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Abstract. Mutual interference between indoor adjacent
wireless networks is becoming an important issue due to
reducing the communication speed significantly. Control-
ling the isolation of wireless networks by using frequency
selective surfaces (FSSs) can be an efficient solution for
such interference problems. Therefore, a switchable band-
stop F'SS design is presented in this work for unlicensed 2.4
and 5.8 GHz ISM (Industrial, Scientific and Medical)
bands. In order to achieve desired frequency switch per-
formance, a new theory is proposed in this paper by using
PIN diodes. According to the proposed theory, PIN diodes
should be placed in positions where high current densities
are observed or where charges are collected. By using the
proposed theory, a new FSS geometry design was carried
out to control the targeted ISM bands. According to our
best knowledge, there is no similar FSS work in the litera-
ture with four different frequency responses for 2.4 and
5.8 GHz ISM bands.
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1. Introduction

Nowadays, unlicensed 2.4 and 5.8 GHz ISM (Indus-
trial, Scientific and Medical) bands are being used inten-
sively in indoor environment. These frequency bands are
especially used by WLAN (wireless local area networks)
technology and the interference between adjacent networks
reduces communication performance. Therefore, reducing
interference in wireless networks is becoming increasingly
important with the continuous deployment of larger and
more sophisticated wireless networks. Isolating the wire-
less networks by using band-stop surfaces is an effective
solution for interference problem. Band-stop filter charac-
teristic of such surfaces can be achieved by using conduct-
ing periodic patch arrays [1], [2]. Conducting arrays are
being utilized in many fields such as antenna performances
improvement, multiband antennas, absorbers, band-gap
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filters and interference reducing in indoor environment.
Such periodic conducting arrays are called as frequency
selective surfaces (FSS) [1].

The intensive usage of the frequency spectrum and
the usage of different frequency bands by the same wireless
applications guide FSS designs to have more than one stop
band. Multiband frequency response is achieved by using
multiple resonators in unit cell either in nested, in hybrid or
in a layered form [3-5]. In addition, today's communica-
tions technologies demand switchable [6—11] and tunable
FSSs [12-18] of which their frequency selective characters
can be controlled. These surfaces are called as active FSSs
in literature. Researches are being done in order to control
frequency response of these active FSSs. Several methods
are reported in literature such as using ferrite or silicon
substrates [19-24], lumped electronic elements or mechani-
cal controls [25], [26], in FSSs. The inclusion of lumped
elements within each unit cell allows controlling the fre-
quency response by changing the applied voltage. PIN and
varactor diodes are mostly used for this purpose [6, 7, 9,
11,27-29].

In this work, an active FSS design with four different
band-stop characteristics for 2.4 and 5.8 GHz ISM bands is
proposed. The proposed design consists of two layers for
controlling the each of two different ISM bands. PIN di-
odes are integrated into the FSS in order to shift (switching
feature) the stop-band resonance frequency to the out of
ISM bands. Therefore, transmission or rejection of the
incoming wave are being controlled depending on the ap-
plied voltage to the PIN diodes.

Separate biasing circuits are being used in order to
apply bias voltage to PIN diodes. However, these circuits
can limit the performance of FSSs by interfering with the
incoming signal. Therefore, in this work, FSS geometry
itself and the inserted lumped inductances are used as bi-
asing circuits for PIN diodes in order to limit the unfavora-
ble effects of biasing circuit.

Equivalent circuit (EC) models of FSS structures are
efficiently used at the design and optimization stages to
obtain the information on how each parameter of the peri-
odic element works [30]. Simulations and optimizations of
the proposed geometry are executed by using Ansoft HFSS
v.18 software.

ELECTROMAGNETICS



RADIOENGINEERING, VOL. 28, NO. 1, APRIL 2019

115

According to our best knowledge, there is no similar
FSS work in the literature with four different frequency
responses for 2.4 and 5.8 GHz ISM bands. Achieved results
show that 20 dB attenuation is obtained in the ISM fre-
quency bands where FSS is supposed to stop the incoming
wave depending on the applied bias status.

