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Abstract—In this article, a high-order frequency selective band-
stop EMC (electromagnetic compatibility) shield is designed using
multilayer square loop while each loop resonates at the specific
desired frequency.

The glass material is picked out as the preferred substrate for the
designing process. In contrast to the computationally intensive
numerical approaches (software), the equivalent circuit model
offers a simple alternative method in FSS (frequency selective
surface) analyses which is useful for quickly predicting the
performance of FSS. The proposed FSS can be synthesized based
on microwave filter theory and the synthesized FSS can control
transmission-zero  frequencies. A three zero-transmission
transparent window is designed using the proposed method, in
which 30dB insertion loss is achieved for 6 to 10 GHz bandwidth
and optical opacity of the structure is 85%.

The response of the analytical model is compared with the results
of full-wave simulation. As a result, it predicts quite well the
resonant frequencies of the designed FSS.

Index Terms— Frequency Selective Surfaces, Band Stop Filter Design,
Shielding Application, Equivalent Circuit Model.

I. INTRODUCTION
Solving the periodic electromagnetic problems has been long faced with many challenges due to

their complex equations.

There are a few problems that lead to the closed form relation solutions employing analytical
methods. The advent of the numeric and software-based methods has opened a new horizon for
communication engineering researchers. Owing to the modeling capability, any numeric software can
break down a substantial act of problems. But, the software user must have a proper physical vision
about the problem in order to reach the desired results. The user moves to the desired answer points
using the software optimizations toolbox or trial-and-error. In a complex nature problem, the designer
could not control the whole processing of the response and the design process will be very time
consuming. Thus, the proper use of approximation theory is worthwhile in analytical relationships and
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modeling periodic complex electromagnetic field problems. Although this approach may not lead to a
final answer, it creates the initial values of the parameters in the designing process, which reduces the
optimization time of the problems.

Analyzing wave interaction with periodic structure like frequency selective surface (FSS) is a
complex procedure. There are approximate analytical relations for the basic unit cell shapes, some of
which were studied in [1] for square and hexagon patch-strip unit cells. The conditions of applying
analytical relations and the matching of this solution with the full-wave response were investigated in
this reference, too. By improving the analytical relations in this article, electromagnetic filters for the
application of glass in the windows of buildings were designed. The designed FSS structure was
fabricated with the thin film acetate applying high electrical conductivity in the ink; then, acetate was
placed on the glass substrates. Therefore, the introduced theoretical designs had the possibility of
simple manufacturing. The designed filters passed the light (as the visible range of the
electromagnetic spectrum) and block part of the microwave band. Thus, the indoor communication
link was prevented from the outside of the building access. Also, the access to various parts of a
building in the communication range from other parts could be restricted as shown in [2]. Single band
[3], dual [4], and tri-band [2] structures have been developed for exploiting in the wall of the
constructions. These designs filter certain frequencies. In other researches, the location of wave
transmitters in certain rooms or areas of the building is assumed to be fixed and the aim is only to
transmit the desired bandwidth of the designer [5-7]. This approach is entirely dependent on the
geometry of the buildings, places of the transmitters, and different sensitivities of FSS to the
frequency and incidence angle of the radiated wave. This approach is also investigated with active
FSSs in order to electronic control and cover of the different wave band regions in the building [8].
Based on the need, the access of different rooms or halls of a building to the variety of bandwidths
can be restricted from a control center. In other works, the flexible FSS design has been carried out on
the glass or transparent layers in front of the light. So, it is used as a window, separating in the
buildings, and glass facade of the commercial/office towers [7] [9-11].

However, in all of these papers, the design is based on the trial-and-error (or software optimization).

FSS design is much easier for coding inside the room walls than glass. In the design on glass, there
exist some limitations in terms of the substrate thickness (glass), electrical conductivity coefficient of
glass, number of layers, and area of the metal covering the glass. However, in the case of designing
FSS for inside of the room walls, none of these limitations exist and more has been done for such kind
of design.

