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Abstract. This paper deals with a new approach to the
control of the propagation environment in indoor sce-
narios using intelligent walls. The intelligent wall is a con-
ventional wall situated inside a building, but equipped with
an active frequency selective surface and sensors. The
intelligent wall can be designed as a self-configuring and
self-optimizing autonomous part of a collaborative infra-
structure working within a high-capacity mobile radio
system. The paper shows how such surfaces can be used to
adjust the electromagnetic characteristics of the wall in
response to changes in traffic demand, monitored using
a network of sensors, thereby controlling the propagation
environment inside the building. Some of the potential
problems (mainly controlling coverage and interference)
relating to an increased usage of wireless systems both
inside and outside buildings are discussed and possible
solutions using intelligent walls with the active FSS are
suggested. The positive influence of intelligent walls on
system performance is shown and results obtained from the
simulations are shown and discussed.
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1. Introduction

In the 21st century, wireless technologies [1-3] used
inside buildings are starting to play a very significant role
in our lives. At present, public properties like shopping
centers and offices are mostly covered by 3G and GSM
networks, DVB-T transmissions, and more and more by
WI-FI network signals. Usage of these services will con-
tinue to increase rapidly, meaning that there will hardly be
a public place where such transmissions cannot be re-
ceived. This will be especially true inside buildings, and
for this reason, it will put stress on an efficient system
design and will also require innovative solutions which
make these systems sufficiently clever in order to achieve
adequate coverage, while maintaining high power and
bandwidth efficiencies.

The purpose of this paper is to show a possible way to
increase the indoor mobile system efficiency by creating
a cognitive environment. The method is based on improved
control of the propagation environment taking advantage of
the fact that the local infrastructure can be cognitive as well
as the communication devices themselves. This is achieved
through the development of ‘intelligent’ walls, which can
dynamically control their electromagnetic behavior in
response changes in the way the communication devices
are operating. This paper will consider two different issues
— controlling the quality of coverage inside buildings and
avoiding interference from devices sharing the same fre-
quency. The effect of the intelligent walls will be illus-
trated by simulation of behavior in several usage scenarios.

An intelligent wall is an active wall used in an indoor
scenario that is and covered by an active Frequency Selec-
tive Surfaces (FSS). Thanks to the active FSS the wall is
able to adjust its transmission and reflection characteristics
depending on the traffic demand from the devices inside or
outside the buildings. It can attenuate (or reflect) an im-
pinging electromagnetic wave at a certain frequency, while
having a minimized effect on the rest of the frequency
band. We can take advantage of this feature to solve some
issues related to the propagation phenomena inside build-
ings. The principle and main characteristics of the intelli-
gent walls will be outlined in section 2.

It is widely known that the behavior of electromag-
netic waves inside buildings is mainly given by both
building geometry and material properties of building
components (walls, floors, ceilings, etc.). The FSS in the
form of thin films could be even retrofitted to building
walls making it possible to improve system performance in
existing buildings.

Let us consider two common situations that happen
both inside and outside of a typical office building in a
city:

1. Let us assume the situation when users that are
operating mobile devices move inside a building. For
example, when a meeting takes a place in a certain part of
the building, most of the users are clustered in a room,
while the rest of the building may remain comparatively
empty. In such circumstances it is better to provide a better
quality of coverage to the area where there is a high user
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density, thus providing a higher quality of service. On the
other hand, in the area where there are fewer users (or
users with low priority) their coverage can be delivered at
alower quality level. Under such conditions one may
expect the best overall performance for the combined
system. One possible way to direct energy coming from
a transmitting antenna to the area of high demand is to use
the intelligent walls, as will be shown later.

2. As the number of wireless services increases
there is an increasing need for improved coexistence [2].
Even today, we find a lot of wireless services coexisting
inside office buildings. The coexistence of these services
can cause serious problems. They can be a source of inter-
ference both inside and outside of a building, and addition-
ally the emission of radio signals out of the building may
not be appropriate for security reasons. To avoid the inter-
ference, the building walls can be shielded (including inner
walls) using intelligent walls.

This paper is divided into five sections. Section 2
deals with the active frequency selective surfaces and the
resultant intelligent walls. The third section briefly men-
tions an indoor propagation model used during modeling
and describes the simulation set up. The fourth section
describes the simulation results obtained for the selected
scenarios. In the last section, the new findings are summa-
rized and possible future applications of the concept are
presented.

