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Abstract—This paper presents a parametric study of square
loop and square slot frequency selective surfaces (FSS) aimed at
their equivalent circuit (EC) model optimization. Consideration
was given to their physical attributes, i.e. the unit cell dimensions
and spacing, substrate thickness and dielectric properties, for
several frequencies and plane wave incident angles. Correlation
analysis and evaluation of the influence of physical related input
parameters on the FSS performance, is presented. Subsequent
optimization factor for the square loop classical EC model is
analyzed, and a novel EC model formulation for the square
slot FSS, is proposed. The performance of the proposed EC
model was assessed against results obtained from appropriate
electromagnetic (EM) simulations, based on a root-mean-square
error (RMSE) criteria. Results demonstrate the validity of the
optimized EC model, in which good estimations of the frequency
response of FSS structures were obtained. Significant reduction
of the resonant frequency offsets, in the order of 650 (from 910
to 260) and 460 (770 to 310) MHz, were obtained for square
loops and square slots, respectively. The models were further
validated against measurements performed on two physical FSS
prototypes inside an anechoic chamber, at 2.4 GHz. Relatively
good agreement was obtained between measurements of real FSS
prototypes and results obtained with the EC model. Finally, this
work is sought to provide the necessary refinement of elementary
models for further studies with more complex and novel FSS
structures.

Index Terms—Frequency selective surfaces (FSS), equivalent
circuits, indoor radio communication, radio propagation, simu-
lation, measurement.

I. INTRODUCTION

N recent years, the world has witnessed a significant in-

crease in wireless devices operating at various frequencies
across the usable spectrum range [1]. However, in some
locations, blocking the usage of some devices in favor of others
may be advantageous. In office buildings, a company may
desire to block mobile phone coverage, while allowing the
availability of its internal Wi-Fi system. In residential urban
environments, one user may want to minimize the co-channel
interference from neighbor Wi-Fi systems [1, 2].

Proposals for blocking radio waves arose for different ap-
plications, but most of them seem to not discriminate between
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desired and undesired frequencies, attenuating both: metallic
shielding, reinforced concrete walls, and even soft barriers are
among these solutions. Frequency selective surfaces (FSS) can
therefore perform an important role in this topic, contributing
to interference mitigation and wireless security in indoor radio
environments. Although FSS are envisaged to selectively con-
fine radio propagation in indoor areas, by artificially increasing
the radio transmission loss naturally caused by building walls
[3, 4], it may also be applied to other areas of interest, such as
radomes [5, 6], dichroic filters [2] or artificial beam steering
[7, 10].

While FSS applications have been growing exponentially,
their analysis techniques are less developed. This paper con-
tributes to the current open literature by improving on the
existing equivalent circuit (EC) equations for the elementary
square loop (or square ring) and square slot FSS. In addition,
it provides the researchers with further insight into these
structures, which will prove to be useful for subsequent work,
including more complex and novel FSS structures.

Sections II and III present the square loop and square
slot FSS designs, as well as their EC representation. Section
IV introduces the proposed empirical optimization for the
EC equations, with simulation results and estimation error
assessment. A practical validation of the proposed equations is
shown in sections V to VII, with description of the prototype
simulations, measurement setup and results. All this effort is
expected to be useful for further studies with more complex
structures. Finally, in section VIII, the main conclusions are
presented.

II. SQUARE Loopr FSS DESIGN

The square loop FSS is a canonical design when it comes
to understanding the behavior of this type of structures. These
present a band reject frequency response, which depends on
the physical dimensions. Its relatively simple shape makes it
ideal to build a prototype for performance assessment. Fig. 1a)
presents a square loop structure.

The equivalent circuit model offers a simple and fast method
in FSS analysis, which stands as a good alternative to full
wave simulations. The transmission line analogy supports this
model, in which equivalent inductive (L) and capacitive (C)
lumped components construct the FSS. The quasi-static EC
approximation of conducting strips developed by Markuvitz
[11] allows the computation of the values for L and C. Fig.
1b) shows the EC model used for the square loop FSS. For
Transverse Electrical (TE) wave incidence, the vertical strips
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Fig. 1: Square Loop: a) FSS design; b) EC model.

act as an inductive impedance in the equivalent circuit, and
the horizontal gratings as a capacitive impedance.

