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Analysis of Bluetooth and Zigbee Signal
Penetration and Interference in Foliage
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Abstract—Signal penetration in the 2.4 GHz band, in
terrains with thick foliage is known to be an issue. However, it
is necessary to establish efficient wireless communication in this
type of regions as well, both for the improved efficiency of
sensor networks deployed for research and monitoring and also
for the advancement in connectivity for socio-economic data
networks.. A study is initiated and presented in this paper to
analyse the actual effect of foliage on the 2.4GHz band, which is
currently the most common signal frequency used for wireless
connectivity. The study revealed a signal drop of more than
83% from the best case scenario, without obstacles or
interference, to the worst case scenario in a jungle terrain with
thick foliage and interference, as chosen for this study.

Index Terms— Zigbeen, Blueetooth, Signal Interferenes,
Wireless Communication, foliage

I. INTRODUCTION

HE IEEE 802.15 standard has been developed to

establish a roadmap for development of Personal Area
Network which is meant for modest-sized geographical
areas. Here we discuss two protocols for Personal Area
Networks. The IEEE 802.15.1 is the standard for Bluetooth,
which is the most widely used short range communication
technology, initially originating as a short range cable
replacement technology, boasting more than 2 billion
devices making use of it worldwide. It is also a continuously
evolving technology. The latest version at the time of this
study, Bluetooth 4.0 with its high energy efficiency and high
data rates of up to 24 Mbps, provides the best data sharing
experience yet [20].

The IEEE 802.15.4 standard is for wireless personal area
networks (WPAN) with low-power, low-cost, low-speed
communication between devices. There is no underlying
infrastructure to emphasize its low cost and low power
consumptions. The basic framework conceives a 10-meter
range with 250 Kilobits per second transfer rate. Physical
medium is accessed through a Carrier Sense Multiple Access
with Collision Avoidance (CSMAJ/CA) protocol [18].
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The 2.4 GHz is in the unlicensed spectrum. Because of
this, most of the wireless related technologies operate in this
spectrum, including WiFi, cordless phones, wireless
peripherals, microwave ovens, etc. and Bluetooth and
ZigBee are no exceptions. As a result the interference in this
spectrum is also high. It has been studied that this spectrum
is also susceptible to ambient weather and environmental
conditions due to absorption of parts of this spectrum due to
moisture and other obstacles like buildings, trees, shrubs,
etc. In this paper, we wish to investigate the effects of
environmental conditions on Bluetooth and ZigBee signal
penetration covering both technological and environmental
interferences on both. Conducting this research in Kuching,
Malaysia will give us an excellent opportunity to apply both
the technological interference and environmental constraints
in order to chart a study on the signal penetration of
Bluetooth and ZigBee.

The following are the objectives of the study:

e To examine the effect of foliage on Bluetooth and

ZigBee.

e To examine the effect of the interference of one
technology on another in those environmental
conditions.

This paper is organized as follows. We start with some
related work in this area under the Literature Review,
followed by the Methodology, Experiment and Results and
conclusion with some future works.

Il. LITERATURE REVIEW

Some related work in this area is discussed as follows.
The various standards are defined in their relevant standards
document.

Wireless networks have two modes of operation, AdHoc
and Infrastructure. Bluetooth [18] and Zigbee [17] protocols
support the ad-hoc operation mode. The 802.11 standards
[16] employ the Carrier Sense Multiple Access with
Collision Avoidance (CSMA/CA) method for concurrent
shared medium access [20].

Bluetooth operates in the frequency band of 2.45 GHz —
the Industrial-Scientific-Medical (ISM) band, which ranges
from 2,400 to 2,483.5 MHz in the US and Europe (only
parts of this band are available in France and Spain), and
from 2,471 to 2,497 MHz in Japan. Hence, the system can
be used worldwide, if the radio transceivers can operate in
the frequency band between 2,400 and 2,500 MHz and they
can select the appropriate segment [4].