2. Intelligent Walls

The intelligent wall is considered as a self-configur-
ing and self-optimizing part of a pre-installed collaborative
autonomous infrastructure. This infrastructure can use
distributed artificial intelligence (DAI) to help dynamically
control a FSS enabling multipath propagation to be better
controlled and energy focused towards certain parts of the
building (while avoiding directing interference to an elec-
tromagnetically-sensitive area).

The cognitive system managing the infrastructure
consists of a distributed antenna structure, an intelligent
wall structure and sensors and uses the DAI together with
other principles and algorithms of the cognitive radio [4]
(machine learning, spectrum sensing etc.) to achieve the
best system performance. Such system can be fully
autonomous and therefore managed without human inter-
vention.

The active FSS is the most important part of an intel-
ligent wall. There is a significant body of work focusing on
both passive and active FSS [5-7] so we will restrict our
discussion to the most fundamental aspects. A large num-
ber of different types of FSS were already presented in [5],
but typically it is a periodic planar structure providing
spatial and narrowband frequency filtering of incident
electromagnetic waves and can be used in many different
applications. The passive FSS in contrast to the active

(adaptive) ones are designed to give a static frequency
response. On the other hand the active FSS is able to adjust
its electromagnetic characteristics dynamically. One possi-
ble way to control the active FSS characteristics is to use
incorporated PIN diodes connecting metal parts of the FSS
which are switched on and off by an external bias.

An example of the FSS without the wall substrate was
presented in [6], and this active FSS was designed at the
frequency of 2.3 GHz. At this frequency, if the bias of the
diode is set to OFF (OFF state) we can obtain a surface
which is almost transparent, i.e. almost all impinging
energy passes through the FSS — the transmission and
insertion loss is nearly zero. If diodes are switched on (ON
state), high isolation is achieved and in the example surface
types used here the majority of impinging energy is re-
flected, and the isolation level is about 25 dB (transmission
loss is therefore 25 dB). The values of transmission loss
(0 dB for OFF and 25 dB for ON state) have been used for
the modeling and simulations (see section 3).

Another paper [8] deals with a frequency-selective
(FS) wall that is a common partition wall with a band-stop
frequency selective surface attached. The FS wall is placed
in the main propagation path between the transmitter and
receiver, each of which is placed in adjacent rooms at
a distance of 2 m from each other in an office building. The
paper shows that the difference in received power between
the wall without FSS and the FS wall at the resonant fre-
quency (5.8 GHz) is about 10-15 dB. Further, it shows that
the FS wall frequency response is relatively insensitive to
varying incidence angles (similar to the results presented in
[9]). The relatively low difference between the wall and the
FS wall is caused mainly by the multi-path character of the
scenario. Multiple walls in the complex office building
scenario cause multiple reflections and diffractions and
therefore allow the signal to pass by the FS wall.

Unlike the previously mentioned papers, our work is
not primarily focused on the FSS itself, but on the concept
of a controlling propagation environment. In our simula-
tions the far field propagation is considered only, i.e. near
field effects of the electromagnetic structures forming the
FSS are neglected. A full electromagnetic simulator would
have to be used to comprehensively model these issues.
However, the near field effects will be significant only in
the immediate vicinity of the FSS walls so it does not in-
fluence our general results.

As was mentioned previously, the intelligent walls
can potentially be a very powerful instrument to affect
propagation environments inside indoor scenarios. We now
discuss a typical set of parameters that can be used to de-
scribe the intelligent wall, made up of conventional wall
and active FSS, and describe their function briefly. It must
be recognized that precise derivation of material properties
must take into account such things as angle of arrival of the
incident wave, its polarization, the width of walls, their
material constants, etc. The precise material constants in-
side real buildings are not usually known and therefore
must be estimated.
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3. Propagation Model and Simulation
Set up

A site-specific 3D ray-based deterministic propaga-
tion model [10, 11] was used during simulations. The
model considers the structure of a scenario as well as the
electromagnetic parameters of the walls. It is able to pro-
vide the site specific prediction of both narrowband and
wideband channel parameters (signal level, angle of arri-
val, impulse response prediction etc.).

