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Abstract. Localization using the characteristics of the Radio Frequency (RF) in
wireless sensor networks is attractive because the method does not require addi-
tional measuring devices, and hence satisfies low cost and low power consump-
tion needs. The range information derived from Received Signal Strength
(RSS), which attenuates over the distance and node connectivity, is, however,
inaccurate and unpredictable in the real world due to problems caused by sen-
sor motes and the environment of the sensor field. In this paper, through an
empirical analysis, we present detailed radio signal properties of the 2.4GHz
IEEE 802.15.4 radio module. We also provide the methodology of antenna de-
sign and mounting to alleviate the antenna orientation and RSS fluctuation
problems, which are key factors that make RF-based ranging irregular in an ob-
stacle-free environment. Our work is differentiated from previous work, which
concludes with merely revealing the problems, ignoring them by assumptions,
or even limiting the feasibility of RF utilization in localization.

1 Introduction

Although localization for Wireless Sensor Networks (WSN) has actively been studied
in recent years, it is still a challenging issue. One of the simple methods for localiza-
tion is to use a Global Positioning System (GPS) [1]. However, while GPS enables
localization in an outdoor environment, it is costly and the energy consumption is
significant. Using Received Signal Strength (RSS), or connectivity of radio commu-
nication, for localization in WSNss is attractive because of its low cost and low power
consumption, and because it does not require any additional measuring devices other
than the low-power radio module itself. Recently many RF-based localization algo-
rithms have been proposed [2], [3], [4], [5], [6], [7], [8], [9]- These localization tech-
niques, using the RSS or RF connectivity, theoretically work well in ideal conditions;
however, in the real world the location error is too high to be useful in most cases.
Therefore, the discrepancy of localization result between theoretical and practical
conditions generates the belief that RF-based localization is useless. The main reason
for the discrepancy is that most localization algorithms based on RSS or RF connec-
tivity assume that the radio radiation pattern is perfectly circular or spherical in shape,
and that the formula for RSS attenuation over distance is directly applicable. In the
real world, the pattern of radio transmitted at the antenna is neither a circular nor a



spherical shape, and the path loss model is not valid due to problems caused by the
sensor mote and the environment of the sensor field. The study in [10] shows that the
performance of RF-based localization degrades in the presence of an irregular radio
range.

In this paper, we consider antenna orientation and the fluctuation of RSS as the
major problems that make RF-based ranging inaccurate and unpredictable in an ob-
stacle-free environment. Through extensive measurements, we analyze the cause of
each problem and propose a methodology that eliminates the limits of RF-based lo-
calization in an obstacle-free environment. Instead of making the RF-based localiza-
tion algorithm more complicated by combining with an error correction algorithm,
which increases power consumption, we focus on antenna technology to solve these
problems at the base level. To the best of our knowledge, our work is the first ap-
proach that shows that the irregularity of RF is not an inherent problem in WSN, and
the RF irregularity can be eliminated with antenna design or mounting mechanisms.
The experimental results with the various antennas clearly show the feasibility of a
more accurate RF-based localization for WSN in practice.

The rest of the paper is organized as follows. Section 2 describes previous work
that discusses RF irregularity. The empirical analyses of two main factors that make
RF-based ranging inaccurate and the methodology for eliminating the RF irregularity
with various antennas are presented in Sections 3 and 4. In Section 5, we analyze a
critical consideration when deploying nodes with special antennas. In Section 6, we
discuss an ideal antenna design for accurate RF-based ranging. Finally, we conclude
the paper in Section 7.

2 Related Work

Early research, [11], [12], [13] mentioned link asymmetry and irregular radio range in
WSNs. These phenomena were shown because of experiments to quantify the per-
formance of packet delivery with the Berkeley Mica or Mica2 motes. They hypothe-
sized that the irregularity of radio communication in WSNs was caused by differ-
ences in the quality of radio and hardware calibrations.