Low attenuation levels are desired when the FSS is
supposed to pass the incoming electromagnetic wave.
Therefore, switching performance emerges an important
issue. In this work, a new technique is proposed to obtain
maximum switching performance in active FSS designs
with PIN diodes. In order to achieve maximum switching
performance, proposed technique gives information about
choosing proper FSS geometries and determining proper
PIN diode locations. In this work, 5 dB and 7.5 dB attenu-
ations are achieved at 2.4 and 5.8 GHz ISM bands, respec-
tively, where the proposed active FSS is supposed to pass
the incoming wave. Switching performance has not been
adequately discussed in the literature. 3 dB (S,;) and less
attenuations can be achieved in the transmission mode of
FSS designs that control a single frequency band [6], [29].
However, the proposed design controls two frequency
bands and its two-layer structure at least doubles the inser-
tion loss of the FSS. One of the stop-bands can also sub-
stantially reduce the switching performance of the other
stop-band. There are no similar studies in the literature to
compare. Therefore, achieved attenuation levels and the
effect of the electrical properties of the PIN diodes on the
switching performance of the proposed FSS are also dis-
cussed in this work.

In this paper, design process, simulation and meas-
urement results are presented in Sec. 2 and the results are
discussed in Sec. 3.

2. Design and Measurement

An active FSS design with different band-stop char-
acteristics in 2.4 and 5.8 GHz ISM bands is presented in
this work. PIN diodes are integrated into the FSS in order
switch the behavior of FSS between transmission and re-
jection of the incoming wave by applying bias voltages. At
the first design stage, “Circular Loop” geometry (Fig. 1(a))
is chosen as initial FSS geometry due to its polarization
stability performance and simple structure. Four PIN di-
odes are then integrated into the FSS geometry with 90
degrees intervals in order to achieve desired frequency
shifting (switching) performance. Subsequently, the con-
ducting path widths at the connection points of PIN diodes
are increased to improve the switching performance of FSS
and to make the soldering of PIN diodes easier (Fig. 1(b)).

PIN diodes behave as a capacitor when they are re-
verse biased (OFF mode). Otherwise, they behave as
a small valued variable resistance when they are forward
biased (ON mode). This resistance value depends on the
amount of current flowing through the diode. The brand,
number and locations of the PIN diodes in unit cell mainly
affect the performance of FSS. NXP BAP 50-02 PIN diode
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Fig. 1. (a) Circular loop geometry. (b) Improved geometry.

is chosen in the design due to its reasonable price and a low
equivalent capacitance value.

PIN diodes are modelled by using their equivalent
lumped element circuit in simulations. However, when RF
signal is applied onto PIN diodes, charge carriers move into
the intrinsic layer of PIN diode (i-layer), thereby, reducing
the diode’s impedance or capacitance depending on the
operation mode of diode. Therefore, reversed bias equiva-
lent capacitance of PIN diodes depends on frequency and
amplitude of the incoming RF signal, PIN diode’s “i-layer”
width and applied bias voltage [31].

In this work, reverse bias (0 V) equivalent capacitance
of BAP 50-02 is calculated experimentally. Prototype of
the FSS is measured under 0 dBm RF exposure condition.
According to the comparison of simulation and measure-
ment results, BAP 50-02 PIN diode is modeled with 0.2 pF
(instead of 0.4 pF in the datasheet) capacitance and 3 Q
(10 mA) resistance at the OFF and ON modes, respec-
tively.

