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ABSTRACT The use of low-emissivity and solar control glass for thermal insulation in transportation and
architecture poses a problem for communications, since the metallic coatings used in this glass attenuate
radiofrequency (RF) signals. One solution to this problem is to define Frequency Selective Surfaces (FSS)
on the coatings to ensure the transmission of RF signals while maintaining the thermal properties of the
glazing. On windows with multiple coated panes, the interaction between the different surfaces grows more
complex, as the dimensions of the structure are in the order of the wavelength of the signals involved. This
is also an opportunity for the design of windows with specific transmission properties. The aim of this
work is to present a design method for windows with multiple low-e coatings and multiple FSS based on
the optimization of the RF transmission using an equivalent transmission line model. As a validation of
our method, we show designs for windows with attenuation minima at 1, 1.8 and 5.8 GHz. Window samples
according to these designs have been fabricated and measured, showing good correlation between simulation

and experiment.

INDEX TERMS Frequency selective surface (FSS), low-emissivity, glass, multilayer.

I. INTRODUCTION

The use of glass with thermal properties (both low-emissivity
and solar control glass) is becoming increasingly common
in both architecture and transportation. These glasses are
characterised either by a transmission coefficient in the
infrared spectrum much lower than that of conventional
glasses (solar control glasses) or by an emissivity in the
infrared spectrum very low, in order to avoid heat radiation
into or out of a room (low-emissivity glasses) [1], [2], [3],
[4], [5], [6]. Both effects are achieved by the deposition
of a coating with at least one metallic layer on the glass.
However, these metallic layers produce great attenuation -in
the order of 40-50 dB [7]- at the frequencies used for wireless
communications such as Wi-Fi, 3G, 4G or 5G. This will result
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in loss of signal inside a building with a large glazing surface
or a metallic vehicle such as a train.

There are different solutions to improve the RF trans-
mission on low-e windows, as installing repeaters or the
use of perimetrally uncoated windows [8], [9], but the most
common one is the use of frequency selective surfaces (FSS)
[10], [11], [12], [13]. In these surfaces, usually metallic,
periodic patterns are designed to transmit, reflect or absorb
electromagnetic waves of a certain frequency range [14],
[15]. If such patterns are defined in the metallic coatings of
solar control or low-emissivity glass, different RF filters can
be designed. The drawback is the loss of thermal efficiency
of the coatings, which is directly dependent on the area of
metallic layer removed.

When studying different FSS patterns significant differ-
ences in attenuation become evident when comparing a
specific FSS pattern to the same FSS included in a complete
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window. If the wavelength of the electromagnetic wave
passing through the window is in the order of the thickness
of the glazing panes or gaps, resonances and interferences
appear, leading to changes of amplitude in the transmitted and
reflected waves. A multilayer model based on transmission
line theory can be used to account for these effects and predict
the performance of complex Insulating Glass Units (IGU),
which may have multiple glass panes and gaps [16].

If the thermal efficiency requirements are very demanding,
the IGU may contain multiple low-e coatings. An FSS
must be defined in each of these coatings to ensure radio
frequency signal transmission through the window, as the
total attenuation in dB is the sum of the attenuation
coefficients due to each coating.

The study of multi-pane windows with multiple FSS is a
complex problem as, due to the presence of interference, it is
not possible to simply add the effect of all the FSS. A method
that can easily and quickly predict the RF transmission of a
multi-pane IGU is essential for a design of these structures.
These properties, such as letting through or blocking specific
bands, can be of great interest for applications in both
buildings and vehicles.

Structures with multiple FSS have been used in different
applications as [17], [18], [19], [20], and [21] for multiple
band response, reflectors [22], [23], wide band applications
or absorbers [24]. As for multiple FSS applied to energy
saving windows, there are some studies [25], [26], [27],
[28], but they use complex and expensive simulation tools,
as CST or ANSYS, to simulate the whole structure instead
of a simple and fast model as is the transmission line theory.
Also, the effect on thermal efficiency is not considered, and
in most cases the simulations results are not contrasted with
experimental measurements (Table 1).