Zhou et al. [14] categorized the causes of radio irregularity into two main factors:
the heterogeneous properties of devices and the non-isotropic properties of propaga-
tion media. Device properties include the antenna type (directional or ommi-
directional), transmission power, antenna gains, receiver sensitivity, receiver thresh-
old and the Signal-Noise Ratio (SNR). Media properties include the media type,
background noise and various other environmental factors. They concluded that an
asymmetric link is mainly caused by the variance in RF transmission power and the
differences in path loss as a function of direction of propagation. However, the reason
for an asymmetric link between two nodes that have the same transmitting power in
an obstacle-free environment was not discussed in their work. They regarded the
radio irregularity in WSNs as an inherent problem and consequently proposed the
Radio Irregularity Model (RIM) to apply the radio irregularity to simulations.

Recently, Lymberopoulos et al. [15] provided a detailed analysis of radio proper-
ties of 2.4GHz RF using the IEEE 802.15.4 radio module and a monopole antenna.



They used the CC2420 [16] radio module to characterize the properties of RSS and
link asymmetry in obstacle-free and indoor environments. Through extensive meas-
urements, they showed that antenna orientation greatly affects RSS and link asymme-
try in indoor and outdoor scenarios, and confirmed the presence of antenna orienta-
tion and irregular RSS attenuation problems in practice. However, a method to solve
these problems was not considered in their work.

3. Antenna Orientation

Many techniques, which determine the location of an unknown node using RF, have
been proposed. Most of them, however, assume ideal conditions, where the pattern of
horizontal radiation is circular and the radio range is the same for each node. How-
ever, because of the presence of antenna orientation problems inherent in a real world
environment, these localization algorithms only work where the assumptions hold.
Antenna orientation is a problem defined as the RSS of the receiver varies as the pair
wise antenna orientations of the transmitter and the receiver are changed. In this sec-
tion, we analyze the cause of antenna orientation problems in WSNs, and provide
solutions based on antenna characteristics. We also provide data on how the link
property improves between two nodes in conditions where an antenna orientation
problem does not exist.

3.1 Cause of Antenna Orientation

Most off-the-shelf sensor motes use a + wavelength monopole antenna, which is
mounted in either an internal or external type configuration. A 1 wavelength mono-
pole antenna shows the same radiation pattern of a 4 wavelength dipole antenna
whose horizontal radiation pattern is omni-directional. However, this omni-
directional radiation pattern is distorted when an antenna is mounted on sensor motes.
An irregular radiation pattern means that the measured RSS may vary according to
the orientation of the transmitting and receiving nodes, although both the transmitter
and the receiver are located in a fixed position. To quantify the distorted radiation
pattern, we measured average RSS values in 24 different degrees with a fixed re-
ceiver node and a rotating transmitter node at a 1.5m distance and output power of -
10dBm using “Tmote Sky*” [17] in a relatively obstacle-free environment (No obsta-
cles making reflections within three meters).

As shown in Figure 1(a), the radiation pattern of the internal antenna is so jagged
that the difference in the measured RSS is up to 20dBm, which is impossible for use
in obtaining propitious distance information for localization. In the case of 1 wave-
length external monopole antenna, the radiation pattern is still biased and the maxi-
mum difference of RSS is 15dBm, as shown in Figure 1(b), although the pattern is
more circular compared to the internal antenna case.

* All experiments using real sensor motes in this paper were conducted with “Tmote Sky” from
the Moteiv cooperation.



One of the main factors that cause the antenna orientation phenomenon is the small
size of the ground plane inside the PCB (Printed Circuit Board). The widely-used %
wavelength monopole antenna is formed by replacing one half of a dipole antenna
with a ground plane at right-angles to the remaining half. If the ground plane is large
enough, the monopole behaves exactly like a dipole, as if its reflection in the ground
plane formed the missing half of the dipole. The ground plane of a sensor mote, how-
ever, may not satisfy the ideal ground conditions. Another factor, which affects the
radiation pattern, is the circuit design and devices on a sensor mote. In other words,
the electric field of the antenna is distorted by the interference from other devices,
which are close to it.

