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Frequency Selective Buildings Through Frequency
Selective Surfaces

Marios Raspopoulos and Stavros Stavrou, Member, IEEE

Abstract—This paper proposes the deployment of frequency
selective surfaces (FSS) in indoor wireless environments and
investigates their effect on radio wave propagation. FSS can be
deployed to selectively confine radio propagation in indoor areas,
by artificially increasing the radio transmission loss naturally
caused by building walls. FSS can also be used to channel radio
signals into other areas of interest. Simulations and measurements
have been carried out in order to verify the frequency selectivity
of the FSS. Practical considerations regarding the deployment of
FSS on building walls and the separation distance between the
FSS and the supporting wall have been also investigated. Finally,
a controlled, small-scale indoor environment has been constructed
and measured in an anechoic chamber in order to practically
verify this approach through the usage of ray tracing techniques.

Index Terms—Buildings, frequency selective surfaces (FSS), in-
door radio communication, radio propagation, repeaters.

1. INTRODUCTION

ADIO signals generally propagate through reflections, re-

fractions, diffractions, and scattering. Transmitted signal
components arrive at the point of interest with various ampli-
tudes and phases and combine together to produce the received
signal. Due to these multipath arriving components, the instan-
taneous received signal strength can typically vary as much as
20-30 dB over a fraction of a wavelength due to constructive and
destructive contributions [1]. In a typical indoor environment,
the received signal is mainly attenuated due to reflections and
transmissions through building materials. Building penetration
loss depends on various variables associated with the building
architecture, including but not limited to the building structure,
the building walls periodicity and their electrical properties, the
angle of incidence, etc. [2]-[5].

Depending on the application, there are cases where the radio
signals have to be confined in designated areas of interest, im-
proving in this way wireless security. Such signal confinement
can also assist interference management. However, there are
also cases where these signals have to be amplified in order to
increase wireless coverage and system reliability.

The literature proposes various methods to increase coverage.
These include leaky feeders, active and passive repeaters, dis-
tributed antennas, etc. Leaky feeders principle of operation is
based on the leakage fields arising from specially made coaxial
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cables, which are usually deployed in large pathways (e.g., tun-
nels) [6], [7]. Despite that they have been mainly used in tun-
nels and mines [8] they have also found applications in indoor
environments, especially in offices with lengthy corridors [9],
[10]. The active repeaters are based on the idea of receiving the
signal in a particular location, amplifying and retransmitting it
to the same or another direction. However, this technique re-
quires power and good isolation between the receiving and re-
transmitting antennas [11], otherwise the system might become
oscillatory. Also, with active repeaters, the received noise and
interference is reradiated on both the forward and the reverse
link.

The technique investigated in this paper is to utilize frequency
selective surfaces (FSS) as isolators or even as passive repeaters,
in indoor environments [12]. The passive repeater concept is
based on the assumption that the mean signal strength received
due to a reflected contribution from a FSS would be higher
from the one received from any other object/material that does
not produce a strong reflection [13]-[16]. Alternatively, FSS
can be used to provide radio isolation by selectively rejecting
a frequency range, thus reducing interference between adjacent
co-channel wireless systems. Wireless security can be also im-
proved by minimizing the spillover of radio waves outside des-
ignated areas. Similar behavior can be achieved, if instead of
FSS, a metallic surface is used as the reflecting interface. How-
ever, the drawback of such a method is that it will unselectively
block and/or reflect the frequency range of multiple wireless
systems [17]. FSS can be deployed in such a way so as WLAN
signals can be confined in an indoor environment while GSM
signals can be allowed to enter and exit the building with a zero
or minimal effect. The authors of this paper have made a first
attempt to demonstrate the principle of the application of FSS
in wireless environments to improve and/or restrict coverage in
specific areas in 2005 and 2006 [12], [18]. In 2006, Sung has
demonstrated through in-situ measurement results over a fre-
quency range of 2.3—7 GHz that a frequency selective wall can
be successfully created for UNII (Unlicensed National Infor-
mation Infrastructure) [19], [20]. The experiments have been
carried out in two adjacent rooms, separated by a wall which
is transformed into frequency selective by attaching a bandstop
FSS. Deployment practicalities such as misalignment and over-
lapping are investigated. In this paper, we investigate the appli-
cation of FSS through the use of ray tracing simulations which
incorporate the behavior of FSS. This gives the flexibility to pre-
dict the behavior of a frequency selective building where FSS
are deployed in more than one wall. Practical considerations re-
garding the deployment of FSS on building walls and the sep-
aration distance between the FSS and the supporting wall have

0018-926X/$26.00 © 2011 IEEE
Authorized licensed use limited to: University of Central Lancashire. Downloaded on May 07,2024 at 18:44:13 UTC from IEEE Xplore. Restrictions apply.