Both L and C values of the EC are commonly calculated
using equations (1) and (2), where d, p, s and g are the
dimensions of the square loop of Fig. la) and 6 is the
incidence angle in relation to the normal incidence. The p and
w parameters in equations (3) to (6) should be replaced by the
appropriate inputs depicted in equations (1) and (2) [11-14].
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The factor £.;y in equation (2) was not present in pre-
vious publications, however it was introduced by [2] with
the value €.y = 0.5(e, +1) and used for square loop
FSS in [14] . This parameter represents an effective value
to adjust the dielectric permittivity. Nevertheless, it was found
through several simulations that the presence or absence of
this adjustment factor is only accurate for situations where
the dielectric substrate is either very thick (> A/5), or is very
thin (< A/100), respectively. The EC equations based on [11]
have limitations regarding their validity, such as: w/p < 1,
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Fig. 2: Square Slot: a) FSS design; b) EC model.

p/A < 1 and p(1+sinf)/X\ < 1. Nonetheless, such equations
may lead to inaccurate results depending on substrate size and
properties, even meeting these conditions.

Assuming an FSS with dimensions: d = 20 mm, s = 5
mm and ¢ = 2 mm, equations (1) and (2), (excluding the
ey parameter) result in a resonance frequency of 7.39 GHz.
Alternatively using e.yy for a FR4 substrate (¢, = 4.4),
a resonant frequency of 4.82 GHz is obtained. This is a
substantial difference despite of the substrate thickness, and
as such, it undermines the EC simulation results.

III. SQUARE SLOT FSS DESIGN

Unlike its counterpart, the square slot FSS frequency re-
sponse is band pass, also depending on its physical dimen-
sions. Regarding its shape, this design is interpreting as
the geometrical opposite of the square loop variant, since
the conducting and non-conducting regions are reversed, as
illustrated in Fig. 2.

Authors in [15] rely on the same equations utilized in the
square loop case in order to calculate both L and C values
of the EC circuit (which instead of being a series LC as in
the square loop, for the square slot it is a parallel LC) and
use the dimensions presented in Fig. 2a. Other authors, such
as [16] and [17], use a simplified version of those equations,
while [18] and [19] apply curve fitting to find the L and C
values. However, it was found the EC depicted in Fig. 2b
yields better frequency response curves. Equations (7) to (12)
have been obtained for this square slot EC circuit.
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TABLE I: EM simulation parameters

Parameter Value Range
Substrate Relative' permittivity [1.1,8]
Thickness [0.1,20] mm
d (12,32] mm
FSS s, with (2s < d) [0.5,12] mm
g [1,6] mm

The limits of validity of this new set of equations are
considered to be equal to the limits of equations (1) to
(6) provided by [11]. In equation (7), X represents the
inductance of the lines with g width. X5 in (8) represents
the inductance of the inner squares (with d — 2s sides) with
the lines with g width, multiplied by a scaling factor defined
by p_TQS which represents the s length discontinuities. This
X120 1s however influenced by X, with a relation depicted
in (9).

The capacitance value is obtained from two intermediate
calculations. Equation (10) depicts the equivalent capacitor
between the parallel lines with g thickness (and length d).
Equation (11) represents the capacitor between the inner
square and the g thickness lines. Finally, in equation (12),
the overall value is calculated using the obtained and depicted
relation.

Regarding the €.y value present in (12), this is to be
replaced with a new parameter, shown in the next section of
the paper.