o .
RSS (dBm) 5 ..., RSS (dBm)-o->

27 90° 270°%

(a) (b)

Fig. 1. Horizontal radiation patterns of (a) internal inverted-F } wavelength antenna and (b)
external 7 wavelength monopole antenna mounted on a sensor mote

3.2 Length of Antenna

To validate whether the antenna orientation problem is indeed caused by interference
from electric devices on a sensor mote, we kept the distance between the antenna and
the sensor mote to a wavelength height (12.5cm at 2.4GHz) using a coaxial cable
whose impedance is 50%2 . Since the vertical angle of radiation gets narrower as the
length of the antenna gets longer from 4 wavelength to 4 or § wavelength [18], we
also changed the length of the antenna to 4 and § wavelengths. Three antennas of
different lengths both with and without a coaxial cable are shown in Figure 2. Figure
3(a) shows the measured vertical radiation patterns for each antenna, which shows the
longer antenna has narrower angle of vertical radiation. Measurements were con-
ducted in the anechoic chamber, as shown in Figure 3(b), which does not generate a
reflection of electromagnetic waves, and a device which takes a measurement of RSS
from the antennas in every single degree used.
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Fig. 2. (a) %, %, and § wavelength monopole antennas with and without a coaxial cable. The
area designated by the dotted-line indicates a wavelength coaxial cable. (b) A sensor mote with
an external antenna.
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Fig. 3. (a) Radiation patterns of %, %, and § wavelength monopole antenna on side view. (b)
Picture of the anechoic chamber where the measurements of radiation pattern were conducted.

Figure 4(a) shows that the null radiation zone, where a radically weaker radiation
than in other areas occurs, is eliminated when the 1 wavelength optimal antenna is
mounted a wavelength height farther from a sensor mote. With a $ wavelength mono-
pole antenna, we obtained more circular radiation patterns, especially when the an-
tenna was a wavelength away from the mote. In case of a § wavelength antenna, it
shows an almost perfect circular radiation pattern although it is mounted without a
coaxial cable. Note that the radiation pattern gets more circular with a % or
& wavelength monopole antenna, however the RSS gets weaker when compared to a
1 wavelength antenna.

As shown in Figure 4, the antenna orientation problem can be eliminated with a 4
wavelength monopole antenna, which keeps a wavelength distance away from a sen-
sor mote or a § wave length one. In other words, the antenna orientation problem can
be solved by minimizing the electrical interference from devices of a sensor mote and
matching the ground plane with the proper length of antenna. The horizontally omni-



directional radiation pattern is obtained by simply keeping enough distance between
an antenna and a sensor mote or changing the antenna to a longer one. In practice,
however, the distance between an antenna and a sensor mote cannot be as far away as
is theoretically needed.

Using a 4 or § wavelength antenna is also inefficient because as the length of an
antenna deviates from the optimal length, the antenna does not resonate at the given
frequency. Figure 5 shows the resonant point, measured with a network analyzer, of
three monopole antennas whose length is 4, 4, and § wavelength of 2.4GHz respec-
tively. In Figure 5(a), the + wavelength monopole antenna causes maximum reso-
nance at the frequency of 2.4GHz, however, 4 and § ones do not. The attenuation of
RSS, which is caused by changing the antenna length from an optimal } wavelength
to others, is about 10dBm as shown in Figure 4. An antenna whose length does not
match the given frequency receives weak signals, and consequently shortens the
communication range. To solve this problem, an antenna that has an analogous radia-
tion pattern to 4 or § wavelength antenna without attenuation of RSS is required.
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Fig. 4. The horizontal radiation patterns of (a) 1 wavelength, (b) 4 wavelength, and (c)
% wavelength antenna mounted on a sensor mote. Measurements were conducted at a 1.5m
distance between two motes and output power of -10dBm. Both the transmitter and receiver
used exactly the same length of antenna.
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Fig. 5. Return loss of (a) + wavelength, (b) 4+ wavelength, and (c) § wavelength monopole
antenna. The minimum peak indicates the return loss at maximum resonant frequency.
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Fig. 6. (a) Configuration of collinear monopole antenna with loading coil, (b) Designed collin-
ear monopole antenna. The area designated by the dotted-line indicates a wavelength coaxial
cable, and (c) Vertical radiation pattern of the designed CMPA. Measurements of the vertical
radiation pattern were conducted in an anechoic chamber.
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Fig. 7. (a) Return loss of designed CMPA. The minimum peak indicates the return loss at
maximum resonant frequency. (b) Horizontal radiation pattern of the designed CMPA mounted
on a sensor mote. Measurements were conducted at a 1.5m distance between two motes and an
output power of -10dBm. Both the transmitter and receiver used exactly the same length of
antenna.

