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Abstract — In this letter, a dual-passband frequency
selective surface (FSS) at Wi-Fi operation bands is
presented. The proposed structure is implemented by
two-dimensional periodic array of double square slots on
single dielectric layer, which can be used to isolate the
intensive care rooms of hospitals from insignificant
signals, but supports Wi-Fi features, enabling doctors
to acquire the patients’ health condition at any time.
The design procedure is based on the equivalent circuit
method (ECM) combined with the genetic algorithm
(GA) curve-fitting, which aims at providing the initial
dimension parameters of FSS. Ultimately, the calculated
results from the ECM are compared with the numerical
results of the HFSS optimization, and the measured
frequency response of the fabricated FSS covers all the
Wi-Fi frequency bands, which verify the reliability of
this design.

Index Terms — Equivalent circuit method, frequency
selective surface, genetic algorithm, Wi-Fi.

I. INTRODUCTION

Nowadays, Wi-Fi has brought mobility and flexibility
to our lives by different kinds of wireless devices. For
example, the devices in Intensive Care Units (ICUs) of
hospital use Wi-Fi to support the communication of the
patients’ health condition to doctors outside the rooms
[1]. However, the distraction of other insignificant
signals should be isolated from the rooms to minimize
the impact on the precision equipment.

Frequency selective surfaces (FSSs) have been an
important subject for their widespread applications as
spatial filters for decades of years [2]. The feature of
transmission at resonant frequency allows FSS to perform
like a bandpass filter in Wi-Fi applications to improve
transmission of RF/MW signals through shell [3-5].
Motivated by the ICUs’ requirement, the bandpass FSS
designed in this paper is applied as the shielding screen
between ICUs and the outside world to isolate the rooms
from the impact of insignificant signals, yet to allow Wi-
Fi frequencies to pass through. According to the standard
of IEEE 802.11n, the frequency band of the fourth
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generation Wi-Fi contains two parts: 2.4 GHz - 2.4835 GHz,
and 5.15 GHz - 5.850 GHz. It is important to guarantee
the transmission of electromagnetic (EM) wave at these
two bands in the screen design.

Commonly, the design of FSS mainly relies on the
full-wave numerical software [6-8], and the parametric
sweep is an indispensable process. However, although
the numerical simulations yield accurate frequency
response for a given FSS structure, they cannot provide
adequate information of how to start an FSS design and
how to initialize the geometrical sizes of the design to
fulfill the expected frequency response in a general form.
In this letter, the equivalent circuit method is introduced
to provide the initial design parameters of an FSS from
the desired frequency response. For the dual-band design
in Wi-Fi bands, we use the periodic elements of square
slot (SS) and square loop (SL) [9], whose surface
impedances in both the normal- and oblique-incidence
situations [10-13] are studied in detail, to present band-
pass and band-stop performances. In the synthesizing
process [14, 15], equivalent circuit (EC) parameters and
then the geometrical sizes of the structure can be obtained
from a few typical S-parameter (S11/S21) samplings of the
desired response curves via the genetic algorithm (GA)
curve-fitting technique [16-18].

Ultimately, the dual-passband FSS designed by
ECM, works well at Wi-Fi bands with the stability for
different incident angles. Compared with the existing
structure [1, 3-5, 19], this design has a simple structure
and covers all the Wi-Fi operation frequency bands
at normal and oblique incidence. For the sake of
demonstration, a prototype of the FSS was fabricated and
measured.

I1. STRUCTURE DESCRIPTION AND
OPERATING PRINCIPLES

A. Structure description

As mentioned in [2], the FSS composed of the SS
elements is a bandpass filter. To obtain the two
passbands for Wi-Fi application, the structure of double
square slots can be chosen to construct the desired FSS.
Figure 1 (a) shows the geometrical structure of this single-
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layer FSS element. The metal part is printed on the top
side of support dielectric medium whose thickness is d
(the relative permittivity is &, and the length of period
element period is D). The length of the larger loop is /;,
and the width is w;. The length of the smaller loop is I,
and the width is w.