IV. PROPOSED EC MODEL OPTIMIZATIONS
A. Parametric simulations

By performing a wide set of parametric simulations, us-
ing the Electromagnetic (EM) simulation software CST Mi-
crowave Studio, empirical equations for the e.y; parameter
were achieved for both square loop and square slot FSS,
yielding to lower errors when compared to the classical set of
equations. A wide range of parameters were considered in the
simulations, such as the substrate thickness and its permittivity
value, as well as the specific dimensions of the FSS unit cells
defined by the d, p, s and g values. Table I presents value
ranges of the parameters, which results in FSS with resonance
frequency from 1 up to 15 GHz.

B. Parameters’ influence on FSS frequency response

With the EM simulations covering the aforementioned
range, a few conclusions were drawn regarding the parameters
influence on the resonance frequency of the FSS. These
observations assisted in the development of the empirical EC
equations.

Both the substrate thickness and relative permittivity exhib-
ited an impact on the resonance frequency. Fig. 3 shows the
evolution of the square loop and square slot resonance fre-
quencies versus the substrate thickness, for different substrate
permittivity values. As can be seen in the square loop case,
with €, = 4.4 and ¢, = 2.2, both curves follow the same
profile, albeit with smaller range in the latter.

——— Square Loop with €= 4.4

Resonance frequency (GHz)

— = = Square Loop with €= 2.2

‘‘‘‘‘ Square Slot with €= 4.4

2 1 1 1
0 5 10 15 20

Substrate thickness (mm)

Fig. 3: Substrate influence on square loop FSS with ¢, = 4.4
and ¢, = 2.2, and on square slot FSS with ¢, = 4.4, both with
unit cell dimensions d = 20mm, s = 5mm and g = 4mm.

S, (dB)

. . .
2 25 3 35 4 45 5 55 6
Frequency (GHz)

Fig. 4: Frequency response for a square slot with dimensions
d = 16mm, s = 2mm and g = 4mm and substrate permittivity
€, = 4.4 in relation to the increase in substrate thickness.

On the other hand, the square slot FSS yielded a different
behavior when varying the substrate thickness. Contrary to the
square loop FSS, the resonant frequency seems to not stabilize
for increasing substrate thicknesses, as can be seen in Fig. 4.
This behavior is influenced by the substrate permittivity value
(it does not occur for £, = 1), and also by its thickness. From
observations, these multiple resonances are due to the EM
wave propagation speed inside the substrate (which depends
on the permittivity). The higher and lower sections of such
observed frequency behavior are dependent on whether the
electric fields at the medium transition are at the peak or
minimum values, respectively. Recalling Fig. 3, the plotted
transition in resonance frequency for the square slot case,
was at a substrate thickness value where the higher resonance
frequency had better S»; than the lower resonance frequency.
Such observed phenomena may be useful in specific applica-
tions, where a dual or higher band pass property, without the
need to employ more complex FSS structures, is required.

Regarding FSS specific unit cell dimensions, by chang-
ing parameters d, s and g values yields different frequency
responses. By modifying the d parameter only, significant
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Fig. 5: Influence of d parameter on a square loop FSS
frequency response, with dimensions s = 3mm, g = 4mm,
substrate permittivity €,, = 4.4 and 1.5mm in thickness.

6
Frequency (GHz)

Fig. 6: Influence of s parameter on a square loop FSS
frequency response, with dimensions d = 16mm, g = 4mm,
substrate permittivity €, = 4.4 and 1.5mm in thickness.

changes are visible in the resonance frequency, as depicted
in Fig. 5. On the other hand, by varying the s value alone, it
also results in significant change in the resonance frequency,
but mostly the bandwidth of the FSS. By decreasing s, the
bandwidth becomes narrower, as it can be seen in Fig. 6.
With a proper adjustment of both d and s dimensions, a steady
resonance frequency can be found while also adjusting for the
desired bandwidth. Besides, if kept with a small value, the g
parameter will make the FSS resonance frequency less sensible
to incoming radio wave incidence angle, as exhibited by Fig.
7.

C. Square Loop proposed EC equation correction factor

The proposed improvement to the classical EC equations
consists of an empirical equation to replace the €.y parameter
used by [14]. Equation (13) introduces this concept.