Biasing circuits have to be considered to feed the PIN
diodes in the unit cell of FSS. Separate biasing circuits for
PIN diodes interfere with the incoming wave. Therefore,
conducting paths in the unit cell geometries are used as
biasing circuit in order to bias PIN diodes. For this purpose,
inductances (22 nH) are used to conduct biasing DC volt-
age between unit cells (Fig. 2) and to separate the unit cell
geometries in the frequency band under consideration.
Biasing voltage value is determined by the number of for-
ward-biased PIN diodes. According to study in [32], peri-
odic structures must have minimum of 15 x 15 elements to
be able to exhibit frequency behavior similar to a FSS with
infinite number of elements. Therefore, in order to use
lower biasing voltage values without effecting the fre-
quency response of the FSS, FSS must be divided into
subsections with minimum 15 x 15 elements for proper
ground and biasing connections, as shown in Fig. 2.

According to equivalent circuit theory, equivalent in-
ductances of the conducting paths are related with the
length (d) and the width (w) of the conducting paths
L ocd/w. Equivalent capacitances are related with the gap
() and the length of the gap between conducting paths of
the structure Coc length of gap/g. In this work, equivalent
circuit models (Fig. 2(b) and (c)) are presented to acquire
PIN diodes’, inductors’ and unit cell geometry’s influence
on the frequency response of FSS. In these models, Cy4 and
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(a) FSS structure, Equivalent circuit model: (b) PIN

diodes reverse biased (OFF). (c) PIN diodes forward
biased (ON)circuit.

Fig. 2.

Ry denotes the equivalent inductance and resistance values
of PIN diodes respectively. L; denotes the inductance of the
integrated inductors. L, L, denote inductances of the con-
ducting paths and C, C, denote the equivalent capacitances
between the conducting paths, as shown in Fig. 2.

When the impedance (Z) of the FSS approaches to
zero, the surface acts as a reflector for the incoming wave.
The ON and OFF modes impedances of the FSS (Zorr and
Zon) and the resonance frequencies (f,orr and fion) are de-
rived from the given equivalent circuit model as in (1 —4),
respectively. It is obvious that equivalent capacitance C is
negligible in comparison with equivalent capacitance Cy of
PIN diode in OFF mode equations. Equivalent capacitance
C is also neglected in ON mode equations (2), (3) due to
showing rather high impedance values in the desired fre-
quency band in comparison with the equivalent resistance
of PIN diode R,. The term w'L,L,C,Cy in (1) is also ne-
glected in resonant frequency equation (2) due to having
rather lower values comparing with the other terms.

1-(WLC,) - (wC, (L +L))+(WLLC,C,)

Zorr = wC, (1-w'LC,) O
From = 2z LC, +1cd (L+L) .

Zoy = R+ 5 (+1 L) Jg)“c ()

[ T @

27 LLC,

At the design stage, brand and models of PIN diode
and inductance elements are determined first in accordance
with their electrical properties, price and availability. The
gap distance between unit cell geometries and the gap dis-
tance between unit conducting paths are then determined
by the package model of integrated inductors and PIN
diodes, respectively. The length and width of conducting
paths are two main remaining parameters at the optimiza-
tion stage. These two parameters of the FSS are optimized
for 2.45 GHz resonance frequency in accordance with the

information obtained from equivalent circuit model, by
using the parametric analysis feature of Ansoft HFSS soft-
ware.

On the other hand, reversed biased PIN diodes behave
as a capacitor and thereby, their positions on FSS geometry
are very important for switching performance. PIN diodes
should be placed in positions where high current densities
are observed or where charges are collected. Therefore,
a simple FSS geometry (circular loop) consisting of only
one conducting path is chosen in the design stage. Besides,
according to the proposed technique described above, the
path widths to which the diodes are connected are opti-
mized to improve the switching performance of FSS. Ob-
tained results show that the difference between ON and
OFF modes resonance frequencies is increased 11% from
0.86 GHz to 0.96 GHz in comparison with “Circular loop”
geometry as shown in Tab. 1.

