm; h2 = 18 mm; h3 = 24 mm).

TABLE II
HEIGHT OF THE FSS DECOUPLING ABSORBER

antenna array where the coupling is significant. The thickness of
the interposed device equals W = 8 mm, i.e., twice the thickness
of a single absorber. Its length Le equals 150 mm. Its height
was optimized to achieve a suitable tradeoff between significant
decoupling achievements on the one hand and preservation of
antenna radiation patterns on the other hand. Note that the
separation from the decoupling device to each antenna is only
4 mm from edge to edge.

The optimization of the absorber height was achieved by
varying the number of rows of the FSS design. The absorber per-
formance was evaluated through the antenna input impedance,
coupling rate, and radiation pattern impacts.

Fig. 18 shows the reflection coefficient of Ant1 for a two-rows
(h1), a three-rows (h2) and a four-rows (h3) configurations of
unit cells. Table II gives the corresponding wall height values.
Whatever the absorber configuration, the operating frequency of
the array is slightly shifted to 3.4–3.63 GHz. Insertion of the wall
absorber therefore enhances the matching performance, specif-
ically above 3.45 GHz. More importantly, Fig. 19 highlights
that the magnitude of the scattering parameter between Ant1
and Ant2 (S21) is lower than −20 dB over the frequency range
where Ant1 is matched for h2 = 18 mm and h3 = 24 mm. A very
significant decoupling effect occurs beyond 3.5 GHz. At height
h3 , the decoupling wall operates as expected from 3.4 to 3.5
GHz where the decoupling is significantly improved compared
with h2. Beyond the latter frequency, the coupling coefficient
remains below −20 dB but the performance is much lower than

Fig. 19. Simulated S21 parameter versus frequency of Ant1 for various
heights of decoupling wall (h1 = 12 mm; h2 = 18 mm; h3 = 24 mm).

that with height h2. We assume that diffraction by the edges of
the absorbing wall causes this deterioration.

To ensure that decoupling reduction at height h2is lying on
the absorption mechanism and not on diffraction effect, we
performed additional numerical simulations removing either the
FSS sheets or both sheets and dielectric substrates. Fig. 20 illus-
trates the transmission coefficients S21 and S31 where only the
metallic plate remains, with addition of the substrates and finally
with the complete back-to-back FSS decoupling wall. As far as
S21 is concerned, the FSS sheets allow a remarkable reduction of
the transmission coefficient from 3.5 to 3.6 GHz compared with
those of the metallic plate and dielectric substrate. This leads us
to confirm that decoupling beyond 3.5 GHz is indeed due to the
absorption effect. Moreover, the decoupling effect with regard
to Ant3 is also demonstrated. The presence of the absorber wall
shows a remarkable reduction of the coupling by an average of
−4 dB from 3.4 to 3.5 GHz, once the FSS sheets are added onto
the grounded dielectric substrates.

The height h2 has been selected here as the optimized height
of the FSS absorber, because of its performance achieved in the
3.5–3.6 GHz frequency band. Furthermore, its decoupling effect
is linked to electromagnetic absorption and not to diffraction
effect that may be detrimental to antenna radiation pattern. All
transmission S-parameters from Ant1 to any other antennas are
displayed in Fig. 21, with and without the h2-high decoupling
wall. It appears that transmission coefficients remain below
−20 dB for all parameters in the 3.43–3.6 GHz frequency range.

Fig. 22 highlights the current distribution generated by Ant1
with and without the h2-high FSS decoupling wall at 3.6 GHz.
The current distribution of Ant1 is weakly modified by the
presence of the absorber wall while current distributions induced
in Ant 2 and Ant4 are significantly reduced.

C. Fabrication of the SLP Antennas Array

The four-elements antenna array was fabricated from a home-
made 4 mm-thick composite laminate material. The dielectricAccepted manuscript
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Fig. 20. (a) Simulated S21 and (b) S31 parameters versus frequency with the
metallic plate; with the metallic plate and the dielectric substrate; and with the
complete FSS decoupling wall of height h2.

substrate consists of Innegra fabric (woven polypropylene fibers,
namely a 340 g/m2 taffeta) infused with polyester resin. It
exhibits a dielectric permittivity εr= 2.4± 0.4 and a loss tangent
tanδ = 4.7×10−3 ± 0.5×10−3 from 100 MHz to 1 GHz, values
retrieved from impedance measurements. The conductive layers
placed on both sides of the dielectric substrate are made of a
293 g/m2 0.12 mm-thick copper woven fabric exhibiting a sheet
resistance value Rs = 6×10−4 Ω/sq (measured from a standard
4-probe setup).

The composite laminate material was fabricated by the vac-
uum infusion process. Five plies of Innegra fabric were stacked
between two plies of copper fabric (single ground plane for the
bottom; radiating elements and related feeding lines for the top).
The whole was located on a glass slab. Placed under vacuum
(−0.6 bar) with a plastic bag as shown in Fig. 23, the copper and

Fig. 21. Simulated S-parameters versus frequency with and without the h2-
high FSS decoupling wall.