The older Bluetooth 1.0 standard was the first version and
had a maximum transfer speed of 1 Megabit per second
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(Mbps). Version 2.0 worked at up to 3 Mbps and backward
compatible with v1.0. With Bluetooth version 3.0 standards,
the data transfers rates were able to reach up to 24Mbps.
This improvement in data rate is attributed to the inclusion
of 802.11 radio protocol (the 802.11 Protocol Adaptation
Layer — PAL) providing for the increase in throughput.
However, Version 3 has higher power consumption, which is
due to the 802.11 radio that is combined with it in order to
facilitate high data rates. Bluetooth 4.0 was later adopted in
2010, providing improvements power consumption. Newer
forms of Bluetooth bring compatibility with NFC chips.
Both Bluetooth versions 3.0 and 4.0 can talk to NFC
hardware in phones and laptops to make pairing a simple
process of tapping the two devices together. For example,
Motorola's new Elite Sliver headset has this NFC pairing
ability. [2]. Bluetooth version 4.1 is the latest Bluetooth
version released in December, 2013.

The Bluetooth operates in The Basic Rate / Enhanced
Data Rate (BR/EDR) and Low Energy (LE) modes. The
BR/EDR simply operates at the symbol rate of 1
Megasymbol/second (Ms/s), supporting 1Mbps at BR and 2-
3 Mbps at EDR. Devices use a specific frequency hopping
pattern that can be adapted to exclude a portion of the
frequencies that are used by interfering devices, thereby
adapting co-existence with static no-hopping systems in the
ISM band. LE mode employs two multiple access schemes,
Frequency division multiple access (FDMA) with 40
physical channels 2 Mhz apart, and time division multiple
access (TDMA) using time slots allotted to the devices. The
system is capable of powering down secondary controllers in
the Bluetooth core system to conserve power [3].

Zighee is a wireless technology built on the IEEE
802.15.4 standards, to operate on low data rates, low power
and low cost. Since sensors and actuators do not consume
high power, Zigbee devices can provide long lifespan, by the
decades, for the batteries installed. In short, Zigbee is known
as ‘Wireless Control’, it comes from the term ‘Wireless
Sensor Networking and Control’ [6]. The Zigbee
architecture consists of several layers — Physical, Media
Access Control, Network, Security and Application.
However, Zigbee Alliance is only accountable for the
Network, Security and Application Layers. The Physical and
Media Access Control layers are not the responsibility of
Zigbee Alliance and are based on the IEEE 802.15.4
standards [12]. The network layer is in control of anything
that is involved in forming the network. This includes
configuration of network and discovery of devices [8].

Microwave is generally defined as a Kkind of
electromagnetic wave with frequency of 0.3GHz to 300GHz,
having wavelength of 0.001m to 0.3m. Microwaves usually
propagate in a straight line and do not diffract around
obstacles. When it passes through obstacles, attenuation
occurs. Normally, radio frequencies of longer wavelength
(low frequency) are less susceptible to attenuation [14]. In
wireless networking, Ultra-Wide Band (UWB) helps to
obtain higher bandwidth using lower power consumption, at
very short distances — up to a maximum of 230 feet [16]. On
the other hand, UWB has the capability of transmitting
signals through obstacles that reflects signal with more
limited bandwidths and high power. This band is widely
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used in WPAN and devices which uses wireless connectivity
[9]. Interference of rain to the signals in the wireless
communication is known as rain fade. Rain fade happens
when the separation of the rain droplets is almost similar to
the wavelengths of the signal [13]. Since the rainfall is not
constant, rain fade is not permanent or constant as it depends
on the rain and its intensity. Each WiFi channels overlaps 4
Zigbee channels. The interference levels are higher at the
channels in the center frequency than the edges. These two
technologies can coexist within short distances when there is
a large difference in their center frequencies, otherwise they
can coexist only in longer ranges [1].

Some experiments and measurements were done to
quantify the interference effect of Zigbee devices on the
throughput performance of the IEEE 802.11g and vice versa.
The results presented state that the Zigbee interference has
more effect on the IEEE 802.11g uplink rather than the
downlink. Furthermore, the results also show how IEEE
802.11q is affected by Bluetooth more than Zigbee and how
IEEE 802.11g affects the performance of ZigBee when the
spectrum of the chosen channels of operation overlap [7].