€corr depends on the square loop dimensions (p, s and g),
the substrate thickness (h) and the substrate relative permittiv-
ity (e,). This equation is valid for, at least, the EM simulation

g=0.5mm, 6=0° |7
—6— g=0.5mm, 6=15° | |
—8— g=0.5mm, 6=30°
—&A— g=0.5mm), 6=45° |
g=2mm, 6=0°
g=2mm, 6=15°
g=2mm, 6=30°
g=2mm, 6=45°
. n n
6 7 8 9
Frequency (GHz)

S,, (dB)

Fig. 7: Influence of g parameter on a square loop FSS
frequency response, with dimensions d = 16mm, s = 3mm,
substrate permittivity €, = 4.4 and 1.5mm in thickness.

parametric range specified in Table 1. Since this correction
factor is applied to the base equations depicted in section II,
the same normalized limits of validity should also be applied.
It must be noted, however, that for some instances of parameter
combinations from Table I, the limits of validity provided by
[11] are not entirely obeyed, and as such, the EC model may
have an increased deviation from EM simulations.

e+1 &.—1
— X
2 2

_ 2
x exp( 13h> . (1025 —2g+ 10h> m-1 (13)
p

Table II presents a comparison between the full wave
simulation and the EC formulation with .y and ecorr
factors for different FSS unit cell sizes, substrate thickness
and permittivity values. A more extensive analysis, with results
obtained for both normal and 45° incidences are shown. In a
worst-case scenario, the prediction errors were substantially
reduced in all cases. It should be noted some examples shown
in the table fall near, or even outside, of the normalized
limits of validity specified in section II. This fact brings an
inevitable increase in error values from both the classical and
the proposed equations, albeit the latter still producing better
estimations. Furthermore, two examples which are outside of
the initial parametric range were also included to further assess
the EC equations. The £¢,, parameter when applied to (2),
provides better approximations between full wave simulations
and the EC model, when compared to the original EC model
without this correction factor, or with the €.y value shown
in [14].

Table III provides the root mean square error (RMSE) for
the complete parametric simulation, in which the resonance
frequencies of the EC simulations were evaluated against
the EM results. A value of 260 MHz was achieved with
the proposed € correction factor, which is considerably
better than the 910 MHz obtained by using only the ey
correction factor. However, it should be noted that during
the EM simulations, and for the 45° oblique incidence cases,

ECorr =
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TABLE II: Simulation results for square loop FSS

Frequency Error compared
FSS X . (GHz) for to EM for
properties Simulation incidence angle incidence angle
(mm) tool theta theta
0°  45° 0° 45°
er =44 EM 467 458 - -
;;}% Classic EC 649 616  39%  345%
. EC with £. ¢ 408 401  -126% -12.4%
g=2  EC withecom 490 477  49%  41%

e =44 EM 610 551 - ;
;::116 Classic EC 843 727  382%  31.9%
. EC with e. ¢ 560 490  -82%  -11.1%
g=2  ECwithegyr 603 581  -11%  54%

er =44 EM 493 461 - -
éljéb Classic EC 632 593 282%  28.6%
4 EC with £, ¢ 404 396 -18.1% -141%
g= EC with ecopr 505 487  24%  5.6%

er — 4.4 EM 400 377 - -
;f;4 Classic EC 510 469  275%  24.4%
. EC with £, ¢ 328 319  -18%  -154%
g=4  ECwithecorr 421 400 53%  61%

er =22 EM 142 145 - -

P20 Classic BC 151 148 63%  21%

s— 095  ECwithesp 120 119  -155% -17.9%

g=05 ECwithecp, 141 138  07%  -4.8%

e =22 EM 496 476 ; -

h =025 Classic BC 534 504 1%  5.9%
. EC with £, f 431 416  -13.1% -12.6%
g=5  ECwithecorr 515 489  38%  27%

e = 6.15 EM 154 136 - -

’Zl— 178’ Classic EC 188 173 221%  272%
s_ 14  ECwithe,sp 107 105  -305% -22.8%
g=10  EC withecorr 163 154  58% 132%

e = 6.15 EM 296 262 ; -

h=2o Classic EC 444 419 S0%  59.9%
. s EC with £. ¢ 249 247 159%  5.7%
g=2  ECwithecor  3.03 298  24%  137%