We have chosen a typical scenario for the simulations
— a floor inside an office building. The scenario consists of
27 obstacles — 25 walls, the floor and ceiling. We only
consider major obstacles, minor obstacles like furniture and
people were neglected. Each obstacle used in modeling has
its own set of parameters depending on its material type, its
width and roughness of the surface. All indoor walls in the
scenario are considered to be intelligent, meaning that their
properties can be changed dynamically. Parameters used
during the modeling are depicted in Tab. 1. In our simula-
tions, we have focused both on control of coverage and
interference.

For our purposes, the floor was divided into three
parts according to the function of each area (Fig. 1),
namely the Office area — consisting of 10 offices divided
into two parts, the Main office area consists of 3 rooms and
the Meeting area is formed by 4 rooms. An omnidirectional
transmitting antenna was placed in the Main office area as
depicted in Fig. 3.

Y w == == Enclosure wall
Heavy wall
— Light wall

m Main office area
Meeting area

R\\] Office area

D Corridor
A\

Fig. 1. A floor divided into three main parts.

7

_Peo-glen =

The purpose of this paper is to investigate how the
intelligent walls are able to better control the coverage
provided by the antenna and consequently increase the
performance of a cognitive network [4, 12, 13].

A cognitive network (definition taken from [12]) is
a network with a cognitive process that can perceive cur-
rent network conditions, and then plan, decide, and act on
those conditions. The network can learn from these adap-
tations and use them to make future decisions, all while
taking into account end-to-end goals. Our goal is to show
a potential of using intelligent walls for the cognitive net-
works while the cognitive network itself and corresponding
intelligence are not addressed.

Let us define 3 different sample modes named ac-
cording to the location of the majority users. The modes
can be chosen by the cognitive network in dependence on

immediate demands using data obtained by network sens-
ing (the position of users, their priority, etc.) or manually:

e Working Mode — In this mode, all the rooms in the
scenario excluding the Meeting area and the corridor
should be covered by the signal transmitted by the
antenna. This mode corresponds to the situation when
all users are present in the offices and nobody is pre-
sent in the Meeting area.

e Meeting Mode — This represents the situation when
all users are present in the Meeting area, meaning that
the Meeting area should be well covered in contrast to
the Office area.

e Meeting and Working Mode — This mode is used if
both the Office area and the Meeting area need to be
covered. The number of users presented in the Meet-
ing area is much higher than the number in the Office
area and therefore their priority (better signal to noise
ratio) should be higher.

The essential concept of cognitive networks is based
on utilization of cognitive devices and infrastructure, the
artificial intelligence, sensing and learning algorithms and
offers a big potential for the future research.

4. Results

4.1 Calculation Method

All scenarios were simulated using a software tool
implementing the previously mentioned 3D ray-based
deterministic model [10, 11]. The following algorithm was
used. Firstly, the signal level (Fig. 2a) in each point of the
scenario was predicted using deterministic algorithm. The
exact positions of the transmitting antenna, obstacles and
their material properties (depicted in Tab. 1) depending on
the material, width, roughness as well as the presence of
the FSS were taken into account during the prediction.

The values in the table (OFF states) were estimated
from available values in literature and used as input data
for a ray-launching class of propagation models. The
values corresponding to ON states were estimated as
a combination of the common wall and the FSS.

Signal coverage in complex indoor scenarios is influ-
enced by many phenomena (multiple reflections and
diffractions) and therefore, at this level of concept verifica-
tion, there is no need to rigorously model the FS wall
behavior (i.e. by using an EM field simulator).

The signal to noise ratio (the signal to interference
ratio, respectively) was computed and the corresponding
modulation scheme was determined (Fig. 2b) according to
Tab. 2 [14]. The available modulation scheme in each
room was determined considering the condition that at least
95% of the room must be covered by the certain modula-
tion scheme (Fig. 2c¢).
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Transmission Loss [dB] Reflection Loss [dB]
Part of building Material Thickness [cm]
OFF ON OFF ON
Enclosure wall Concrete 30 17.3 423 7.5 6.9
Heavy wall Concrete 10 6.9 31.9 7.5 4.2
Light wall Plaster Board 5 22 27.2 12.9 1.8
Floor and Ceiling Concrete 10 6.9 319 7.5 42

Tab.1. The intelligent walls parameters (ON and OFF state).

MSCH min. MSCH min.
(Code Rate) SINR (Code Rate) SINR
[dB] [dB]
BPSK (1/2) 1 QPSK (1/1) 12.5
BPSK (2/3) 3 64QAM (1/2) | 15.1
BPSK (3/4) 3.8 | 16QAM (2/3) | 17.7
BPSK (7/8) 4.8 | 16QAM (1/1) | 19.7
QPSK (3/4) 6.8
64QAM (1/1) | 26
BPSK (1/1) 9.5

Tab.2. SINR and corresponding modulation schemes.