The two methods for radio frequency modulation in the
unlicensed 2.4 GHz ISM band are frequency-hopping spread
spectrum (FHSS) and direct-sequence spread spectrum
(DSSS). The DSSS systems have the most to lose because of
the danger of overlapping with another DSSS system. A
receive strength signal indicator (RSSI) can be used to
proactively measure the amount of energy on the air and if
that level is too high over a period of time switch to a clearer
channel. A period of time is taken into account so as not to
change channels if a FHSS system is passing through [5].

For the purpose of this study, we have made use of
Bluetooth version 4.0 enabled smartphones and usb Zighee
dongles to carry out the experiments. This version has two
main modes of operation BR/EDR and LE. These are
explained in some detail in the following parts.

I1l. METHODOLOGY

This paper focus on analysis of the Bluetooth and Zigbee
signal penetration in different environmental conditions and
their interference effect on each other. We will follow a
quantitative approach, to study the actual performances in
the three scenario setups, as discussed below.

Bluetooth signal was measured using two smartphones
running Bluetooth v4.0 with their backs facing each other.
The signal strength was measured using an android app
called Bluetooth Signal. Zigbee was studied using two
laptops connected with USB zigbee device and Fluke
Networks AirMagent Spectrum XT application was used to
measure the signal strength.

As the transmitting power for each device we used is
different, we used a standardized value for our comparison
and analysis. We have looked at a factorized signal
degradation value (dSig) for this, and it was calculated using
the formula in Eq — (1). The devices were not calibrated and
therefore the values may not be absolute, but since we have
used the same devices for all the experiments, they are valid
for the purpose of comparison. As we measured signal
degradation, higher value means lower RSSI.
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. TxSS —RxSS
dSLg = T rrss -(Eq. 1.)
L dSig: factorized Signal Degradation Value,
2 TxSS: Transmission Signal Strength,

3 RxSS: Received Signal Strength

A. Zero Interference and Zero Obstacles

Fig. 3. Thick Foliage — The Jungle
IV. EXPERIMENTS AND RESULTS

A. Bluetooth, Zero Obstacles and Interference

With no spectrum interferences apart from the ambient
weather conditions at the stadium, this provided best results
for Bluetooth operation. In terms of coverage, the Bluetooth
signal reaches a staggering 120m. For a short range data
sharing technology the coverage of 120m is quite high, this
is attributed to the Class 1 transmitting power of the device
used which in our case is the Lumia 920 smartphone
B. Zero Interference and Mild Foliage Obstacles ¢ g

Fig. 1. Zero Obstacles — The Stadium
We found the Sarawak State Stadium parking lot in
Kuching to be a zone with no RF signals in the 2.4GHz band
and clear line of sight (no obstacles). Fig. 1. shows the
picture of the location where the experiment was conducted.

Degradation Factor

35 °
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170

Distance (m)

—@—Readingl — & —Reading2 --- Reading3 - -@ - Average

Fig. 4. Bluetooth, Zero Obstacles — The Stadium

Fig. 2. Mild Foliage —The Village Fig. 4. shows that as the distance from the reference point

This scenario was observed in a village setting on the jncreases the average degradation increases. This indicates
outskirts of Kuching, Malaysia. The area did not have any  tnat the signal strength gradually decreases as the distance
RF signals in the 2.4 GHz band. The place was shrouded  jncreases. It was interesting to note that the Bluetooth signal
with growth of knee height foliage. There was a bunch of of  quId be detected over a distance of 120m from the
banana trees standing in the middle of this area, which We  reference point, even though it was originally designed to be

could use for study of signal propagation behind this |assthan 10m cable replacement technology.
obstacle. The experiment was conducted in pleasant weather

conditions with clear sky and no rain. Fig 2 shows the B. Zigbee, Zero Obstacles and Interference
picture of the location where the experiment was conducted. The average degradation factor brought some very
interesting results for Zighee. From Fig 5, it can be seen that
the degradation factor was slowly increasing from the
We found some area near the village with thick foliage,  reference point to the 30m point. However, it dropped a
ideal for this scenario. The foliage was thick enough to  great value from a value slightly above 24 to almost 22 when
make passage through the foliage difficult and no line of  he receiving Zigbee device is placed 40m to 50m away from
sight beyond a few meters due to the dense vegetative  the reference point. The degradation factor continued to
growth. It was fair weather with clear sky when the  gy65 slightly at 60m to 70m. After which, the degradation
experiment conducted. Fig. 3. shows the picture of the  facior started to follow an increasing pattern. This result was
location where the experiment was conducted. consistent on multiple experimental attempts.