TABLE III: RMSE for square loop FSS EC equation

Simulation tool RMSE vs EM
Classic EC 1.20 GHz
Classic EC with . 0.91 GHz
Classic EC with ecoprr 0.26 GHz

multiple resonance points were visible at higher frequencies.
However, only the lowest resonance point was considered for
this analysis.

D. Square Slot proposed EC equation correction factor

Observing the curves presented in Figs. 3 and 4, one
concludes that the behavior of square slot FSS differs from the
square loop variant, more specifically, the resonant frequency
for low substrate thickness is different, and the response differs
considerably as thickness increases. To predict this behavior
through equivalent circuit, different and novel equations were
devised and presented in section III. Furthermore, similar to

the square loop case, these equations are not influenced by
substrate thickness and permittivity. As such, an empirical
equation different to the one in I'V-C, is proposed for the square
slot FSS.

ert+1 e, —
2 2

ECorr =

2
! exp (—955hm ™) — <1528 ) m~!
14
Equation (14) has some similarities to (13), including the
limits of validity, but adjusted for the square slot FSS case.
Also, and due to the behavior observed in Figs. 3 and 4, this
equation is only valid for FSS unit cells with the substrate
thickness smaller than approximately d — 2s, which is when
two frequencies of resonance are present and with identical
So1 values.

Table IV presents some simulation results for square slot
FSS with different unit cell dimensions, substrate thickness
and permittivity values. From a close inspection of the de-
picted results, the proposed EC equations and € ¢,y for square
slot FSS yields better estimates than both classic EC equations
and classic EC with ey factor. Similarly to the cases in Table
II, some examples in Table IV are also near, or even outside,
of the normalized limits of validity specified in section III,
which brings an inevitable increase in error values. Also, the
two simulation cases outside of the parametric range used in
Table II were also included. Table V provides the RMSE of
the overall parametric EC simulations.

V. PROTOTYPE DESIGN AND SIMULATIONS

In order to validate the previously proposed EC equations,
two FSS physical prototypes were built and measured in a con-
trolled environment. However, before this step, the dimensions
of the unit cell for those prototypes were selected.

In total, two walls were prepared for simulation and con-
struction: one band reject and one band pass, at a center
frequency of 2.4 GHz. Table VI depicts the chosen dimensions
for the FSS and their corresponding resonance frequencies for
two incidence angles.

The FSS prototypes were planned with a small s dimension.
In section IV it was shown that smaller values of s yield nar-
rower frequency bandwidths. So, the goal of these prototypes
was twofold: to confirm if the actual frequency bandwidth
was similar to the simulated one; and to assess if the chosen
narrow conducting lines were achievable with the in-house
PCB production setup. Section VII provides plots with the
frequency response of the prototypes.

VI. MEASUREMENT SETUP

To evaluate the simulation results, the FSS prototypes were
etched in a 51 by 50 cm FR4 substrate with 1.5 mm in
thickness and ¢, = 4.4. Fig. 8 shows the prototypes.

In order to properly accommodating the FSS inside the
anechoic chamber, a support structure was developed. The
structure measures 1.8 x 2 m (h X w) and it was covered on one
side with pyramidal RF absorbents and with aluminum foil.
With this structure, diffraction contamination of the results is
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TABLE IV: Simulation results for square slot FSS TABLE VI: FSS dimensions and resonance frequency
Frequency Error compared EC resonance EM resonance
. fr n Hz frequen: Hz
prol;ifties Simulation inc(idG:éZe 1;Onrgle incti(()iilzi ifgle FSS dgr?;;;ilrlls :g: ?nziydgl}ce ) ;gr ?ngdégce )
(mm) tool theta theta type (mm) angle theta angle theta
0° 45° 0° 45° 0° 45° 0° 45°

