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Abstract; - This paper describes a study of how 2.45GHz electromagnetic waves propagate indoors. 2.45GHz is
a typicd Bluetooth frequency. Propagation modes with both one and severd tranamitters have been made
using an advanced computer program. Furthermore, a model of the propagation of 433MHz radio waves has
been made and used as a standard point of comparism. To make sure that such models are reliable the study
was renewed using a red 2.45GHz transmitter and receiver and then comparing the results to those given by
one of the propagation models. In addition, the results of a study of Bluetooth traffic have been compared to the
outcome of a propagation model created to represent a smilar situation. Finaly, the suitability of Bluetooth for

indoor use is discussed.
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1 Introduction

Bluetooth, the low cost technology to replace
inconvenient cables, has been one of the most
hyped technologies in the aea of wirdess
communications lately. Bluetooth operates on the
24GHz (2,400.0 — 2,4835) Industrid Scientific
and Medical (ISM) band worldwide. Offices and
other indoor facilities are conddered to be
epecidly suitable surroundings for Bluetooth.

In order to be a sufficient Bluetooth link
the receiver sendgtivity must be a least -70dBm
with BER 0.1%. Bluetooth devices are divided into
three classes by their power output:

Class 1 +20dBm 100mw,
Class 2 +4dBm 2.5mw,
Class 3 0dBm Imw.

In this paper the question of how many
245GHz transmitters are needed to produce a
receiver sengtivity of at leest -70dBm everywhere
in an gpartment (circa 15m * 25m in size) is
considered. The same has been done using common
433MHz transmitters to better illustrate the results.
A comparison between the results of a Bluetooth
traffic sudy and a propagation modd is presented
as wel. The trangmitters used in this study are
omni-directiond and belong to the third cdass
(0dBm or 1mW). Such transmitters are used
because their popularity in the area of persond area
networks seems to be increasing day by day. Also,

the results |ise a quedtion regarding the threshold
frequency, namely whether -70dBm is a good
minimum value or not. This matter is discussed as
well.

2 Propagation M odels

The computer program that was used to cregate the
propagation models — computer programs and
propagation models were discussed in [4] — shown
in Fig.1, 2, 3 and 4 is basad on an dgorithm called
Multi-Channel-Coupling. Bascdly, Mult-
Channel-Coupling does not ded with individua
rays but considers a propagation environment to be
an assembly of attenuators and reflectors whose
geometry defines a huge number of possible modes
of interaction.

The only differences between Fig.l and
Fig.2 are the number and frequency of transmitters
(the little crosses). In Fig.1 the frequency of dl
individua transmitters is 2.45 GHz while in Fig.2
the frequency is 433MHz. Otherwise the pictures
ae dmilar. All the transmitters are omnk
directiond (0dBm or 1mW) and placed a the
height of 0.80m, and the floor plans are on the
same scale. Furthermore, different wall materids
are a0 represented in the pictures.

Fig.l and 2 show that dthough a rather
small gpartment is in quegtion, it takes at leadt five
2.45GHz transmitters to cover the whole apartment
with receiver sengtivity of at least -50dBm
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Fig.1 Five omni-directional, 1mw, 2.45GHz
trangmitters are needed to secure that recever
sengtivity doesn't drop under -50dBm in the
apartment.
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Fig.2 Two omni-directional, 1mw, 433MHz
trangmitters are more than enough to produce even
better results than in Fig.1.

whereas only two 433MHz transmitters are needed
to do the same. (The reason why -50dBm has been
regarded as minimum receiver sendtivity here is
explained in the next chapter.) As a matter of fact, a
sngle rightly placed 433MHz transmitter can
amog satisfy the requirements.

3 Experimental Validation

To veify the vdidity of the two propagation
models described above a third model wes crested
in which only a single transmitter was used. Fig.3
shows this propagation model. The transmitter of
Fig3 is exactly dmilar to the ones in Figl
(2.45GHz, 0dBm or 1mW, omni-directiond) and it
isaso placed a the same height, 0.80m.

The next step was to use a sgnd generator
and an omni-directiond antenna as a transmitter
and a spectrum andyzer and a sSimilar antena as a
receiver. The transmitter was placed in the same
place where it isin Fig.3 and at the same height, of
course. The receiver was then moved around the
gpartment and results were taken in severa places
in every room and the corridors. No significant
movement occurred during a single sweep of
frequencies except that required to operate the
equipment. In redity the surroundings where
Bluetooth devices operate are dynamic, people
move around a lot, for example. A typica result of
movement during a sweep of frequencies is shown
in Fig4. The impact of multipath propagation,
consdered in [1], was taken into account as well,
and its effects were brought to average by changing
the position of the receiver in a sandard way.

At firgt the experimentd resuts seemed to
differ quite a lot from those predicted in Fig.3.
However, a closer look reveded that the difference
was quite Stationary everywhere in the apartment.
The experimental results showed aways roughly
20dBm lower receiver sendtivity than the
propagation model. This suggested that in redity
the transmitted signds might attenuate a little more
than propagation modds of Fig.1 and 2 indicae as
well. Nevertheless, the figures can be considered
fairly rdiable because such modds can only be
suggestive a best. In addition, there are dways
people around whose movement in the line of
transmission causes increased signad  attenuation.
This is why -50dBm has been regarded as the
minimum receiver sendtivity in Fig.1 and 2.