RASPOPOULOS AND STAVROU: FREQUENCY SELECTIVE BUILDINGS THROUGH FSS

been also investigated using CFDTD simulations. Section II of
this paper presents some of the FSS behavior issues related to
this work. These include the performance of various element
shapes, the effect of angle of incidence and typical building
materials on the transmission and reflection characteristics of
FSS, when these are placed at various distances behind the FSS.
Typical modeled and measured responses are also provided.
Section III presents results from a custom-written Ray Tracing
engine, developed and utilized for the purpose of this investiga-
tion. Section IV presents a small scale FSS indoor environment
that has been constructed and tested in an anechoic chamber.
This experiment practically verifies the usefulness of this inves-
tigation and the usage of ray tracing for predicting radio propa-
gation in FSS environments. Section V presents a more detailed
investigation of radio propagation in a typical FSS indoor envi-
ronment through the use of the ray tracing engine, by incorpo-
rating the FSS interface behavior.

II. FSS

FSS are planar periodic structures which consist of thin con-
ducting elements, usually printed on a dielectric substrate. They
behave as passive electromagnetic filters, selectively reflecting
a desired frequency band. One of the most important factors
influencing the FSS response is the element shape [21]-[23].
Their response can also be affected by the element size, the
permittivity and thickness of the substrate, the angle of inci-
dence and the gap between the elements. Various approaches
have been developed for analyzing the FSS behavior. Exam-
ples include the equivalent circuit method (ECM) [27]-[29], the
method of moments (MoM), the finite difference time domain
method (FDTD), and the conformal finite difference time do-
main method (CFDTD) [24]-[26].

For the purpose of this investigation a square-loop
FSS was designed and fabricated on FR4 dielectric
(e, = 4.55,tand = 0.0175). In this paper, the square
loop design was selected mainly because of its superiority
with regards to its angular insensitivity over the other element
shapes. Table I presented by Wu in [31] presents a typical
comparison between different elements. Fig. 1 shows the
dimensions of the fabricated square-loop FSS used.

To characterize the FSS response, measurements were car-
ried out in the anechoic chamber of the Centre for Communi-
cation Systems Research in the University of Surrey. Double
Ridge Guide linearly polarized Horn Antennas have been used
for transmission and reception and a Vector Network Analyzer
(Rohde and Schwarz VNA ZVCE 20 KHz—-8 GHz) was used to
sweep the frequency between 1-4 GHz. These directional an-
tennas have frequency independent characteristics in this fre-
quency range with relatively constant gain at 9 dBi and 40 de-
grees beamwidth. The measurement setup shown in Fig. 2 con-
sists of a wooden board, covered with aluminium foil and ab-
sorbing material, which has a 72 cm x 72 cm aperture in the
middle for FSS placement. Given that the horn antennas’ max-
imum dimension is D = 0.22 m, dy have and ds in Fig. 2 have
been selected to be 1.3 m in order to ensure that the FSS lies
in the far-field region of the two antennas based on dfayfield >

2999
]
9.8mm
( | < »
50.2mm
<«— 60mm —»
Fig. 1. Square-loop FSS dimensions (substrate thickness: 1.6 mm).
TABLE 1
PERFORMANCE OF VARIOUS FSS ELEMENT SHAPES
Element Angular Cross- Larger Small Band
Type Insensitivity ~ Polarization = Bandwidth  Separation
Loaded 1 2 1 1
Dipole
Jerusalem 2 3 2 2
Cross
Rings 1 2 1
Tripole 3 3 3
Cross 3 3 3 3
Dipole
Square 1 1 1 1
Loop
Dipole 4 1 4 1

Ratings: 1 = best, 2 = 2nd best, etc.

2D? /), where ) is the wavelength (12.5 cm). In order to en-
sure that all the contributions arriving at the receiving antenna
are all in phase, the 60% of the 1st Fresnel Zone should be kept
unobstructed. This is done by ensuring that h/2 > rg¢ and
w/2 > 1o where r, is the radius of the nth Fresnel Zone
givenby r,, = \/nAd1da/(d; + d). For this setup 79 ¢ = 0.34
m which satisfies the aforementioned conditions. To eliminate
the effects of any possible edge diffraction around the edges
of the aperture that the FSS is placed and the edges of the ab-
sorbing wall, these have been covered with absorbing material.
To further eliminate these diffraction effects, the results have
been time-gated using a 5 ns timing window.