Received
Power
[dBm]

0 64-QAM (1)
-10 I 16-QAM (1)
-20 64-QAM (2/3)

Modulation
Scheme

a) Signal coverage

b) Modulation scheme

-30 64-QAM(1/2)
-40 QPSK (1)
-50 BPSK(1)
c) Modulation scheme in rooms 0 apsK@g
-70 BPSK(7/8)
-80 BPSK(3/4)
-90 BPSK(2/3)
-100 BPSK(1/2)

Fig. 2. The determination of the available modulation scheme.

4.2 Controlling Coverage

Fig. 3 shows the results obtained by the above men-
tioned process. In Fig. 3a you can see the scenario in the
static mode (all intelligent walls are set to OFF). It corre-
sponds to the conventional buildings.

The quality of coverage predicted using the Working
Mode is depicted in Fig. 3b. In this case, the Meeting area
is completely shielded from the transmitter and almost all
energy is reflected by its peripheral intelligent walls which
are in ON state. The reflected energy can be therefore used
for reaching the better quality of coverage of the Office
and Main office area — the Office area is covered better
than in the static mode.

The available modulation schemes predicted for the
Meeting Mode are displayed in Fig. 3c. As you can see the
whole meeting area is covered by the best modulation
scheme in contrast to the static mode. Office areas (except
two rooms) are not covered.

The results of the Meeting and Working Mode can be
seen in Fig. 3d. The best quality of coverage is reached for
the Meeting area as was requested. The Office area is cov-
ered as well as the meeting area but with the lower level of
modulation scheme than in the case of the Meeting area —
according to our request.

There are also other issues arising from this approach.
Other mobile communication services working in close
frequency bands (GSM, UMTS) can be affected by the
intelligent wall system. This can cause problems if, for
example, a mobile device is connected to the outdoor cel-
lular network.

a) Static mode b) Working mode
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Fig. 3. Four modes of the coverage controlling.

4.3 Interference Controlling

If four transmitters working at the same frequency are
placed in the corners of the scenario (Fig. 4 — Multiple-
transmitter configuration), we can expect that the quality of
coverage will be limited because of interference among the
transmitters. To avoid this effect and to minimize the size
of uncovered area and therefore to increase quality of cov-
erage and increase system capacity we can switch on suit-
able intelligent walls as can be observed in Fig. 4.

Fig. 4a shows the quality coverage (predicted using
the process mentioned in section 4.1) when no intelligent
walls are active. You can see a large uncovered area (white
color) caused by interference from the transmitters by con-
trast to the situation depicted in Fig. 4b showing coverage
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when four suitable intelligent walls are set to ON. In the
first case (Fig. 4a), there are only 10 rooms covered. In the
second case (Fig. 4b), the entire scenario (except the corri-
dor, i.e. 17 rooms) is covered. That means we can achieve
about 42 % larger size of the covered area than in the case
of the static mode.

The control of interference allows us to achieve
a higher system capacity (higher data speed rate), to de-
crease the transmitter power level (extend battery life of
mobile devices) and avoid interference to electromagneti-
cally-sensitive areas.

a) Static mode

b) Intelligent mode

m

=
= 1

=] s4-0am (1) K apsk (1) BPSK (%) [_] Uncovered O Transmitter
=== Wall is ON Wall is OFF

Fig. 4. Multiple-transmitter configuration.

5. Conclusion

We have proposed a new method of controlling signal
coverage which can be used inside buildings both for cov-
erage controlling and avoiding of interference between
transmitters. The method is based on changing of electro-
magnetic properties of intelligent walls which are conven-
tional walls equipped with an active frequency selective
surface and sensors. The walls are part of a collaborative
autonomous infrastructure and they are able to adjust their
properties, e.g. on the basis of data obtained by sensing of
users or cognitive network sensing.

The sample scenario was modeled and simulated to
demonstrate the principle of the idea and function of the
intelligent walls. The results show that intelligent walls can
be strong instrument to control signal coverage and subse-
quently to control available level of service. The control-
ling of coverage is very useful when mobile users change
their position in an indoor scenario, because then intelli-
gent walls provide the efficient way to change propagation
environment rapidly.
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