Our study shows, through various design examples, how
the transmission line model can be used to minimize the
attenuation of RF signals at specific frequencies in the range
of mobile communications (900-3500 MHz) for multi-pane
windows with multiple FSS. The impact on heat transfer
is also considered, and the results of the simulations are
validated by measurements of samples fabricated according
to the designs.

Il. THEORETICAL MODEL
The proposed theoretical model for the IGU considers it as a
multilayer structure with layers of different thicknesses d and
impedances n. Every layer is a uniform, homogeneous and
isotropic medium. The incident wave is a linearly polarized
uniform plane wave. These assumptions make possible the
use of transmission line theory, where each layer is equivalent
to a section of transmission line of length equal to its
thickness and with its same impedance. These lines can
be considered losseless for the thicknesses involved (in the
orders of millimeters), although the model can be easily
updated to include losses.

The objective of this model (Figure 1) is to calculate the
equivalent total impedance (Z;y) of the structure. For this
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TABLE 1. Summary of studies using multiple FSS.

Ref. Freq Field Multilayer | Thermal
(MHz) model Study
[17] 8-12 Reflectors | No No
[18] 10-12.4 | Reflectors | No No
[19] 12-18 Reflectors | No No
[20] 5-25 Reflectors | No No
[21] 7-12 Reflectors | No No
[22] 3-15 Reflectors | No No
[23] 4-7 Reflectors | No No
[24] 2-12 Absorbers | Yes No
[25] 0.5-2 Low-e No No
coating
[26] 0.8-6 Low-e No No
coating
[27] 0.6-2 Low-e No No
coating
[28] 0.9-6 Low-e No No
coating
This 0.6-6 Low-e Yes Yes
study coating
dy, do, dy dy,

Ny Na M| +.. v

(a)
dvl da1 d”z
= ! I ! I !
Zl"SS]
'717 na nl}
— ! l l l !
Zif
(b)

FIGURE 1. Multiglazed window (a) and its equivalent multilayer model.

purpose, and using expression (1), the intermediate equivalent
impedances are calculated sequentially from right to left.
In this case, there are two different types of layers, air and
glass. Air layers (in white) have a well known impedance
no = 1207 whereas glass layers (in blue) have n, = Z—S,
with n, = 2.65 the refractive index of the glass for
our frequency range. The metallic coatings, which include

an FSS, (in orange) will be represented as impedances
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in parallel.

Zp +jRotan Bl mo + jny tan Bd,,

OR() +jZ; tan Bl 77v ny + jno tan Bd,,

Once Z; is calculated for the rightmost layer, the process

is repeated until the total impedance of the window Z; is

obtained (2). Then, the global reflection coefficient I" can be

calculated (3) and, from it, the power transmission coefficient
T and the attenuation of the structure.

Z;,_, +jnytan Bd,,

ey

Zy = 2
¥z, tan Bd,, @
Z. —
S A S A 3)
Zir + 1o
Att(dB) = —101og,(T) @)

These equations are only valid for normal incidence and
need to be modified to include different angles of incidence
6, which can be accomplished simply by modifying the
values of the thicknesses and impedances of the different
layers. If we consider TE waves as those with an E-field
perpendicular to the plane of incidence (perpendicular
polarization), and TM waves as those in which the E-field is
in the plane of incidence (parallel polarization), the equivalent
impedances of a layer are,

i

TE
ni(©) cosf

and the equivalent thickness for an angle of incidence 9,

n™ (@) = n;cos b Q)

d"™™ 9) = dicos 0 (6)

A. FSS

The impedance of a FSS can take different values depending
on its design. In this study we will use only two of the more
common structures, patch and mesh (Figure 2).

w w

B Metallic layer
[ ] Non metallic layer

FIGURE 2. Patch (left) and mesh (right) FSS pattern.