(b)

Fig. 1. (a) The element of double square slots FSS (dual-
passhand), and (b) the element of double square loops FSS
(dual-stopband). The structure in (b) is complementary
to the structure in (a). The metal part is orange in color.

B. Design procedure

To determine the dimensions of the proposed
structure, the design procedure contains:

Step 1. Obtain the equivalent circuit model of the

FSS;

Step 2. Derive the impedance of metal layer;

Step 3. Build the transmission matrix based on the

transmission line principle;

Step 4. Synthesize the EC parameters and then the

geometrical sizes of the structure from a few typical

S-parameter (S11/S21) samplings of the desired

response curves via GA curve-fitting process;

Step 5. Optimize the FSS parameters based on the

ECM data.

In step 1, it’s difficult to judge whether the
equivalent circuit of two square slots in Fig. 1 (a) are
serial or parallel connected. However, the complementary
structure of slots - double square loops (see Fig. 1 (b))
whose frequency response is dual stopband, has been
studied in [20, 21], and its equivalent circuit is shown in
Fig. 2, where the slots between loops present equivalent
capacitance, and the strips represent the inductance. So,
there are two serial LC resonators (L1 - C; and Lz - Cy)
in the patch structure. Consequently, in this letter, we
choose to pay attention to the square loops first, to
simplify the equivalent circuit model. Later, using the
Babinet’s principle, it is easy to obtain the impedance of
slots structure.

In step 2, as mentioned above, to obtain the
impedance of the double square slots FSS layer, we
should achieve the impedance of its complementary
structure (SL). As shown in Fig. 2, the impedance of the
patch FSS in different polarization can be depicted as:

Zy = (job, +1/ joC) || (job, +1/ joC,) 1 &, (1)

zy' =(joLy +1/ joC) || (joL, +1/ jaC,),  (2)
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where, &=1-sin’0/2¢,, is the influence factor of the

incident angle 6 [10]. Based on the equations in [10, 22],
the circuit parameters in Fig. 2 can be derived as:
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=222 In(@/sin=2), 3

h 2z ( 2D )

C, =&,6. %Illn[llsinM], @
ol i TW,

=222 1n(1/sin , 5

L 2z ( ZD) ©)

C, = ey 2inf1/sin =L =272, - )

T 2D

the geometrical parameters are determined in Fig. 1, and
&0 and uo are the electromagnetic parameters of free space.
The effective permittivity e of single layer FSS here is
defined as:

g, = 8’2_1exp[(—700d)3], )
where, d and & are the thickness and permittivity of the
dielectric medium.

Then, applying the Babinet’s principle:

2
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where 7,4 =,[yo I (g, ) 1S the effective wave impedance,
we can obtain the impedance of double square slots
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Fig. 2. The equivalent circuit of double square loops FSS.

In step 3, the medium below the metal patches can
be regarded as a short transmission line in the circuit. So,
the analytical transmission coefficients Sy for TE/TM
polarization can be obtained from [23]:

2
S, = , 10
2 (A+B/ZE™)+(ZF™C +D) (10)
ZJF =2Z,/cos(0),2;" =Z,cos(0), (11)
where, Z; is the intrinsic wave impedance in free space.
According to the equivalent circuit shown in Fig. 2, the

ABCD matrix can be written as the product of two
cascade matrices:




A B 1 0| cosh(j4,)
C D] [1/ZE™ 1]|Y,sinh(j6)

where the parameters are as follows,
Z[F = op 1 2" = B, | wgge,
Y, =1/2,,6, = pd,

B, =k =Kk =k;sin(@).k =k [ . (13)

where k; is the transverse vector, ki is the propagation
constant in the substrate, and ko is the wave number in
free space.