Most of the structures are designed as a single screen and considered only on one side of the regular
dielectric substrate. Bandwidth is limited in these structures. In this paper, two- and three-pole filters
are designed using the analytical equations with the applicable thickness of glass.

The first section discusses how to model circuits for FSS with a square strip loop. Applying the

analytical equations for this circuit model and obtaining the frequency response of the FSS are
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expressed. Then, the frequency response obtained from the analytical relations and full-wave methods
is compared. Approximations which could be used to simplify the analytical relations are introduced
according to the comparison response of full-wave method and circuit model. The purpose of
applying these approximations is to establish a suitable design process for this type of FSS unit cell.
Educational aspects in regularizing the design process are more important than the achieved results in

this report which include two practical applications.

I. Applying analytical relations and comparison with the full-wave response
A plane wave with the polarization shown in Fig. 1-a propagates perpendicularly through FSS with

the square metal ring cells. The frequency response of this structure is obtained exploiting the
analytical relations. We consider FSS as a periodic metal surface without substrate in free space for a
start. D, s, and w are respectively the periodicity of the rings, width of the gaps among two adjacent
rings, and width of the strips. The geometrical characteristics of the unit cell are presented in Fig. 1-b.
When the transverse magnetic field (in Fig. 2) faces the vertical strips, it induces current in the loop.
This current leads to a secondary magnetic field around the strips, within which magnetic energy is
stored. Thus, the vertical strips have an inductive effect. Further, a vertical electric field is created
between the gaps of two adjacent rings. This field induces positive and negative electric charges (with
alternate times change), which lead to a secondary electric field between the gaps. Thus, the
horizontal gaps (in Fig. 2) have a capacitive effect. The overall effect of the arrayed structure versus
the wave would be represented as an inductive component in series with a capacitive component (Fig.
1-c). A FSS should have stable performance with respect to different wave polarizations and
incidence angles, since for practical applications, it would be illuminated by waves in different
situations. With 90 degree rotation of the polarization, the same action happens to the horizontal strips
and vertical gaps. So, the stability of the FSS can be guaranteed for different polarizations.

D-s

(@) (b) (©

Fig. 1. a) Transverse electromagnetic wave (TEM) irradiates the extremely large metal array of square loops. b) Unit cell of
array ¢) An array of square ring faces the electromagnetic wave and acts as an inductive component in series with a
capacitive component at low frequencies.
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Fig. 2. Vertical strips and horizontal gaps of the arrayed square loops face the wave and act as the inductor and capacitor,
respectively.

If we only look at the structure with the circuit perspective, we have to consider two parallel
inductors which are equivalent to two parallel adjacent strips in a cell. The point is that the magnetic
field which involves the two adjacent strips of these two loops orbits both the two strips together (Fig.
3). In other words, the magnetic field energy stored around the two parallel strips is not twice the
magnetic energy of one strip with w width, but is equal to the energy of a strip with 2w width. It
should be noted that it is not probably possible to fully analyze the electromagnetic structures with

circuit relations.

==

Fig. 3. The magnetic field surrounding the two adjacent strips.
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Fig. 4. (a) The geometric configuration of square patch array. This array acts as a capacitor exposed by a TEM incident wave

with the shown polarization. (b) The geometric configuration of square strip array. This array acts as an inductor exposed by
a TEM incident wave with the shown polarization [12].

Values of the capacitor and inductor (in one unit cell) for an array of (horizontal) capacitive gaps
and (vertical) inductive strips versus a plane wave with the shown polarization in Fig. 4 are obtained
respectively from equations (1) and (2) [1,12].