ozt EM 432 434 - - 2?:0‘1 d=20,5 =05, 233 232 243 244
J—16 Classic EC 649 616  502%  41.9% J p=2249=2
s=2 EC with ¢ s 408 401 -56%  -7.6% Band  d=20.5, 5 =05, 232 231 241 243
g=2  ECwithegy, 466 458  79%  55% pass  p=2259=2

er =44 EM 5.18 5.14 - -

Tz Classic EC 843 727 627%  414%
s=3 EC with e.¢ ¢ 5.60 4.90 8.1% -4.7%
g=2 EC with €corr 547 534  5.6% 3.9%

er =44 EM 440 4.38 - -

::210 Classic EC 632 593 436%  354%

s —4 EC with e,/ 404 396  -82%  -9.6%
g=2 EC with ecorr 443 4.33 0.7% -1.1%

er =44 EM 3.59 3.58 - -

dh::214 Classic EC 5.10 4.69 42.1% 31.0% @ (b)

s—4 EC with . s f 328 319  -86%  -10.9%

g=4 EC with ecopr 359 350 0% 2.2% Fig. 8: FSS prototypes: a) Square Loop; b) Square Slot.
er = 2.2 EM 14.1 14.4 - -
P07 Classic BC 151 148 71%  28% . .

s — 0.95 EC with £, s 12.0 11.9 J149%  -17.4% transmitter and receiver antennas. Two measurements were

9=05  EC with copr 157 154 113%  6.9% performed with the above mentioned setup. Measurements

er = 2.2 EM 462 4.60 - - featuring the unobstructed window, from this point forward

hd=_0-12854 Classic EC 534 504  156%  9.6% designated as free-space (FS) measurement; and one with the
. EC with £, s 431 416  -67%  -9.6% FSS under test were carried out. Fig. 9 shows a block diagram
g=>5 EC with ecorr 493 478 6.7% 399 of the overall measurement setup.

er =6.15 EM 1.28 1.30 - -

’Zl: L Classic EC 188 173 469%  33.1% VIL. MEASUREMENT RESULTS
=14 EC with .y 107 105  -164%  -192% With the measurement setup defined and assembled, all
g=10 EC with ecorr L2 110 -125% -154% the necessary measurements were performed in the anechoic

er =6.15 EM 234 234 - - chamber.

Z:%; Classic EC 444 419 8979%  79.1% In Fig. 10, the measurement setup performance is shown.
s = EC with ecf ¢ 249 247 6.4% 5.6% Observing the band reject FSS curve, one can extrapolate that
g=2 EC with ecorr 238 235 1.7% 0.4% the measurement setup is not free from contaminations, as the

So1 value in the vicinity of the resonance frequency shows an
TABLE V: RMSE for square slot FSS EC equation irregular (and unpredicted) behavior. This fact is more visible
in the oblique measurements mentioned later.
Simulation tool RMSE vs EM
Classic EC 1.46 GHz
Classic EC with ez 0.77 GHz B

Proposed EC with €coprr 0.31 GHz

Tx Rx
\/ “«——1.05m—» 4—1.05m—>\ /
minimized, and the transmission mainly occurs in the square

center window, which measures 48 x 48 cm.

On the perpendicular measurement setup, both transmitter

and receiver sides were connected to two identical low profile FSS support
ultra wide band antennas. The antennas have an omnidirec- structure
tional pattern in the azimuth plane.

The oblique incidence measurements consisted in placing
both transmitter and receiver supports at an angle of 45°. Vector Network
Distance from both antennas to the center of the structure was Port1 A;‘;,Ly;)e ' Port2
1.05 m.
The frequency response of the prototype was assessed using . )
a Vector Network Analyzer (VNA) directly connected to both Fig. 9: Measurement setup block diagram.
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Fig. 10: Reference measurements perpendicular setup.
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Fig. 11: Band reject FSS perpendicular measurement and EM
simulation results.