The simulations were performed using the CFDTD solver
presented in [25] and [26]. For simulation purposes, the FR4
effective dielectric constant was set to 2.775 as suggested by
et = (14 &,)/2 [17], [25]. The assumption in these CFDTD
simulations is that the current distribution of the truncated FSS
(72 m x 72 m) is the same as the one of an infinite structure and
zero outside the finite structure [30]. This means that the infinite
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Fig. 2. Anechoic chamber setup for FSS transmission loss measurements.
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Fig. 3. Transmission through square-loop FSS at normal incidence.

simulation does not consider the edge effects which have been
eliminated in the chamber by using absorbing material and time
gating.

Fig. 3 presents the simulated and measured transmission char-
acteristics of the square-loop FSS under normal angle of inci-
dence. The measurement result is in close agreement with the
simulated result which gives us a degree of confidence on the
CFDTD method used in addition to the published results of [25].

Figs. 4 and 5 present CFDTD [25], [26] simulation results
of the transmission S5; and reflection S1; characteristics of the
square-loop FSS, under four angles of incidence (0°, 18°, 36°,
and 54°), for TE and TM polarizations, respectively. It is clear
that as the angle of incidence is varied, the transmission and re-
flection characteristics will vary as well. Thus, when designing
a FSS for a particular scenario, this angular sensitivity has to be
taken into account in order to correctly model the radio wave in-
teraction with the FSS deployed in the modelled environment.

For the purpose of this investigation the FSS was deployed
on the building interfaces. Literature reports that when a FSS
is placed on a dielectric medium, its standalone frequency
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Fig. 4. TE Transmission (S21) and TE Reflection (S11) for square loop FSS
under various angles of incidence.
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Fig. 5. TM Transmission (S2;) and TE Reflection (S11) for square loop FSS
under various angles of incidence.

response will change [17], [32]. Therefore, the interaction of
building walls and FSS has to be investigated when considering
this kind of application.

Fig. 6 shows the building materials effect on the frequency
response of the FSS. The results indicate that there is a decrease
on the tuning frequency of the FSS when the latter is attached to
the building material. This is due to the fact that Floquet modes
which decay exponentially with distance from the elements, still
have significant amplitudes at the boundary, hence modifying
their relative amplitudes and the energy stored close to the array
and thus affecting the resonant frequency [32]-[35]. To further
investigate this effect, simulations and measurements have been
performed by varying the distance between the FSS and the ma-
terial. Fig. 7 presents simulations and measurement results after
varying the air gap between the FSS and a wooden building wall
(MDF with e,, = 1.9 and ¢ = 0.008).

Fig. 8 indicates that when the air gap is bigger than A/10 the
effect of the wooden wall on the tuning frequency of the FSS is
eliminated [34].
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Fig. 6. Effect of wood and plaster when these are attached on the square-loop
ESS.
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Fig. 7. Effect of varying the distance between the square-loop FSS and a
wooden board.
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Fig. 8. Simulation and measurement of the effect of the air gap between
the square-loop FSS and a 9-mm-thick wooden (MDF) board on the tuning
frequency.
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Fig. 9. Measurement route for validation of the ray tracing tool.

III. RAY TRACING MODEL

In order to study the effect of deploying FSS in an indoor
environment, a 3D ray tracing model was developed to simulate
a simple scenario with and without the FSS. The application of
ray tracing falls into the category of deterministic or site-specific
modeling [36], [37], which is very well suited for this paper.
Ray tracing is based on geometrical optics (GO) and is used to
identify all the possible ray paths between the transmitter and
the receiver. Typical ray tracing algorithms include the shooting
and bouncing ray (SBR) and the image method.

For the purpose of this work, a ray tracing algorithm was im-
plemented in MATLAB, based on the image method. For this
method, for a given source point and a facet, the reflected rays
on the facet can be considered as being directly radiated from a
virtual source called the image source, which is symmetrical to
the real source with respect to the facet. The first step during the
implementation of the algorithm was to unambiguously define
the environment under investigation in terms of its geometrical
and morphological characteristics. These two descriptions are
integrated into the faceted model, where every building inter-
face is represented by a polygon-shaped facet, which geometri-
cally and morphologically describes the interface.

In order to validate the basic ray tracing algorithm prior to the
investigation of the effect of FSS, a real scenario (second floor
of the Centre for Communication Systems Research, CCSR,
University of Surrey) was simulated and radio measurements
were performed along the measurement route depicted in Fig. 9.
The basic ray tracing modeling approach was also compared
with results obtained from a commercial ray tracing simulator
by RemCom (Wireless Insite), which utilizes the SBR method.
Both ray tracing simulation tools consider up to six reflections,
all the possible refractions and one UTD diffraction [38]. The
electrical parameters of the scenario interfaces, used in both
simulating tools, are tabulated in Table II. Typical constitutive
parameters for different materials can be found in [3].