The mesh pattern consists of vertical and horizontal
metallic lines of the same thickness and periodicity. When the
electric field is parallel to the lines, a current is induced and
the FSS behaves as an inductor with Zggs = jwLpss, and will
work as a high pass filter. The lines transversal to the electric
field will define capacitors but, if p > w, this capacitance
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will usually be negligible. As there are vertical and horizontal
lines, these assumptions will be valid for both polarizations.
The expressions for the impedance of the inductors can be
obtained from [29],

PUO 1
LIE =27 7
Fss 2 n(sin(g—;”)) @
k2 sin%(0)
LI = Less| 1 - 2 —— )
22,

The patch pattern is obtained by removing the metallic
coating along vertical and horizontal lines of the same
thickness (w) and periodicity (p). In this case, the lines
transversal to the electric field will again be equivalent
to capacitors and the conducting patches to inductors, but
now the capacitance will be much larger and thus the FSS
impedance similar to that of a capacitor Zrss = wCJFss’
resulting in a low pass filter. The equivalent capacitances can
be obtained using Babinet’s principle:

peoler, +€r,) 1
cht = In| — )
b4 s1n(’£—;v)
k2 sin%(9)
Chs = Crss |1 — 25— (10)
2kZ,

These expressions are valid if the FSS periodicity is
smaller than a half-wavelength [29], which is true for our
measurement range and FSS dimensions.

The multilayer model can be used to formulate a design
method for different window structures. These windows can
be single, double or multi-glazed and can have coatings with
FSS in one or more of their panes. One way of designing
a window with FSS is to obtain an attenuation null for a
specific frequency. Per the transmission line model, this is
equivalent to achieving a reflection coefficient I' = 0, which
occurs when the input impedance of the circuit is matched to
the reference impedance (in this case the impedance of the
air, n,=nop). The matching condition (or conditions) provide
a set of equations from which the values of Zrgs, can be
determined.

B. OPTICAL AND THERMAL PROPERTIES
The thermal transmission coefficient (U), according to the
UNE-673 standard [30], is a widely used parameter [31],
[32] that evaluates the amount of heat that passes through the
glazing per unit area. The units are watts per square metre
and degree Kelvin (W/m?K). This value is defined by the
following expression:
1 1 1 1 1
U= + ’ + i (11)
h, is the external heat transfer, A, is the total heat transfer
and £; is the internal heat coefficient.
The external heat transfer coefficient 4, is a function of
wind speed near the glazing,emissivity and other climatic
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factors. For ordinary vertical glazing, the value of h, is
standardised to 25 W /(m? - K).
Additionally, the internal heat transfer coefficient (#;) is:

4.4¢
0.837

where € is the corrected emissivity of the surface coated by
a layer and 0.837 is the corrected emissivity of the ordinary
glass.

The total heat transfer equation 4, is given by:

I G
h—tZZl:h—S'FZ]:djrj

hg is the thermal conductance of each gas layer, N is the
number of gas layers, d; is the thickness of each material
layer, r; is the thermal resistivity of each material and M is
the number of material layers. We can calculate the thermal
conductance of a layer as:

hi=he+hy = 3.6+

(12)

13)

hy = hy + hy (14)

where A, is the radiative thermal conductance of the gas film
and h, is the thermal conductance of the gas.

The conductance due to radiation (k) is given by the
formula:

hy =40(—+ ——1)7'T3 (15)
€]

€2
o is the Stefan-Boltzman constant, T}, is the mean absolute
temperature of the gas layer and €] and €, are the emissivities
adjusted to the temperature 7.
The gas conductance g is given by the formula:
A
hg = Nu— (16)
s
where Nu = A(GrPr)", s is the thickness of the sheet and A
is the thermal conductivity.

9.81 s3AT p?
Gr = Z.el s alpm (17)
Tt
ne
Pr=— 18
r= (18)

where AT is the temperature difference between the glass
surfaces on either side of the gas chamber, p is the density,
u is the dynamic viscosity, ¢ is the mass thermal capacity.