3.3 Collinear Monopole Antenna

Since in spite of satisfying the regular radiation pattern, the longer than optimal
length of antenna does not satisfy the normal communication range, we are required
to find an antenna guaranteeing both a regular radiation pattern and no decrease in
communication range.

The Collinear MonoPole Antenna (CMPA) is used to obtain a higher performance
level [19]. It is composed of two linear wires connected with a loading coil and it has
a narrower vertical radiation pattern than a $ wavelength default antenna. Figure 6(a)
shows the configuration of a CMPA with a loading coil and Figure 6(b) shows the
CMPA we have built where the length of the first antenna element Ly is 2.8cm, the
length of the second antenna element Ly is 6¢cm, the uncoiled length of the coil arm L¢
is 5.6cm, and the coil diameter D is 0.7cm. Figure 6(c) presents the measured verti-



cal radiation pattern of our CMPA, which is narrower than a + wavelength optimal
monopole antenna. The resonant frequency of our CMPA is around 2.4GHz as shown
in Figure 7(a). Figure 7(b) shows that the CMPA guarantees the omni-directional
radiation pattern horizontally and the higher RSS than the case of measurement with
not only 4 or § wavelength monopole antenna but also a + wavelength optimal one.

3.4 Asymmetric Link

Through the various experiments, we have discovered why the antenna orientation
problem occurs and subsequently provided solutions through antenna design and
mount methods. In this section, we show the improvement of link symmetry through
antenna replacement. An asymmetric link is defined as one in which the connectivity
of “node A” to “node B” is significantly different from that of “node B to “node A”
on condition that the transmission power of node A and B is the same. The link
asymmetry is caused by factors such as the presence of obstacles, the asymmetric
multi-path effect, and the antenna orientation. Since we consider the obstacle-free
environment, we focus on the asymmetric link problem caused by antenna orientation.

The asymmetric link has been regarded as an inherent problem in WSNs. However,
for accurate localization in both range-free and range-based techniques; it is essential
that this issue be resolved. Figure 8 shows that the asymmetric link of the RSS prob-
lem can be eliminated by solving the antenna orientation problem. With a + wave-
length monopole antenna, which has the horizontally irregular radiation pattern, the
maximum deference of RSS from “node A” to “node B” and from “node B” to “node
A” is 15dBm as shown in Figure 8(a). Conversely, the maximum difference of RSS
between two links is only 1.7dBm, as shown in Figure 8(b), for nodes with a
§ wavelength monopole antenna, which transmits almost the same strength of radio
signal to all horizontal directions. Consequently, the asymmetric link problem in
WSNs is not an independent issue, but a problem that is dependent on the antenna
orientation problem.
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Fig. 8. Average RSS vs. distance plot for (a) + wavelength monopole antenna and (b)

& wavelength monopole antenna. Nodes were placed with random orientation for each meas-

urement. All measurements were conducted with a transmission power of -7dBm.



From the viewpoint of link connectivity, link symmetry, which is the most impor-
tant factor in many range-free localization methods, can also be guaranteed with a
horizontally omni-directional antenna. Srinivasan et al. [20] presented the relationship
between RSS and Packet Reception Rate (PRR), which shows that PRR varies rather
radically where RSS is less than -87dBm. Figure 9 shows the similar result, which is
re-experimented. As shown in Figure 8(a), the difference in RSS is up to 15dBm
where the antenna of sensor motes is + wavelength monopole whose horizontal radia-
tion pattern is irregular. Hence, a node may receive all packets or nothing according
to the directions of the nodes in the case where the average RSS value is close to
-87dBm, which is an entrance of a gray region. Conversely, an antenna that guaran-
tees the horizontally omni-directional radiation pattern satisfies a certain level of PRR
although the average RSS value is near -87dBm.