At the next stage, the proposed periodic structure
(Fig. 2(a)) is duplicated on a new layer (bottom layer) to
obtain dual band-stop behavior as shown in Fig. 3. Upper
(top) and bottom layers of the new FSS control 2.4 and
5.8 GHz ISM band transmissions, respectively. Bottom
layer geometry that controls the 5.8 GHz ISM band is
smaller in size than the upper layer geometry. Due to their
smaller dimensions in unit cell, bottom layer geometries
are connected to each other via conducting paths (Fig. 3(c):
“a” parameter) as shown in Fig. 3(c). Inductors (22 nH) are
then integrated into the conducting paths to separate the
unit cells electrically in the desired frequency band.

5.8 GHz ISM band is less stable than the 2.4 GHz
ISM band for oblique incidence angles due to the distance
between adjacent bottom geometries is larger than the top
layer geometries. Besides, separated conducting paths
(Fig. 3(c): “a” parameter) of the bottom layer interferes
with the incomlng RF signal. Therefore, in order to de-
crease dimension differences between top and bottom
layer, stop-band resonance frequencies (2.4 and 5.8 GHz)
are shifted to the out of ISM bands between 2.4 and
5.8 GHz frequencies. The stop-band resonant frequencies
are shifted to lower frequencies when the PIN diodes are
switched from OFF mode to ON mode. Therefore, the top

Diodes ON Diodes OFF Switching

Resonance Resonance
Circular loop 2.64 GHz 3.5 GHz 0.86 GHz
Improved 2.58 GHz 3.54 GHz 0.96 GHz

Tab. 1. Switching performance of FSS geometries in Fig. 1.

Top layer Bottom layer | Status Bias Modes
Diodes ON_ | Diodes ON | S i |4
DiodesON | Diodes OFF [ 24 1 :2,1 F2
Diodes OFF | DiodesON |34 G240 |3
Diodes OFF Diodes OFF gg gg; zz})%w, F4

Tab. 2. Different bias modes of FSS (stop: no transmission
through the surface; allow: transmission through the
surface).
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layer geometry is optimized to stop 2.4 GHz ISM band
when PIN diodes are forward biased (ON). Similarly, bot-
tom layer is optimized to stop 5.8 GHz incoming signals
when the diodes are reversed biased (OFF). Four different
bias modes are denoted in Tab. 2.

Dual-layer FSS (Fig.3) is optimized by using
parametric analysis feature of Ansoft HFSS software
similar to the optimization of single-layer structure. The
following dimensions are obtained at the end of the
optimization process: h=1.6 mm (thickness of the FR4
substrate), g=0.65mm (gap between the periodic
elements) and the other values in (mm) are p=27,t1=11.4,
t2=13.4,13=12.5,14=0.45,t5=0.7,16=63.37°, 17 = 10.04°,
t8=1.3,t9=0.3,b1=6.8,b2=8.8,b3=7.7,b4=6.8,b5=0.7,
b6 =0.45, b7 =50.37°,b8 = 14.32°,9 = 1.3 and b10 = 0.3.

The prototype of FSS (Fig. 4) structure was manu-

factured on 270 mm X 270 mm x 1.6 mm FR4 substrate
with dielectric constant of 4.5 for laboratory measurements.

MLK1005522NJTO00
7 22nH inductance

BAP50-02
/ PIN diode

MLK1005522NJTO00
22nH inductance

BAP50-02 PIN diode

Fig. 3. FSS geometry (a) Trimetric view. (b) Top layer. (c)
Bottom layer.

1

™

(b)Bottom layer

(a) Top layer I

Fig. 4. Prototype.

The measurements for the fabricated prototype were
performed by Agilent N5230A model network analyzer
and with two Schwarzbeck Mess BBHA 9120D-model
horn antennas. A thru calibration was performed to cali-
brate the network analyzer within the frequency band of
1.8-6.3 GHz in the absence of the FSS. The transmitting
and receiving antennas were at the same height and located
on the line-of-sight direction.