In step 4, we determine the dielectric substrate has a
thickness of 1.27 mm and the relative permittivity of 2.2.
To synthesize the unknown geometrical parameters: |,
ws, l2, Wz, and D, we apply the GA curve-fitting method
on the samplings from the desired S» curve. Here,
several sampling frequencies and the corresponding
values of |Syi| are listed in Table 1, which manifest the
main property of the dual passhands. In this method, to
ensure the good transmission properties of the FSS in
different incident angles and different polarizations, we
introduce different weighting factors to the adaptive
function:

n=>"3">w, (WS IE™ | (m, n) - s ()]}, (14)

r=1m=1n=1

where, r indicates the TE and TM polarization, m
indicates the number of frequency points, and n indicates
the number of angle points. W™ s the weighting
factor of TE/TM polarization, and W, is the weighting
factor of different incident angles. |S;7™|(m,n) is
the magnitude of transmission coefficients at different
frequencies and angles, which has been derived in step.
3, and |s9;|(m) is the sampling points from the desired
|S21| curve at different frequencies (in Table 1).

leinh(_jel)} 12)
cosh(j6,)

Table 1: Samples from the desired frequency response of
|Szu
Sampling
Frequencies | 1.0 24 25 4.0 5.1
(GH2)
|S94| (dB) -50 | -05 | 05 | -15 | -05
Sampling
Frequencies | 5.3 55 5.7 5.9
(GH2)
|$9,| (dB) 0 0 0 -0.5

In this design, we define: W& =W™ =1 (ensure the
property for both TE and TM polarization), W, = 1
(0 < 45%) and W, = 0.1 (0 > 45") (ensure the property
of oblique incidence 6 = 0~45°). In the GA algorithm,
FSS structural parameters are chosen as the parameters
to be optimized, and seaching ranges are set to be:
15 mm<I, <, <D <30 mm,0.1 mm<w, , <3 mm. Also

the stopping criteria of GA is defined [24, 25]: the
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population size is 100, the number of max generations is
100, the number of stall generations is 50, the crossover
fraction is 0.75, and the function tolerance is 1e-6. Using
the GA optimization to minimize the adaptive function
(14), the optimal unknown geometrical parameters can
be obtained (see Table 2).

Table 2: Geometrical parameters calculated by the ECM
and HFSS

I1 W1 I2 W2 D
(mm) | (mm) | (mm) | (mm) | (mm)

Optimal
Values by
ECM and

GA

Optimal

Values by
HFSS’
Parameter-
Sweep

235 | 15 | 166 | 23 | 246

240 | 1.0 | 170 | 28 | 250

Then in step 5, the ECM data achieved from step 4
are used as the initial values in the parameter-sweep
process in the ANSYS HFSS for fine tuning. The
optimization results are compared with the ECM data
in Table 2. It can be seen that the ECM data are close
to the optimized structure dimensions, which will save
lots of time for starting an FSS design. In addition, the
effect of different dimension parameters can be easily
achieved from the ECM equations, which offers many
conveniences to the HFSS optimization. Based on this
principle, it can be obtained that increasing the parameter
w, properly will achieve the wide band in 5.15 GHz -
5.850 GHz.

I11. SIMULATION AND EXPERIMENTAL
VERIFICATION

A. ECM results and simulated results

Here, the optimization range of incident angle is
0°~45° as defined in step 4. Based on the analysis in
Section 11, the computed transmission coefficient |Sy]
(6 =0’ and 45°) with the structure sizes obtained by ECM
is plotted in Fig. 3 (a), compared with the sampling
points in Table 1. It’s seen that the resonant frequencies
of the response are close to the desired sampling points,
which means the results of ECM almost presents the
expected dual bands response.