In our case, the chambers of the multi glazed windows are
filled with air, the climatic conditions are standard and the
position of the glazing is vertical. For this conditions, these
values of these parameters are (Table 2):

TABLE 2. Values for chambers filled with air and standard climatic
conditions.

oo m®) [ _ithg/ms) | NWimEK)_ | c@/kgK) | TmlK)
1.232 1.76e-6 0.02496 1008 283
AT(K) he(W/m?K) | hi(W/m?K) A n
15 25 8 0.035 0.38
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In the case of a pane with an FSS, the only difference is
the emissivity of the surface in equation (12), which can be
calculated as:

Areaglass Areacoating

€total = €glass + % €coating (19)

Areaor Areapral

Ill. MULTI-PANE WINDOWS DESIGNS

In order to understand properly the RF properties and the
thermal behaviour of multi-pane windows with FSS, it is
important to consider how these glazings behave, both with
or without the full low-e coating (Figure 3).

Ny Mo My Mo |Mv My Mo (M Mo (M

FIGURE 3. Reference triple glazed windows: without coating (left) and
double low-e coating (right).

Our reference triple glazed window is formed by three
monolithic glasses and two air chambers. To improve the
performance of the IGU, a metallic coating can be deposited
on the second face of the first two glasses (i.e, face 2 and
4). In this case, both gaps are 14 mm in width and the glass
panes are 4 mm thick. The attenuation is not constant along
the range of frequencies of interest due to the resonances
produced in the different surfaces of the window. If two low-
e coatings are added to this same window, the attenuation is
near 80 dB.

To calculate the U-factor for both windows, we need the
emissivity of the glass and the low-e coating, which for
our samples will be 0.837 and 0.028. Using this values
and the parameters and equations of the previous section,
the U-factor of the triple glazed window is 1.831 without
low-e coating and decreases to 0.820 with the double
coating.

If we define FSS in the low-e coatings, the emissivity
changes and, with it, the U-factor. The emissivity of the FSS
used in this study are calculated using the equation 19 and
listed in Table 3.

TABLE 3. Emissivity of a 0.028 low-e coating with different FSS.

Glass sample

% Layer removed

Emissivity (¢)

FSS p =2 mm 10 0.109
FSS p=3mm 6.6 0.082
FSS p =15 mm 13 0.038

VOLUME 12, 2024
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A. TRIPLE GLAZED WINDOW WITH AN ATTENUATION
MINIMUM AT 1.8 GHZ

In this example we use a triple glazed window with two low-e
coatings, as shown in Figure 3. The width of the glazing gaps
is 14 mm. We search for an attenuation minimum at 1.8 GHz,
as it is a frequency shared by 2G and 4G and thus, convenient
to let it pass through windows both in buildings and vehicles.
In this case, the matching condition I' = 0 results in values
for the capacitors of 0.115 pF and 0.252 pF and, therefore,
patch FSS with w of 100 um and p of 2 and 3 mm. The
attenuation (Figure 4) remains under 10 dB up to 3.5 GHz,
although there are changes in the position of the minimum
for large incidence angles, especially in the case of the TM
polarization.

30

Frequency (GHz)

FIGURE 4. Simulated attenuation (dB) for TE and TM polarization of a
triple glazed window with min att. at 1.8 GHz.

The other solution for the equivalent circuit for this
configuration requires very small values for the capacitors
(6.69 and 27.7 {F), equivalent to patch FSS of p 0.35 and
0.75 mm. Although this solution is also valid, the amount
of coating that should be removed (40% and 22%) makes
it impractical, as the window would lose almost most of its
thermal insulation. Therefore, this solution will not be taken
into account.

This window with two FSS can then be compared to the
reference windows introduced before, the uncoated triple
glazed and the fully low-e coated triple glazed window
(Figure 5). The attenuation for the low-e window with FSS
is as low or even lower than the attenuation of the window
without low-e coatings around 1.8 GHz, as intended in our
design. This low attenuation region extends up to 3GHz,
where the attenuation starts to rise, although is still far from
the near 80dB of the fully coated window. The usual limits
for the attenuation of a commercial low-e window with FSS
are between 10 and 15 dB, so this design would be valid up
to 3.5-4 GHz.

Regarding the thermal properties of this example, the
U-factor is equal to 0.938, up but close to the original value
of 0.820 with the full coating.