4 Bluetooth Data Transmission Study
In order to provide further proof of the rdiability of
propagation models and dso just out of generd
interest, a study of Bluetooth traffic was done using
a red Bluetooth transmitter and a receiver. The
focus of this study was in data transmission speeds
and the time required for a successful transmission
when the distance between the transmitter and the
recever was not kept the same Packet
retransmission was dso sudied. A similar Stuation
was then depicted in a propagation modd and the
results were compared. Fig5 shows the
propagetion modd in quesion. As in dl the other
measurements the used transmitter was once again
omni-directional and its power output was 0dBm or
ImW.

Let's have a closer look a Fig5. The
shorter  distance between the  transmitter
(represented by the cross) and the receivers (the
dots) is 5.80m while the longer distance is 8.90m.
There is dso a rdatively thin plaster board wadl in
the direct line between the transmitter and the
receiver that are separated by 8.90m digtance.

A 1MB file was sent repestedly to the
receiver and findly a mean vadue for the required
time, transmission speed and packet retransmission
per cent was obtained. These mean vaues were
then normdized usng the average vadue obtained
from the shorter range as a standard point of
comparison. This way the comparison between the
results of the Bluetooth treffic study and the
propagation model is ceaer and esse to
understand than by comparing absolute values.

The normdized vdues indicated tha it
took on an average 1.20 times longer a time to
transmit successfully when the distance was 8.90m
intead of 580m. At the same time daa
transmission speed was only 0.83 times the speed
obtained with a shorter range and even 9.89 times
more packets had to be retransmitted. These results
show that by lengthening the distance between the
transmitter and the recelver a successful
transmisson becomes harder and harder. Data
transmission speed becomes dower which makes
the time required to transmit successfully longer.
Also, alot more packets have to be retransmitted. It
is aso noteworthy that no significant movement
took place during the transmissions. In redity there
usually is some sort of movement which makes
transmissions even more difficult.

When the results of the Bluetooth traffic
study were compared to the results shown in Fig.5
it could be seen that propagation modds redly can
give a good idea of what to expect in redity. The
receiver sengtivity is about -60 dBm around the

recever placed a a digance of 8.90m from the
transmitter. Around the receiver that is nearer the
transmitter the sengtivity is about -50dBm. This
indicates that it takes somewhat more effort to
transmit a file to the more digtant receiver than to
the nearer which it indeed does. Furthermore, if we
use -50dBm as a standard point of comparison, it
means that the receiver sengtivity is 1.20 times
worse around the more distant receiver. The ratio
between the average transmission times was
exactly the same. Although comparing receiver
sengtivity and transmisson times is not that
orthodox the two are closdy related and this further
edtablishes the reliability of propagation models.

5 Conclusions and Discussion

This paper has described a study of how 2.45GHz
electromagndic waves propagate indoors. Three
different propagation models have been made using
an advanced computer program. In order to make
sure that the models are relidble, experiments have
been done using a red transmitter and receiver. The
experimenta results have then been compared to
those given by one of the propagation models.
Also, a Bluetooth traffic study has been made and
the rdiability of propagation models has been
discussed by comparing the results of the traffic
study to those shown in Fig.5.

Based on the results it has to be said that
while Bluetooth has indisputable advantages it is
certainly not flawless. Fve 245GHz omnk
directional transmitters (0dBm or 1mW) ae
required to produce a receiver sengtivity of at least
-70dBm everywhere in a quite smal apartment. If
the frequency was 433MHz, only two, perhaps only
one transmitter would be needed to do the same.
Furthermore, in offices and other places in which
Bluetooth devices are designed to operate there are
practicaly aways people who move around from
place to place which increases signa attenuation.
Hence, even five 2.45GHz transmitters with 0dBm
power output may not be enough in practice. It is
tempting to use transmitters with higher power
output but low power output has its advantages
aso, frequencies can be reused, for example.
Because of this only a single transmitter and
recever was used in the experiments instead of
many and focusng on the radio network
performance of Bluetooth considered in [3]. On the
other hand, with the help of smart antennas [1] —
[2], for ingtance, the results might be significantly
better than in Fig.1.

Finaly, the results of this study raise the
guestion of whether -70dBm is a suitable minimum



recever sendgtivity or not.  Teking into
condderation the fact that the characteristics of the
transmitter in use and coupling loss may attenuate
the signd even up to 20dB, -70dBm leaves only so
much scope for the “red” attenuation. The
experimental results of this study, for example,
suggested that dready in the room next to the one
where the transmitter was, the receiver senstivity
exceeded the minimum receiver sendtivity only
just.
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Fig.3 When only a single omni-directional, 1mw,
2.45GHz transmitter is used the attenuation of the
signal can be seen very clearly.
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Fig.5 Digance cdearly affects the receiver
sengitivity. The distances between the transmitter
and the receivers are 5.80m and 8.90m. The result
isa 10 dB differencein the receiver senstivities.

Fig.4 When people move in the line of transmission
it normally results in a weakened signal like in the
picture to the lft.