C. Zero Interference and Thick Foliage Obstacles
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2 E. Bluetooth, Mild Foliage and Zero Interference

In this scenario, we can observe a big drop in the range
for Bluetooth, with the signal reaching only up to 30m. This
is attributed to the grass cover in the field. It can therefore be
inferred that these shrubs limit the signal penetration. The
taller obstructions in the area, namely the banana trees (as it
can be seen in the picture) are signal killers because no

Degradation Factor

0 20 40 60” 80 100 120 Bluetooth signal is received behind them or even 10m
Distance (m . . T .
behind them. The measurement presented is avoiding this
- - - Readingl —@— Reading2 Reading3  --4-- Average Obstacle

Fig. 5. Zigbee, Zero Obstacles — The Stadium

C. Bluetooth with Zigbee as Interference, Zero L ‘;_,,..,.-—”"”""'!
Obstacles f 525 /”_,_4
Bluetooth and ZigBee technologies use the 2.4 GHz ‘ng J_.,.f’
spectrum for its operation. The addition of interference in B s o
the form of ZigBee causes a considerable drop in the signal 8 425 ,__.,-;”"
strength for Bluetooth (Fig. 6.). ZigBee uses DSSS 37: 5
modulation technique in which the data bits are spread to a 0 5 10 15 20 2 30
larger bit stream, so that the data has a bigger bandwidth Distance (m)
than the original data. This causes crowding of the spectrum e Readingl --B--Reading2 Reading3 = & — Average

and thus affects Bluetooth operation. As a result the

coverage of Bluetooth is decreased. Fig. 8. Bluetooth, Mild Foliage — The Village

F. Zigbee, mild foliage and zero interference

Fig 9 shows the degradation factor of Zigbee with no
obstacle. Comparing this to the stadium scenario, it is
observed that there is a large increase in the degradation
factor. By this, we can infer that the signal strength over the
30m for this scenario decreases by a great deal.

Degradation Factor

0 10 20 30 40 50 60 70 80

Distance (m)
—@—Readingl  --48-- Reading 2 Reading3 - A - Average

Fig. 6. Bluetooth, Zigbee Interference, Zero Obstacles — The Stadium

D. Zigbee with Bluetooth as Interference, Zero 19
0 5 10 15 20 25 30
Obstacles )
Distance (m)
245
5 —&—Readingl =-M=-=Reading2 Reading3 = &= Average
5]
LE Fig. 9. Zigbee, Mild Foliage — The Village
]
B . . . . .
3 G. Bluetooth with Zigbee as interference, mild foliage
[
u
[a]
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Distance (m)
—&—Readingl  --4--Reading 2 Reading3 = & = Average

Fig. 7. Zigbee, Bluetooth Interference, Zero Obstacles — The Stadium

Degradation Factor

Zigbee signal was received beyond 80m. Since the signal
for Bluetooth was detectable up to a maximum distance of

80m, the signal strength of Zigbee was also measured only 0 5 10 15 20 25 30
up to 80m, even though it was detectable beyond this Distance (m)
distance. By observing the data (Fig. 7.), it is seen that there —e—Reading1 ~-B--Reading2 Reading3 - A- Average

is no perceivable change in the degradation pattern from
what was observed in the previous scenario. However, the
drop in degradation factor occurred much sooner than when
Zigbee is operating alone without Bluetooth as interference.

Fig. 10. Bluetooth, Zigbee interference, Mild Foliage, line of sight — The
Village
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Fig. 11. Bluetooth, Zigbee interference, Mild Foliage, no line of sight
(obstruction) — The Village

Bluetooth, as expected shows an increased degradation
factor, attributed to the added interference from Zigbee
signals. There is a marked difference in the trend (Fig 10) as
the degradation factor increases quite rapidly, indicating
faster drop in signal strength compared to the previous
scenario.