Fig. 10 shows the measurement route consisting of 51 (both
LOS and NLOS) averaged measurement points. Measurements
were carried out with a portable spectrum analyzer from Rohde
and Schwarz (FSP 30). The transmitter used was a Rohde
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TABLE II
ELECTRICAL PARAMETERS USED FOR CCSR INTERFACE
Interface Relative Conductivity ~ Thickness
Type Material Electrical o (meters)
Permittivity £, (Siemens/m)
External Brick 5.5 0.018 0.30
Wall
Floor and  Concrete 8 0.01 0.40
Ceiling
Internal Plaster 3.5 0.015 0.15
Wall
Door Wood 2 0.008 0.10
-30 T T T T T
—— Model Prediction (MATLAB)
—+— Measurement
a0l «-w Simulation with Wireless Insite |

Power in dBm

.90 . . 1 . 1
0 10 20 30 40 50 60

Point

Fig. 10. Comparison between measurements and modeling.

Schwarz signal generator transmitting a 10 dBm CW signal at
a frequency of 2.4 GHz. Dipole antennas were used for trans-
mitting and receiving. Fig. 10 shows the comparison of the
theoretical predictions and the measurement set. The recorded
set of measurements has indicated a mean square error of around
4 dB and a model error standard deviation of around 5 dB. One
reason for the minor differences between the theoretical predic-
tions and the measurements is the possible inaccurate use of the
constitutive parameters and the presence of indoor clutter [2], [3].

IV. FSS—RAY TRACING IN ANECHOIC ENVIRONMENT

In order to verify the applicability of ray tracing for pre-
dicting radio propagation in FSS indoor environments, an ex-
periment was carried out in an anechoic chamber as depicted in
Figs. 11 and 12. The transmitting antenna was placed outside
the chamber so as a LOS component could not be received by
the identical receiving antenna (1-8 GHz horn antennas with
40 degrees beamwidth), which was placed inside the chamber.
Two wooden boards were placed inside the chamber to direct
the ray components to the receiving antenna (Figs. 11 and 12).
With this setup, the rays launched by the transmitter reflect on
board 1 and 2 and then reach the receiver. The average distance
traveled by the rays after the two reflections is 6.3 meters, cor-
responding to a path loss of 56 dB at 2.4 GHz and the angle of
incidence varies between 45 to 60 degrees.
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Fig. 12. Anechoic chamber experiment setup.

Three cases have been measured; reflectors (1) are made of
wood; (2) are covered with metallic surfaces; and (3) are cov-
ered with FSS as depicted in Fig. 11. Fig. 13 presents the results
of these measurements. These results have been time-gated to
isolate only the reflected components and discard any other pos-
sible contributions. It is clear that there is a significant increase
of the field strength at 2.4 GHz for the FSS case compared to
the results obtained from the wooden board case. The received
power at 2.4 GHz is the same as the one for the metallic case, but
significantly lower for any other frequencies. This result verifies
the application of the FSS as a passive repeater, used to increase
signal coverage for specific frequencies of operation without af-
fecting the operation of other systems operating on other fre-
quencies. Also this experiment and the comparison with the the-
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Fig. 13. Anechoic chamber results for the 3 cases under investigation.
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Fig. 14. Scenario under investigation (Height = 3 m).
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oretical ray tracing results demonstrates that Ray Tracing can
be applied to predict radio propagation in FSS environments.
The inclusion of FSS makes the problem not entirely ray-op-
tical and therefore the developed ray tracing model was modi-
fied to incorporate the theoretical behavior of FSS by replacing
the Fresnel reflection and transmission coefficient calculations
with precalculated CFDTD angle-dependent FSS coefficients.
Diffraction effects in this case have been neglected and that is
why the edges of the boards in the chamber have been covered
with absorbing material.