C=4ce, 2% D5 1.0) (1)
2
L= s, 2250 14 (D,w,2,0) 2)

It is assumed that @ is the angle of the incident wave with the perpendicular direction to the surface,

e, 1s the effective dielectric constant around the capacitive array, u,is effective magnetic

permeability coefficient around the inductive array, D is the periodicity of the array, s is the width of
the capacitive array gap and A is wavelength. The H parameter is:

H :ln[(sin Z”I‘;j}e(o,s,ﬁ,ﬁ) (3)

And the G coefficient is obtained from the following relation:
G058 [B,(A +A)+45°AA]

B,+B,(A +A)+28AA 4)
A= L ——1
\/11 Qsin 9—(Dcos¢9j ()
A A
p =sin(%) ©)
Bl :(l_ﬂz)z (7)
&2@‘%J ®)
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As it is shown in Fig. 1 to 2, the two parallel strips of the two adjacent square loops are considered
as one strip with 2w thickness and space gap with the D-s overlap length. Thus, the values of the
capacitance and inductance of the square ring array unit cell are respectively obtained in equations
(10) and (11).

B (D—s) Dcosé
C =4dce, B~ —27r H(D,s, 1,0) (10)
L = pp, P9 POy 5 50,1,6) (11)
D 27

In Fig. 5, the transmission coefficient of an array of the square loop is analyzed in full-wave
solution using CST Microwave Studio software.

The structure that we want to simulate is an unlimited periodic surface, whose constituting cell is a
square conductor ring on the electric substrate. For simulating such a structure, the boundary
condition "Unit cell" as a periodic boundary condition in the simulator software should be used.

A computer is only capable of calculating problems that have finite expansion; hence, we need to
specify the boundary conditions. We should enter the boundaries property sheet, the modeled
structure is displayed with a surrounding bounding box. So, we connect two opposite boundaries with
a definable phase shift such that the calculation domain is simulated to be periodically expanded in
the corresponding direction. Thus, changing one boundary to periodic state always changes the
opposite boundary to the periodic state as well.

In practice, this structure can be realized by printing conductive silver ink on glass. Electrical

conductivity of this substance is 26 x10° s/ M After the printing process, the printed meshed on the
substrate is cured at 120°C in an oven with atmospheric air. The thickness of the printed conductor is
found to be 10 um with the help of post curing profile measurement[13]. In CST software, the
electrical conductivity of the metals used in simulations can be valued as desired. Therefore,
considering that square rings are made of silver ink, electrical conductivity of this substance should be
used in the simulations.

This result is compared with Equations (10) and (11) in the chart. This scenario is simulated

hD=6mm w=02mm s=1mm &, :1, and “r =1 As can be seen in Fig. 5, where the

wit
wavelength is smaller than periodicity, the two curves have good agreement, because it is no longer
possible to model the geometry of the structure with lumped circuit elements when the periodicity is
the order of the wavelength. The analytical relations are obtained from quasi-static approximations
and, when the periodicity is the order of wavelength, we have to use the transmission line models

regarding the non-homogeneous characteristics of this transmission line and non-homogeneous
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excitation source. This model is very complicated. Because H is dependent on the frequency due to
the G term, the values of capacitance and inductance are dispersive in Equations (10) and (11). A
complex equation has to be solved while extracting geometry of the structure for a particular resonant
frequency. Now, we want to achieve the effect of the G phrase in the modeling. To find out more, we
simulate it again. But in this case, the G phrase is removed from the analytical relations and results

can be observed in Fig. 6. According to the results, the frequency response could be obtained by

applying the equations without the dispersive part for the area of D<4 . In Fig. 6, the resonant

frequency of the structure employing the analytical equations is

obtained fr =1/(27VLC) =17.16 GHZ 1pis result has a little difference from 17-90 CHZyhich s

obtained from the full-wave simulation (Fig. 6). L and C are computed without G phrase here.
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Fig. 5. Comparing full-wave simulation and analytical results for the transmission coefficient of the arrayed square loop
considering the dispersive part (G phrase).

1 —p-

= e

9 0.87 [ 1

/2] 4

A 4 i

E 0.6 [

2 ] ====Analytical

S 0.4f y ]

g Fullwave

E 0.21 1
0 10 20 30 40 50 60 70 80 90 100

Frequency|[GHz|

Fig. 6. Comparing full-wave simulation and the analytical results for the transmission coefficient of the arrayed square loop
without considering the dispersive part (G phrase).