Packet Reception Rate

80 -70 -60 -50 -40 30
RSS (dBm)
Fig. 9. RSS vs. Packet Reception Rate plot. 150 measurement cases were randomly picked

where the distance between a transmitter and a receiver is 50 to 2000cm and the transmission
power is -25 to 0dBm

4. RSS Fluctuation

Theoretically, RSS attenuates over distance in free space. However, this is not valid
in practice due to multi-path fading. In the real environment, RSS attenuates by a
certain distance, and then starts fluctuating. This fluctuation leads to unreliable dis-
tance information because the same RSS can be measured at different distances. In
this section, we validate that the distance guaranteeing RSS attenuation without fluc-
tuation can be extended through antenna replacement. Based on an experiment using
parabolic antennas, we also provide insight on how the accuracy of range-based rang-
ing improves under the circumstance such that the cause of RSS fluctuation is elimi-
nated through a special antenna.



4.1 Ground Reflection

Figure 10 shows the RSS values versus distance for five different output power
levels. The measured RSS attenuates almost linearly by the distance d; as shown.
Here, dy is a distance that guarantees the validity of the path loss model so that map-
ping RSS to distance information for localization can be possible within dz. However,
beyond this reliable distance, RSS begins fluctuating. Note that the RSS starts fluc-
tuation at the same distance for all cases of different output power, and each peak for
different output power after the distance of dy is generated at the same distance. This
implies that the output power of the transmitter is not a factor that affects dx. Since
the object, which generates multi-path fading, is only the ground in an obstacle-free
environment, the ground reflection is the main factor which generates the RSS fluc-
tuation problem.
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Fig. 10. RSS vs. distance for five different output powers on soil ground. Measurements were
conducted with } wavelength optimal monopole antennas. The top of the antenna was at 20cm
height. -95dBm of RSS value indicates no communication between receiver and transmitter.
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Fig. 11. RSS vs. distance for five different output powers on soil ground. Measurements
were conducted with the designed CMPA. The top of the antennas was at 20cm height. -
95dBm of RSS value indicates no communication between receiver and transmitter.



Since dy depends on where the first reflection by ground occurs, extending the dis-
tance of the first reflection is required to extend dy for obtaining useful distance in-
formation at a longer distance. We changed the antenna from an optimal § wave-
length monopole to CMPA in Figure 6(b) to extend dy. The vertical radiation pattern
of designed CMPA is narrower than an optimal } wavelength monopole antenna as
shown in Figure 6(c). Therefore, the angle of incidence of CMPA is narrower than a
1 wavelength one. Since the narrower angle of incidence means that the reflection on
the ground occurs at a greater distance and the reflected RF also interferes with di-
rectly-propagated RF at a further distance, dr is extended.

Figure 11 shows the RSS values versus that of distance with CMPA. Compared
with a 1 wavelength monopole antenna, the distance that guarantees obtaining useful
distance information directly from RSS is extended from 8m to 14m. Note that we
adjusted the top of both antennas to the same height to minimize the side-effect
caused by different antenna heights. The adjustment of antenna height was essential
because the difference of 7 wavelength monopole and the designed CMPA is about
Tem.

4.2 Experiment using Parabolic Antennas

In the previous section, we validated that the distance, which guarantees the path loss
model can be extended by changing into an antenna whose vertical radiation angle is
narrower than the case of a  wavelength optimal antenna. We now focus on how
long dy can be extended under the environmental conditions where the ground reflec-
tion does not exist. To measure RSS value over a distance satisfying the condition of
no ground reflection, we used a parabolic antenna [21], which has a very sharp radia-
tion pattern in both the horizontal and vertical planes.