The simulated |Sy| (6 = 0" and 45°) from HFSS with
the optimization sizes in Table 2 from step 5 is shown
in Fig. 3 (b), as well as the results of TE- and TM-
polarization. The results in Fig. 3 (b) present that the FSS
we design can guarantee the transmission of EM wave
(transmission efficiency is more than 80%) even the
incident angle is up to 45" in both Wi-Fi bands: 2.4 GHz
- 2.4835 GHz, and 5.15 GHz - 5.850 GHz. In addition,
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the optimal values by HFSS are in close proximity to the
calculated sizes given by the proposed ECM. The good
simulated results indicate this design of FSS is qualified

to the Wi-Fi application.
7
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Fig. 3. (2) |S21| of FSS with the synthesized sizes by ECM
calculation, and (b) |Szi| of the FSS with optimal sizes
fine-tuned by HFSS simulations.
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Fig. 4. The top view photo of the fabricated FSS.
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Fig. 5. Measured results compared with the calculated
results from ECM and HFSS: (a) |Sz| of normal
incidence, (b) |S21| of oblique incidence 8 = 45° for TE-
polarization, and (c) |S.:| of oblique incidence 8 = 45° for
TM-polarization.

B. Experimental verification

To validate the performance of the proposed FSS, a
proto-type is fabricated and measured. The prototype is
fabricated on Arlon DiClad 880 dielectric substrate (see
Fig. 4), of which the permittivity is 2.2, loss tangent is



0.0009, and the thickness is 1.27 mm. The dimensions of
FSS elements follow the final optimized data by HFSS
in Table 2. The physical dimensions of the FSS arrays are
30.00 cm x 30.00 cm, which means the number of elements
is 12 x 12. Then, the measurement was performed with
the setup consisting of two broadband horn antennas
for transmitting and receiving EM wave, respectively.
During the measurement of the transmission coefficient
of the FSS, we first need to measure the |S21| between the
horn antennas without the FSS as the calibration data,
and then we measure again the |Szi| between the two
horns when the FSS under test is present. Finally, the [Sz|
of the FSS itself is obtained by normalizing the [Sz|
measured in the second time to the calibration data.

Limited by the experiment conditions, the
measurement starts from the frequency of 2 GHz to
7 GHz. The measured results of |Sz1| are compared with
the numerical results by ECM and HFSS using the
same structure parameters in Fig. 5, when the angle
and polarization of incidence varies. As can be seen, the
measured results agree well with the simulated ones from
HFSS, indicating two passbands: 2.4 GHz - 2.4835 GHz,
and 5.15 GHz - 5.850 GHz, with |Sx»| > -1.5 dB, and a
stopband at 3.6 GHz, with |Sz1| < -15 dB. In addition, the
FSS works stably when the angle of incidence increases
up to 45°. At the same time, it is found in Fig. 5 that the
measured frequency responses have small ripples over the
frequency range, which is possibly caused by truncation
and assembly errors between the transmit and receive
antennas. As well, ECM results show similar properties
except for a slight difference, which is caused by the
accuracy of the equivalent circuit formulations is less
than the full-wave simulation, and we’ll improve it in our
future work. Nevertheless, the fabricated prototype meets
the desired requirements quite well, which indicates that
the proposed design procedure using ECM is feasible
and effective.

1V. CONCLUSION

This letter proposes a dual-passband single-layer
FSS based on the classic structure of double square
slots used in the ICUs to allow the Wi-Fi signals to
pass through, and to isolate the insignificant signals.
The design procedure applies the method of equivalent
circuit and genetic algorithm to determine the FSS’s
geometrical parameters. To reduce the difficulty in
analyzing slots structure, we put forward the approach of
introducing complementary structure and obtaining the
impedance of slots by Babinet’s principle afterwards.
The synthesized geometrical sizes given by the proposed
ECM are in close proximity to the optimized values by
HFSS, which means the ECM is qualified to start an FSS
design. This design method provides a convenient way
to realize the dimension estimation of the desired FSS,
which will save much time in the design process.
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Besides, the measured results of fabrication cover all the
Wi-Fi working bands both in normal- and oblique-
incidence situation, which validate the reliability of this
design method.
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