I1l. APPLICATION OF MICROWAVE SHIELDING FOR GLASS
The frequency selective surfaces which transmit the visible light have many applications such as the

transparent antennas and the design of electromagnetic shield windows.

A square loop FSS has one zero in the frequency response. By placing two or more of these layers,
zeroes are achieved in specified places of the frequency response and a certain band stop is created. In
order to pass the visible waves, layers of glass are used in the FSS surfaces. The aim here is not to

design a band stop filter with the definition of the circuit synthesis and filter course. The aim is to
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block a specific microwave bandwidth and there is no need to pass other frequency components out of
the band perfectly, only the transmission of the visible spectrum is important.

To begin with, we must consider two panels of the first-order band-stop FSSs on two sides of the

glass substrate with the relative permittivity coefficient of &~ 5.7 The two zeros of transmission

f=44GHz  f, =7GHz

using analytical Equations (10) and (11) are . Also, due to the

permittivity coefficient of glass and the thickness of /4 the corresponding frequency and thickness

are considered about 6 GHz and 5mm, respectively. Then, f.=c/(4d\z,) =63 GHz

. The equivalent
circuit of the structure is shown in Fig. 7 from ADS software. The geometry values of the layers are
provided in Table | from the analytical relations. In this table, h is the thickness of glass as the
substrate. It should be noted that the resonant frequencies of the two surfaces are calculated
separately. This means that the two surfaces are assumed to have no effect on each other's resonant
frequency. If the thickness of the glass is not too small or the dielectric constant is not too high, this
assumption is verified. The design process could not be ended only with the calculated resonant
frequencies, but ADS software can be used to precisely adjust the circuit frequency response again.

The next step of the design procedure involves determining the initial geometric parameters of the
unit-cell structure using the obtained inductor and capacitor values from the circuit model. It should
be noted that the method presented in this paper consists of a part of the design process with a trial-
and-error method. The main difference of this method used here to implement in circuit software
(such as ADS) is that it is very fast. However, other conventional approaches used by researchers are
the trial-and-error approach in Full-wave software that takes much longer time.

Another point for increasing the accuracy is that the dispersive part (G) would be added to the
analytical relations. And instead of using circuit software (ADS) to obtain the frequency response
(without dispersive part), a Matlab code including dispersive part can be used, because defining

dispersive inductor and capacitor in ADS is difficult.
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Fig. 7. The second-order band stop filter circuit in ADS software.

Table | The geometric parameters of the second-order band stop FSS
D S S w h £ t

1 2 r

5mm 0.5mm | 1.5mm 0.2mm | 5mm | 5.7 | 0.01lmm

The unit cell of this structure prevents 15% of the incident light wave from passing through its

surface (in the normal radiation case). This ratio is obtained from dividing the area of non-metal to the
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total area of the unit cell. There is 85% transparency in the visible range. Two curves are compared in

Fig. 8 for full-wave simulation and the circuit model response. As seen in the chart, there is 25dB loss
in the range of 4.7 to 7.5 GHz.

e

| ==== Analytical
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Fig. 8. Comparing full-wave and circuit model responses of the second-order band stop filter.

It is clear that we must make the resonant frequencies of the two-layer FSS close together if we
want to have more loss in the stop band. In this case, the stop bandwidth is reduced. But, by
increasing the number of FSS surfaces, an additional loss is obtained and simultaneously the
bandwidth remains constant. In the next example (as example 2), the three-layer FSS is investigated.
A scheme of the FSS is shown in Fig. 12. The geometry of the structure is provided in Table I, in

which h, and h, are the applicable thicknesses of the commercial glass. The circuit model of example
2 in ADS software is shown in Fig. 9.