We placed two sensor motes in an obstacle-free space, connecting them with para-
bolic antennas whose gain is 15dBi, and satisfying the line-of-sight as shown in Fig-
ure 12. The parabolic antenna transmits a radio signal to an extremely narrow direc-
tion so that the reflection of RF caused by ground almost never occurs. As shown in
Figure 13, in the condition where there is no ground reflection, RSS attenuates line-
arly over distance without fluctuation. In an obstacle-free environment where the
ground reflection is removed by using an antenna whose radio signal is not radiated
to the ground, the reliable distance di can be extended to the communication range
itself. In case of our experiment with the parabolic antenna of 15dBi gain, the reliable
distance was over 50m.

Through this experiment, we noticed that remarkably accurate performance of lo-
calization can be achieved even with RSS-based localization techniques, which trans-
late RSS to actual distance between nodes, provided that an antenna, which eliminates
the RSS fluctuation problem is used.



| =2

Fig. 12. An experimental setup for RSS measurement with parabolic antennas. The transmis-
sion power is 0dBm and the line of sight is satisfied at a height of 50cm.

O P

N SN N N I A B A I A B N N B A S A B RN RN
o7 (P Q\So \er ,\(o% \%0 Q/Q‘o q:bﬁ q(/ob %%Q (bg"o (b,bb {b@@ (‘3%0 @% \;bQ ‘;,3"0 @Q

L)

-20

RSS (dBm)
L b
o S

I
o
o

-60
Distance (cm)

Fig. 13. RSS vs. Distance with parabolic antennas of 15dBi gain at a height of 50cm

5. Deployment Consideration

So far, we have validated that both antenna orientation and RSS fluctuation problems
can be alleviated by changing the antenna into one whose vertical radiation pattern is
less than a  wavelength optimal antenna. Experimental results in a relatively flat and
obstacle-free environment show better performance in terms of regular radiation
pattern and obtaining a longer distance range which is applicable to the path loss
model. The problem which is occurred when changing an antenna from a § wave-
length optimal one to an antenna with a narrower angle of vertical radiation, is that
the RSS attenuation over distance is less reliable than the case of using a + wave-
length optimal monopole antenna in the environment where the heights of a transmit-
ter and a receiver are different.

In order to analyze how the comparatively narrower vertical radiation than } wave-
length monopole antenna affects the localization performance in an environment
where a height difference exists, we measured RSS over distance with different
heights between a receiver and a transmitter. Figure 14 shows RSS values versus
distance for four cases. The height differences of the transmitter and the receiver are



Ocm, 40cm, 80cm, and 120cm respectively. In the case of a + wavelength monopole
antenna, the path loss model was valid for the height difference of Ocm, 40cm, and
80cm. For the height difference of 120cm, the measured RSS value at a 2m distance
was weaker than the RSS value at a 4m distance. However, the difference of the RSS
value was slight for 2dBm.

In the case of our CMPA, the path loss model was slightly broken at a height dif-
ference of 80cm, and the RSS difference between 2m distance and 4m distance was
10dBm at a height difference of 120cm as shown in Figure 14(b). To identify the
height difference, which guarantees the path loss model, we measured RSS at the
distance of 2m between a transmitter and a receiver by changing the height difference
from 0 to 120cm. As shown in Figure 15, for a + wavelength optimal antenna, the
RSS value decreases dramatically at a height difference of 90cm. On the other hand,
the RSS value starts dramatically decreasing at a height difference of 70cm for the
CMPA. The vertical boundary which guarantees the path loss model can be repre-
sented about 24.5° for a + wavelength monopole antenna and about 19.5° for the
CMPA.
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Fig. 14. RSS vs. Distance in four cases that the transmitter and receiver are placed at different
heights for (a) a $wavelength monopole antenna and (b) our CMPA. Measurements were con-
ducted with a transmitter of fixed height and a receiver on a tripod, which can adjust height.
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Fig. 15. RSS vs. height difference of the transmitter and receiver at 2m distance



In an RSS-based localization technique, the + wavelength optimal antenna conse-
quently presents reliable localization performance where the angle with a transmitter
and a receiver is only lower than 24.5°. Moreover, when using a special antenna such
as the CMPA to alleviate antenna orientation and RSS fluctuation problems, more
restrictions on node-deployable environment, in terms of height difference, are im-
posed because the vertical radiation angle gets narrower.