In the case of obstruction (Fig. 11), the signal was
detected at 20m. This might be due to the surroundings
(reflections etc.) or nature of the field. However, the signal
received is noted to be too weak for any data transfer to take
place. Hence we have left out this reading from the data
analysed and presented, noting this variation as an
observation only.

H. Zigbee with Bluetooth as Interference, Mild Foliage
and Zero Interference
From the average reading in Fig. 12, it is seen that the
degradation factor is slightly increasing from 23.67 at
reference point to 26.3 at 30m. This pattern is similar to the
average reading of the stadium scenario.

28
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Fig. 12. Zigbee, Bluetooth interference, Mild Foliage, line of sight — The
Village
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Fig. 13. Zigbee, Bluetooth interference, Mild Foliage, no line of sight
(obstruction) — The Village

ISBN: 978-988-14047-6-3
ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)

Proceedings of the International MultiConference of Engineers and Computer Scientists 2016 Vol II,
IMECS 2016, March 16 - 18,2016, Hong Kong

With the Zigbee receiver behind the obstruction (the
banana trees), there is a considerable increase in the
degradation factor. As in the earlier scenario without
Bluetooth as interference, it is seen that at point 20m, the
average degradation factor of Zigbee in Figure 13 slows a
slight increase. However, the degradation factor increases
once again at 30m.

I. Bluetooth, Thick Foliage and Zero Interference

We notice the expected trend, with the degradation factor
increasing with the distance. Since the variation of
degradation factor was high, reading was taken at every 5m.
It is interesting to note that the Bluetooth signal loss was
very high and was not received after 20m.
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Degradation Factor

—®—Readingl --4--Reading 2 Reading3 = &= Average

Fig. 14. Bluetooth, Thick Foliage — The Jungle

J. Zigbee, Thick Foliage and Zero Interference

We notice one again that degradation factor (Fig. 15.)
dropped from 15-20m. However, after the 20m point it
continues with the increasing degradation factor.

Degradation Factor

0 5 10 15 20 25

Distance (m)

—&—Readingl ----Reading 2 Reading3 = A— Average

Fig. 15. Zigbee, Thick Foliage — The Jungle

K. Bluetooth with Zigbee as interference, thick foliage
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Fig. 16. Bluetooth, Zigbee interference, Thick Foliage — The Jungle

IMECS 2016



We notice increased signal degradation as compared to
the previous scenarios, attributed to the thick foliage in the
forest environment. In effect, it resulted in loss of Bluetooth
signal penetration from upto 120m in the open stadium
parking to 20m in the jungle. When ZigBee is also
operating, more degradation occurs, as the crowding of the
spectrum utilised by zigbee causes additional signal loss.

L. Zigbee with Bluetooth as interference, thick foliage

We observe from Fig. 17. that the Jungle scenario has a
higher degradation as compared to the previous scenarios.
At 20m, we once again noticed a sudden drop in degradation
value. The drop in both village and jungle scenario happens
at 20m where as in stadium there was a drop at 40m and
another drop at 60m. The signal degradation is observed to
be the highest in this scenario.
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Fig. 17. Zigbee, Bluetooth interference, Thick Foliage — The Jungle

V. CONCLUSION AND FUTURE WORKS

The paper presents an analysis of the effect of foliage and
interference on signal penetration in the 2.4 GHz RF band.
We notice from the results, that foliage has significant effect
on signal penetration. If there is any interference due to
other signals in the same bandwidth, the signal penetration
degrades further. The magnitude of this issue’s significance
can be comprehended when we notice a signal penetration
maximum distance drop from 120m to a mere 20m from the
best case to the worst case scenario in our experiment, which
is about 83% drop. Hence improvement in this area is an
area of urgent research importance in order to improve the
practicality of network communications in  such
environments.

The study also revealed an anomaly in the zigbee
penetration pattern, as there was a slight increase in signal
strength after some distance. Further study is needed to
identify the reason for this unprecedented variation.
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