VOLUME 12, 2024
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FIGURE 5. Comparison of a triple glazed window with FSS of p = 2 and
P = 3 mm, uncoated window and double coated window.

B. TRIPLE GLAZED WINDOW WITH A MINIMUM AT 1 GHZ
This is a window designed to work at the lowest frequency
bands for mobile communication and, at the same time,
stop signals in the Wi-Fi bands (2.4 and 5 GHz). Therefore,
we solve the equivalent circuit using impedance matching to
find an attenuation minimum at 1 GHz while the attenuation
at 2.4 GHz remains over 20 dB. In this case, both FSS are
patch patterns of w = 100um and p = 15 mm, equivalent to
capacitors of 1.65 pF. The attenuation for different incident
angles and polarizations is shown in Figure 6.

60

1 2 3 4 5 6
Frequency (GHz)

FIGURE 6. Simulated attenuation (dB) for TE and TM polarization of a
triple glazed window with min att. at 1 GHz.

Figure 7 shows how the double low-e window with FSS
achieves the desired result of an attenuation minimum near
1GHz, which increases up to 40 dB to reject the Wi-Fi signals.
Here the selective surfaces are not used only to minimize
the effect of the low-e coatings, but to obtain advanced RF
properties which are not possible with the uncoated window.

Moreover, this design mantains the insulation performance
of the standard double low-e coated window. The U-factor for
this IGU is 0.849, very close to the original value of 0.820.
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Frequency(MHz)

FIGURE 7. Comparison of a triple glazed window with 2 FSS of
p = 15 mm, uncoated window and double coated window.

IV. HIGH EMISSIVITY FSS

Once our model has been presented and used in the design of
different triple glazed windows, it is easy to apply this design
method to different configurations.

A double glazed window can be formed by a laminated
glass (in our case two 4 mm glass panes separated by a butyral
sheet 1.5 mm thick), an air gap (15 mm) and a third glass pane
(5 mm). If necessary, the low-e coating is deposited on the
face after the laminated glass (i.e, face 2). Both windows are
shown in Figure 8.

4 4 15 5 4 4 15 5
R i e e i “> P>
un ur Mo My Mo |1 Mo M

FIGURE 8. Reference double glazed windows: uncoated (left) and low-e
coated (right).

The U-factor for the double glazed window without low-e
coating is 2.688 and 1.353 for the low-e window. The RF
attenuation of the low-e window is near 40 dB.

As the standard low-e double glazed window has just one
low-e coating, it only admits one FSS. However, an additional
metallic coating can be placed on the third pane in order
to add another FSS and, with it, further RF transmission
design possibilities. One of those possibilities is to achieve
a minimum of attenuation at the 5 GHz band, used in both
Wi-Fi and 5G networks. This condition is very difficult to
obtain using only patch FSS, as the usual dimensions of the
air gap result in a resonance (and an attenuation maximum)
in the 4-6 GHz range.
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A. DOUBLE GLAZED WINDOW WITH A MINIMUM AT

5.8 GHZ

The upper bands used in 5G communications (in the 5-7 GHz
range) present an interesting challenge for the design of FSS
low-e windows, as the usual structure of the window itself
(the thickness and spacing between the glass panes) produces
a resonance that contributes to the rise of the attenuation in
that region. The dimensions of the structure cannot be easily
changed due to design constraints in buildings and vehicles,
but the use of multiple FSS provides additional degrees of
freedom to achieve the desired attenuation levels.

As an example of this, the solution to achieve the matching
condition I' = 0 in 5.8 GHz is to use two FSS, one of
them inductive (mesh pattern). This design will be valid
for windows needing only one coated surface for thermal
insulation, as the thermal contribution of the coating with the
mesh FSS will be minimal. This is due to the large surface of
coating removed, which will result in high emmisivity for that
pane, almost the same of the uncoated glass. The equivalent
circuit model is shown in Figure 9.

dy dyy  da dys

b

FIGURE 9. Double glazed window with two FSS, capacitive and inductive.