Innegra fabrics were infused jointly with a liquid polyester resin
(with 2% by weight of catalyst). After the resin polymerization
at room temperature for 24 h followed by a postcure step at
40°C for 16 h, the composite laminate material, made of the
dielectric substrate sandwiched between the two copper fabrics,
was suitable for release. Afterward a three-axis machine was
used to make the four microstrip antennas by subtractive method.
The top copper fabric was therefore machined under 0.20 mm
deep, removing out the unnecessary conductive layer. As shown
in Fig. 24, the fabricated antenna array was characterized using
a two-port VNA. Nonconnected antennas are left open.

Fig. 25 shows that the addition of the h2-high FSS decoupling
wall does not alter the antenna array bandwidth (3.28– 3.58 GHz)
although a frequency shift is recorded with respect to numerical
simulations.

On the one hand, the transmission coefficient from Ant1 to
Ant2 (S21) is mostly above −20 dB (−17 dB at maximum) over
that frequency range if no decoupling device is present. On the
other hand, the insertion of the h2-high FSS decoupling wall
provides a significant decoupling of at least −21 dB and up
to −25 dB over the same frequency range. The absence of a
much higher decoupling performance as predicted at 3.6 GHz
by numerical simulation (see Fig. 19) is supposedly due to the
presence of the connectors at the onset of the antenna feeding
lines. The decoupling performance toward Ant3 is enhanced of
−4 dB from 3.5 to 3.55 GHz. Similarly, it is improved of about
−4 dB at 3.4 GHz and −8 dB at 3.5 GHz toward Ant4.

In order to investigate the role of the connectors, E-plane
radiation pattern of Ant1 was simulated and measured without
the presence of the FSS decoupling wall at two frequencies: 3.5
and 3.6 GHz (see Fig. 26). At 3.5 GHz, the measured radiation
pattern exhibits a minimum level at 30° of -10 dB, i.e., 6 dB
below the simulated directivity in the same direction. This dif-
ference reaches −14 dB with regard to numerical simulation atAccepted manuscript
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Fig. 22. Surface current distribution of the h2-high FSS decoupling wall at
3.6 GHz of Ant1 (a) with and (b) without absorber at 3.6 GHz.

Fig. 23. Vacuum infusion mounting to fabricate the home-made SLP antenna
array.

Fig. 24. Home-made four-elements SLP antenna array with the FSS decou-
pling wall standing in E-plane.

Fig. 25. Measurement of the S-parameters from Ant1, with and without the
h2-high FSS decoupling wall.

Fig. 26. Simulation and measurement of Ant1 radiation patterns in E-plane at
3.5 and 3.6 GHz without the FSS decoupling wall.

Fig. 27. Simulation and measurement of Ant1 radiation patterns in E-plane
and H-plane at 3.5 GHz, with and without the h2-high FSS decoupling wall.

3.6 GHz. Furthermore, we have confirmed from another simu-
lation (not shown here) that the presence of comparable metal
pieces causes this radiation pattern alteration.

Fig. 27 presents the E-plane and H-plane Ant1 radiation
patterns at 3.5 GHz retrieved from simulations and measure-
ments, with and without the h2-high FSS decoupling wall. TheAccepted manuscript
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presence of the absorber causes a slight shift of the main lobe
direction (4°) which is fully acceptable. Meanwhile, the H-plane
radiation pattern has not been impacted by the presence of such
decoupling wall. We may therefore conclude that this simple,
compact and low-cost decoupling device enables to fulfill mutual
decoupling requirements below −20 dB and, at the same time,
fully preserves the antenna array performance.

VI. CONCLUSION

Mutual coupling between antennas of 5G base station is a
critical issue with regard to beamforming capabilities. In this
article, we have designed, fabricated, and investigated a specific
composite absorber for mutual decoupling of an antenna array.
This solution is based on a compact back-to-back FSS absorber
wall of 8 mm-width and 18 mm-high above the planar antenna
array.

The pattern of the unit-cell array was first optimized to reduce
its size with regard to the wavelength, using intertwining cells.
This led to the fabrication of an FSS absorber associating a
composite laminate substrate fabricated by vacuum infusion
process and a screen-printed sheet with an optimized sheet
resistance value (Rs = 1.5 Ω/sq). Intrinsic performance of the
FSS absorber has been confirmed from experiments.

Then, the obtained absorbing structure was configured as a
back-to-back FSS to form a decoupling wall for preventing
mutual coupling of a planar SLP antenna array. The back-to-back
FSS wall size was optimized through numerical simulations. Ex-
perimental validations are then performed to assess the mutual
coupling reduction into the antenna array.

The achieved antenna array and decoupling device prototypes
highlight the decoupling performance. Mutual coupling between
antennas remains below −20 dB over the targeted frequency
range (3.4–3.6 GHz), fulfilling this stringent requirement for so
close antennas. At the same time, radiation pattern measure-
ments also confirm that the proposed decoupling device do not
introduced any significant alteration.

We believe that such a solution may be extended to various
designs of antenna arrays in the frame of future deployment of
5G (and beyond) to reduce mutual coupling in base stations for
MIMO antenna arrays.
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