Figs. 11 and 12 present the reject and band pass FSS results,
respectively. In both cases, the EC simulation yielded similar
results to those of both EM and measured results.

Regarding the oblique measurements, Figs. 13 and 14 depict
those results. Viewing Fig. 13, one can undoubtedly confirm
the presence of contamination in the measurement setup. This
contamination of the results may be due to diffraction, as

0 sl T e
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_ Y:-0.1441 ¥ 203202 i
o
T .
wN
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-1 Measurement ||
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EC Simulation
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Frequency (GHz)

Fig. 12: Band pass FSS perpendicular measurement and EM
simulation results.
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Fig. 13: Band reject FSS oblique measurement and EM
simulation results.
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Fig. 14: Band pass FSS oblique measurement and EM simu-
lation results.

well as reflection over the anechoic chamber walls, which are
metallic backed, since the RF absorbents are on the lower limit
of their usable frequency range. Despite this, both reject and
band pass FSS show relatively good agreement with the EM
simulation results. Table VII summarizes both simulation and
measurement results for the FSS prototypes.

VIII. CONCLUSIONS

This paper proposes novel contributions to the EC equa-
tions, traditionally used to model square loop and square slot

TABLE VII: FSS simulation and measurement results

Band reject FSS
frequency (GHz) for
incidence angle theta

Band pass FSS
frequency (GHz) for

Type of results incidence angle theta

0° 45° 0° 45°

Classic EC 3.26 3.22 3.15 3.11
EC with ec ¢ 2.00 1.99 1.93 1.93
EC with ecorr 2.33 2.32 2.32 2.31
EM 2.43 2.44 241 243
Measurement 243 248 2.28 2.36
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FSS, in order to improve their accuracy for actual designs. For
the square slot FSS case, novel EC equations intended to better
represent the frequency response, are proposed. An extensive
set of EM parametric simulations using the CST Microwave
Studio software were initially used to define and adjust the
new parameters, covering FSS resonance frequencies, ranging
from 1 up to 15 GHz.

The empirical manipulation to the classical square loop
FSS EC equations was shown to provide relatively good
estimates in terms of predicted resonance frequency, and thus
minimizing the errors between EC and EM simulations. A
calculated RMSE value of 260 MHz, which is considerably
lower than that provided by the classical equations (1.2 GHz),
or even with the simple e.5y factor (910 MHz), was obtained.

The proposed equations and correction factor for the square
slot, also provided relatively good results, albeit slightly worse
than those from the square loop, yielding a calculated RMSE
of 310 MHz, against the 820 MHz obtained with the classical
formulations with the €75 factor. This EC with three lumped
elements is observed to be the required minimum to appropri-
ately describing the frequency response of such structure, both
on the first band pass frequency, as well as the roll-off rate
to the higher frequency first rejection band. Two simulations
for each FSS variant with parameters outside of the initial
parametric range were included in the results of Tables II
and IV. Results show that both EC proposed equations still
provide moderate to good results when compared to other EC
equations.

Two FSS prototypes, with dimensions of 51 by 50 cm,
have been used to validate the proposed model against mea-
surements in an anechoic chamber. These prototypes per-
formed relatively well within the simulated results, albeit some
contamination due to diffraction in the measurements. These
were etched to provide narrow bandwidths, although, due to
mechanical constraints, one may need to use other methods in
order to have much narrower bandwidths, such as multilayer
FSS or addition of lumped elements.

In summary, this research study, coupled with the de-
velopment and measurement of actual prototypes, highlights
the benefits and limitations of lumped EC models, and the
proposed formulas should be useful to determine a good first
design for the target main resonance frequency using this type
of FSS. Combined with full wave solvers, a good final design
may be achieved within a reasonable time. Finally, this work
should prove useful for further studies with more complex and
novel structures, particularly at frequencies of interest within
the 3G, 4G and 5G commercial bands.
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