The design for an attenuation minimum at 5.8 GHz results
in a double glazed unit like that of Figure 9 with a patch FSS
(p = 5 mm and w = 100um), an air chamber of 15 mm and a
third 4 mm glass with a mess FSS (p = Smm and w = 1 mm).
The equivalent capacitor is C = 0.46 pF and the inductor is
L = 1.14 nH. The emissivities of each glass with the different
FSS patterns are listed in Table 4

TABLE 4. Emissivity of the glass panes with FSS used in the window.

Glass sample % Layer removed | Emissivity (€)
0.545

0.060

Gridp=5mmw =1 mm 64

Patch p=5 mm w = 100 um 4

The U-factor of our design is equal to 1.443, very similar to
the value of 1.353 for the conventional window with one fully
low-e coated surface. This shows that we can design an IGU
with tailored RF transmission properties without changing its
thermal insulation properties.

V. EXPERIMENTAL SET-UP AND RESULTS

The experimental set-up, placed in an anechoic chamber,
uses two 600 MHz - 6 GHz Vivaldi antennas (RFSpace
TSA600) and a picoVNA 106 vector network analyzer.
A metal plate around the windows will ensure that only the
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FIGURE 13. Attenuation of a triple glazed window with 2 patch FSS of
p1 =2mm and p, = 3 mm for TE polarization (a) and TM polarization (b).
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FIGURE 11. Comparison of our design to the same window without low-e = = =Simulated 0 ©
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FIGURE 12. Experimental set-up and window sample. E
201
signal passing through the windows reaches the reception g
. L
antenna (Figure 12). ol_vsr | ‘ ‘
. 1000 2000 3000 4000 5000 6000
'The measurerpent of the power transmitted through the Frequency (MHz)
window sample is referenced to the power transmitted when (b)

th_e setup holds no samples to Obta'm the att'enuatlon of the FIGURE 14. Attenuation of a triple glazed window with 2 patch FSS of
window. The prototypes were fabricated using glass panes p = 15 mm for TE polarization (a) and TM polarization (b).

with and without low-e coating and the adequate spacers

to simulate the gaps between panes. The low-e coating is both polarizations (TE and TM) and for different angles of
deposited by sputtering. The samples were measured for incidence: 0°, 22.5° and 45°.
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FIGURE 15. Attenuation of a triple glazed window with 1 patch FSS of
w = 0.1 mm and p =5 mm and 1 mesh FSS of w = 1 mm and p =5 mm
for TE polarization (a) and TM polarization (b).

The experimental results for the first window are compared
to the simulation in Figure 13a and 13b. The measurements
are in good accordance with the simulation, although the
deviation is larger for the ranges with higher attenuation,
as the impact of the quality of the chamber absorbers is
much more noticeable when measuring weaker signals. This
window has very low attenuation in the design range and will
be a good alternative for applications where an attenuation of
less than 10dB up to 3.5GHz is desired.

The second of the windows simulated in the previous
section has also been fabricated. There is again a good
match between simulation and experiment and, as desired,
the attenuation remains low around 1 GHz and increases to
25 dB at 2.4 GHz and 40 db at 5 GHz to block Wi-Fi signals.

The results of the third window are shown in Figure 15.
As in the previous samples, the experimental results match the
theoretical model for both polarizations and different angle of
incidence.

VI. CONCLUSION

In this study, a design method for multi-pane windows with
multiple low-e coatings and frequency selective surfaces has
been presented. With this method, it is possible to find
a minimum of attenuation for specific frequencies using
multiple glass panes and air gaps and patch (capacitive) or
mesh (inductive) FSS.
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The thermal transmission coefficient (U) of the different
window designs is studied and evaluated. Patch FSS have low
impact on the U-factor, as the surface of the low-e coating
removed is quite small. That is not the case for mesh FSS,
but they can still be used if an additional low-e coating, useful
only for its RF transmission properties and not as a thermal
insulator, is included in the IGU.

The simulation and design method has been validated
by comparison to measurements of different samples in an
anechoic chamber, with good agreement between simulation
and experiment.

This is a simple and fast technique to design complex
windows with custom RF properties for different applications
in architecture and transportation.
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