Figures 5-12 show the simulation (s) and measure-
ment (m) results for different bias configurations (Tab. 2)
for both TE and TM polarizations, respectively. Achieved
simulation results show that minimum 20 dB attenuation is
obtained in frequency bands where FSS is supposed to stop
the incoming wave depending on its bias mode. Besides,
achieved maximum attenuations are obtained as 5 dB and
7.5 dB for 2.4 and 5.8 GHz ISM bands, respectively, where
FSS is supposed to pass the incoming wave. Attenuation
levels of the “allow” state are directly affected by the
bandwidth of the out-of-band resonances. According to
filter circuit theory, bandwidth of the stop-band increases
with the increase of equivalent circuit capacitance at LC
series circuits. The proof of this theory can be clearly ob-
served on the measurement and simulation results. Band-
widths of the reverse biased modes (F4) mode are larger
than the forward bias modes (F1 mode). Therefore, the use
of PIN diodes with smaller equivalent capacitance values
can further reduce attenuation values in the transmission
mode of the design.

It is also observed that the frequency stability of the
proposed design is lower at high frequencies (5.8 GHz
frequency band) as expected, because the distance between
adjacent bottom layer geometries (controls 5.8 GHz band)
is larger than the top layer geometries. Frequency shift in
the 5.8 GHz frequency band also affects the 2.4 GHz band
negatively because of the mutual interference between each
resonant geometry.

Frequency shifts are observed in between measure-
ment and simulation results, especially in the 5.8 GHz
frequency band. As the dimensions of the FSS geometries
become smaller, fabrication errors become more important
and lead to further shifts in the frequency response of the
surfaces. Therefore, high frequency behavior error of
lumped elements (PIN diodes and inductors), the coarse
soldering processes, placing errors of the lumped elements
and experimental equivalent capacitance determination
errors of the of PIN diodes become more important on
frequency shifts. Furthermore, finite size of the prototype
allows diffraction at the edges especially at the low fre-
quency signals. Therefore, achieved measurement attenua-
tions in 2.4 GHz ISM band are generally less than simula-
tion results, unlike 5.8 GHz ISM band.

Figure 3(b) and 3(c) geometries are simulated sepa-
rately for the PIN diodes ON and OFF conditions in order
to see the mutual coupling effect between layers (Fig. 13).
According to the comparison of simulation results
(Fig. 5-12) with the results in Fig. 13, it is observed that
mutual coupling effect slightly decreases the resonance
frequencies.
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Fig. 13. S,; frequency curves of Fig.3(b) and Fig. 3(c)
geometries for PIN diodes forward (ON) and reverse
biased (OFF) conditions at TE polarization.
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Fig. 14. Current distribution diagrams: (a) F1 mode, 2.4 GHz,
(b) F2 mode, 2.4 GHz, (c) F2 mode, 5.8 GHz, (d) F4
mode, 5.8 GHz.

According to the proposed theory in this paper, PIN
diodes should be placed in positions where high current
densities are observed. Therefore, current distribution dia-
grams of FSS geometries when they resonate are given in
Fig. 14 for 2.4 GHz and 5.8 GHz frequencies. It is ob-
served that inner and outer geometries control 5.8 GHz and
2.4 GHz frequency bands, respectively. As expected, at
resonance frequencies, high current densities are observed
on PIN diodes of the geometries, which resonate.

3. Conclusion

A band stop FSS geometry is designed for WLAN se-
curity and interference mitigating in the 2.4 and 5.8 GHz
ISM bands. Proposed FSS have four switchable frequency
characteristics depending on the applied bias voltage.
Achieved results show that 20 dB attenuation is obtained in
frequency bands where FSS is supposed to stop the in-
coming wave depending on the applied bias status. Desired
switching performance is achieved by applying a tech-
nique, which helps finding the proper locations of the PIN

diodes in FSS geometries. The obtained thickness of the
structure is only 1.6 mm, which also gives the possibility of
using this design as a structural surface material for block-
ing the ISM signals.
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