V. IMPACT OF FSS IN AN INDOOR ENVIRONMENT

After the ray tracing algorithms were verified, a simpler in-
door scenario was developed (Fig. 14) in order to study the the-
oretical behavior of the FSS when these are incorporated on
the building interfaces. The facets in the simulated environment

3003

-50 FSS alone at 0°
wHee FSS 12.5mm away form plaster at 0°
= FSS alone at 36°
60} --Q-- FSS 12.6mm away from plaster at 36°
1 I i i L
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Fig. 15. Comparison of the transmission loss between the case where the
square loop is alone and the case where it is placed 12.5 mm in front of plaster
for two angles of incidence.

were also described in such a way as to take into account the FSS
behavior, under various angles of incidence, as suggested by the
CFDTD method. The square-loop FSS reflection and transmis-
sion coefficients for all possible angles of incidence were cal-
culated and incorporated into the Ray Tracing model. The ray
tracing model considers up to six reflections, all the possible re-
fractions and one UTD diffraction around the wall edges. It is as-
sumed that the FSS are not placed around the edges of building
walls and therefore the diffraction effects are calculated using
the UTD solution of [38]. As already mentioned in Section II,
when the air gap between the FSS and the building material is
bigger than A/10, then there is no significant effect on the FSS
response [34]. For this reason the square-loop FSS was placed
12.5 mm away from all the building materials (i.e., brick, con-
crete and plaster board). An illustrative example is shown in
Fig. 15 where the square loop FSS is placed 12.5 mm away from
plaster board.

The first scenario under investigation deals with the effect of
deploying the FSS, on the external walls (including floor and
ceiling). Results obtained along the estimation root, are shown
in Fig. 16. The spacing between the receiver locations along the
estimation route is 10 cm. Two dipole antennas with 2.15 dBi
have been used as transmitting and receiving antenna elements.
The transmitting power was set to 10 dBm. The obtained results
suggest that the field strength inside the building has generally
increased whereas the one outside the building has decreased.
The power outside the building is reduced by roughly 15-20
dB. This effectively means that any interference caused to other
wireless systems operating on the same frequency channel out-
side the external walls should be minimized. The power inside
the building is increased by 10-20 dB depending on the receiver
location. It is noted that in areas where radio propagation is dom-
inated by LOS components (e.g., along the corridor), the appli-
cation of FSS on the external walls had a minimal effect.

Results also suggest that the received field inside the meeting
room has not been significantly increased. The next step of this
work was to find a way to channel the signal along the corridor
and increase the signal strength in this area. To achieve this,
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Fig. 17. Comparison of different cases at 5.2 GHz.

FSS were added to the internal walls as well. Results presented
in Fig. 16 suggest that there is a significant increase of field
strength in the meeting room compared to the non-FSS case. It
is also noted that the field strength inside office rooms 3, 4 and
5 has not decreased since the attenuation suffered by the rays
while crossing the internal walls of these rooms is compensated
by the stronger multiple reflections along the narrow corridor.
However, this kind of compensation does not happen on the re-
ceived power outside the building, for the case that FSS were
added only to the external walls. In this case the ray paths which
undergo multiple reflections on the external walls are bigger
in length, compared to the paths which undergo multiple re-
flections along the narrow corridor. This effectively means that
these components will suffer higher path loss and they will not
contribute significantly to compensate the power reduction due
to the transmission through the wall.

Results suggest that in certain scenarios, FSS will act as pas-
sive repeaters, channeling the signal to areas of interest while at
the same time restricting coverage to other areas.
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To highlight the effect of the deployed FSS, tuned at 2.4 GHz,
aradio transmission at 5.2 GHz was assumed. The transmission
and reflection coefficients of the latter frequency were also ob-
tained through the CFDTD method. Fig. 17 suggests that the
FSS has very little effect on the radio propagation characteristics
on this frequency, since the FSS is not tuned at 5.2 GHz. This ef-
fectively means that carefully designed and deployed FSSs will
not have any effect on a system operating on another frequency.
An example could be the confinement of WLAN 802.11b/g sig-
nals within a building without obstructing the transmission of
GSM or 802.11a signals through such a frequency selective
environment.

VI. CONCLUSION

In this paper the basic isolation and passive amplification ca-
pabilities of FSS were demonstrated through the use of specially
modified ray tracing algorithms and anechoic chamber measure-
ments. Simulations and measurements were carried out to verify
the angular sensitivity of the reflection and transmission char-
acteristics of the FSS and the effect on their frequency response
when the distance between the FSS and the building material
is varied. Based on a modified ray tracing model, a simple sce-
nario was simulated, highlighting typical isolation and ampli-
fication figures that can be obtained. The typical amplification
figures were also verified through a small scale experiment in
an anechoic chamber. These figures will depend on the specific
type and setup of the FSS used. The results suggest that proper
FSS deployment can be used in indoor wireless environments
in order to increase or restrict coverage and that Ray Tracing
techniques can be applied to predict radio propagation in such
environments. Proper FSS deployment can assist signal chan-
nelling or confine coverage in specific areas.
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