Table Il The geometric parameters of a third-order band stop FSS (example 2)

D S, S, S,
6mm 0.8mm | 1.3mm | 1.05mm

w h, h, g,

0.2 mm 3 mm 3.5mm 5.7

-

sLc2

L=2.35 nH TLL La]an TLq
= DlB4pF 7=158 Ohm C= DlSSpF 7=158 Ohm

TermE

Num=2

Num i 7=377 Ohm
: ©OE=80 E=80

— F=10.47 GHz - F=8.97 GHe

f'M | H
5”*"‘""""

SLC4 Terml
L=2.24 nH Num=1
f= D]iipF Z=377 Ohm Num 2

Fig Fig. 9. The circuit model of the band stop third-order filter from example 2 in ADS software.
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Fig. 10. Comparing full-wave response and the circuit model response of the band stop third-order filter (example 2).

Fig. 10 shows the comparison of the circuit model simulation and full-wave one. As can be seen in
the chart, for 2 GHz bandwidth which is similar to the previous example, there is 50 dB loss for the
three-layer design. It is now expected that the bandwidth is enhanced by increasing the distance
between the zeros and, in return, the loss is lessened. There is 84% transparency in the visible
spectrum. In the next example (example 3), the distances between each zero are increased. The circuit

model and the geometric characteristics of the structure are given in Fig. 11 and Table III,
respectively.

- <o
1 Term SIC L SIT L SIC 1 Term .
~ Port Term?2 SLC2 TLIN SIC3  TUN SLC4 Tem! Pt
P1 Num=2 [=217nH TL2 L=257nH TL3 L=226nH Num=1 P2
" Num=1 Z=377 0hm C=0.181 pF  Z=158 Ohm C=0.274 pF  7=158 Ohm £=0.128 pF Z=3770hm Num=2
— E-90 E-90 =
_i_ .. F-7.8 GHz F-9GHz _l_

Fig. 11. Equivalent circuit of the third-order band stop filter with the increased distance between zeros in ADS software
(example 3).

Table 111 Geometric parameters of the third-order band stop filter (example 3) with the increased distance zeros
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D S, S, S,
6mm 03mm | 1.2mm | 1mm
W h, h, g,
0.2mm | 3.5mm 4 mm 5.7

Fig Fig. 12. Geometry of the third-order band stop FSS.
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The unit cells of the structure prevent 17% of the incident light (for the normal incident case).
Therefore, there is 83% transparency in the visible electromagnetic wave band. Fig. 13 is about the
comparison of the results of two simulations for circuit model and full-wave method. There is 30 dB
loss in the 6 to 10 GHz interval according to this figure. The transmission coefficients of FSS at
various oblique angles of incidence are also calculated using full-wave EM simulations in CST
software and the results are presented in Fig. 14. It is observed that the structure demonstrates a stable

frequency response as the angle of incidence is increased.

]

Trans. Coef. [dB
2

-80
-100 ==== Analytical
| | | Fullwave
-120 i i i
4 6 8 10 12 14
Frequency|[GHz]
Fig. 13. Comparing the full-wave response and circuit model for a band stop third-order filter with the increased distance of

the zeros.

é 16 12 14
Frequency[GHz]

Fig. 14. Comparing full-wave responses of the band stop third-order filter for different incidence angles.

IV. CONCLUSIONS
A novel analytical approach for the conception of three spatial filters on the glass was derived using

the unit cells of square strip . This approach applied the equivalent circuit model. The first two-layer
FSS filter contained a 5 mm thickness glass. This structure had 85% transparency to the visible range
of the electromagnetic spectrum and 25 dB loss from 4.7 to 7.5 GHz frequency band. Three FSS
surfaces and two layers of glass with the thickness of 3.5 and 3 mm were considered for the second
filter. This one had the ability of 84% transparency and 50 dB attenuation from 8 to 10 GHz
frequencies. For the third band stop filter design, three FSS surfaces and two layers of glass with the

thickness of 3.5 and 4 mm were assumed. Also, the achieved abilities of the third designed filter were
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the transparency of 83%, 30 dB loss for 6 to 10 GHz frequencies, and the stability of the

electromagnetic response to the varied wave angle.
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