6. Discussion

In Section 4.2, we showed that the RSS attenuates over distance without any fluctua-
tion when using a parabolic antenna whose vertical radiation pattern is very sharp so
that the reflection by ground does not occur. The problem of a conventional parabolic
antenna is that it radiates RF only to the particular direction. Satisfying no RSS fluc-
tuation caused by ground reflecting, some special antennas make it possible to obtain
a horizontally omni-directional radiation pattern. Figure 16(a) shows the schematic
diagram of omni-directional antenna with dual reflectors of a paraboloid and a cone
[22]. Figure 16(b) shows another antenna design to satisfy both horizontally omni-
directional and horizontal-only radiation, which consists of an ellipse and a parabol-
oid as a sub-reflector and a main-reflector respectively [23]. The problem in con-
structing an antenna including a paraboloid is the size of the paraboloid. Since the
diameter of paraboloid requires it being larger than a wavelength of RF, it is not pos-
sible to apply a conventional dual reflector antenna directly to a WSN.

With a collinear antenna, it is also possible to reduce vertical radiation and in-
crease antenna gain such as with dual reflector antennas by increasing the number of
coils or loops. The problem with the collinear antenna, which satisfies the problem of
a narrow angle of vertical radiation making no ground reflection, is the increased
length of antenna. The length of collinear antenna used in this paper is about 10cm,
and the length increases to 25cm if making an antenna that includes two loops to
obtain 6dBi gain. The length of antenna may get longer over 100cm for much less
vertical radiation. We expect that a ceramic antenna can solve this length problem
because the size of an antenna made with ceramic can be over 60% smaller than a
conventional monopole antenna [24], [25].

Paraboloid Ellipse

Paraboloid

(a) (b)

Fig. 16. Schematic diagram and radiation direction on side view of dual reflector omni-

directional antenna consisting of (a) a paraboloid and a cone [22], and (b) an ellipse and a
paraboloid [23].



7. Conclusions and Future Work

In this paper, we analyzed why the RF-based localization techniques do not work
well in practice and the corresponding solutions. Based on extensive experiments
with the widely-used CC2420 IEEE 802.15.4 compliant radio and various antennas,
we conclude our work as follows:

e Factors involved with the antenna orientation problem include a small ground
plane size and an electrical effect caused from other devices on a sensor mote.
Therefore, the antenna orientation problem can be eliminated by mounting an an-
tenna keeping a certain vertical distance away from a sensor mote or using an an-
tenna which has less radiation toward the downside to minimize distortion of elec-
trical fields.

e The asymmetric link in an obstacle-free environment is an incidental problem
caused by antenna orientation. Hence, it can be easily solved by removing the
cause of the antenna orientation.

e The RSS fluctuation is a problematic phenomenon in that the RSS attenuation over
distance is not held out at a certain reliable distance, and is caused by multi-path
fading, especially reflection by the ground in an obstacle-free environment. The re-
liable distance can be extended by replacing an antenna with one having a narrow
vertical radiation pattern, which leads the first reflection of RF on the ground to
occur at a greater distance.

e Dual reflector antenna or high-gain collinear antenna can be used for eliminating
both antenna orientation and RSS fluctuation problems in cases where sensor
motes are deployed in a relatively flat ground environment. We expect to reduce
the size of those antennas by building them of ceramic.

In future work, we plan to make a ceramic collinear antenna, which has similar
characteristics to that of a dual reflector antenna, satisfying the appropriate size speci-
fications in WSNs. With a specially made antenna, we hope to analyze and evaluate
the improvement of the accuracy in RF-based localization techniques for relatively
flat and obstacle-free environments.
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