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Among the large number of contributions concerning the localization techniques for wire-
less sensor networks (WSNs), there is still no simple, energy and cost efficient solution suit-
able in outdoor scenarios. In this paper, a technique based on antenna arrays and angle-of-
arrival (AoA) measurements is carefully discussed. While the AoA algorithms are rarely
considered for WSNs due to the large dimensions of directional antennas, some system
configurations are investigated that can be easily incorporated in pocket-size wireless
devices.

A heuristic weighting function that enables decreasing the location errors is introduced.
Also, the detailed performance analysis of the presented system is provided. The localiza-
tion accuracy is validated through realistic Monte-Carlo simulations that take into account
the specificity of propagation conditions in WSNs as well as the radio noise effects. Finally,
trade-offs between the accuracy, localization time and the number of anchors in a network
are addressed.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Wireless sensor networks (WSNs) attract the attention of telecommunication world incessantly from at least 10 years.
They promise multiple possible applications, e.g. monitoring an environment in dangerous regions, controlling traffic in
streets, controlling an inventory in storehouses, tracking patients in hospitals or monitoring enemy forces in a battlefield.
In most of these applications, data gathered by sensors should be associated with sensor positions and it is worthless without
information about the place of its origin. Thus, it is crucial that sensors know their positions with the aid of a localization
algorithm.

Despite the huge research effort, there is still no well-accepted approach on how to solve the localization issue, especially
for outdoor sensor networks. Because of large number of sensor nodes and their desirable low cost, it is not feasible to mount
a GPS receiver at each node. There have been a large number of localization techniques proposed so far [1–4], but there is no
consensus on the existence of a simple, accurate, decentralized and energy efficient solution suitable for WSNs. The expen-
sive ultra-wideband (UWB) techniques [5] give a very decent localization accuracy, but only in indoor environments, where
the distances between the sensors are very limited. The similar weakness concerns the systems based on the transmission of
acoustic waves [6,7]. Moreover, the acoustic transmission requires an additional hardware that increases the system cost. A
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good accuracy could be obtained with the algorithms based on the time-of-arrival calculations, but the simple sensor trans-
ceivers are not able to perform such exact measurements. Finally, there is a group of thoroughly investigated and promising
techniques based on the received signal strength (RSS) levels. However, it was shown that they cannot guarantee the appro-
priate precision [8,9], also because of the difficulties with matching the channel model parameters with the real propagation
conditions [10].

Also, the real WSN deployments, test-beds and measurements confirm the doubts concerning the localization techniques.
Good results are reported for the indoor networks [7,11], especially when the sensors are deployed in a single room, however
with the aid of additional UWB or acoustic hardware. For the outdoor scenarios, the measurements are either very limited
[12], the accuracy is not satisfactory [10] or the localization issue is neglected and left unsolved [13,14]. Clearly, the problem
lacks a proper solution.

Localization in WSNs can be also performed using angle-of-arrival (AoA) measurements. In this work, the idea of the AoA
localization system where some sensor nodes are equipped with directional antennas is developed and carefully analyzed.
Having in mind the requirements and objectives of outdoor WSNs, the focus is on a simple solution that could be incorpo-
rated into small wireless sensors, while still being accurate enough for WSN applications.

The contribution of the paper is as follows. First, an AoA localization system concept suitable for small-size sensor nodes
is described. Then, the detailed performance analysis is presented showing that the system is very promising even in adverse
propagation conditions. Also, to refine a well-known least-squares algorithm, a new heuristic weighting function is pro-
posed. It enables combining the information from all the anchors more effectively and reducing the location errors. The algo-
rithm is validated by Monte-Carlo simulations using sensor parameters typical for MICAz motes [15] and a realistic
propagation model [16,17]. To the best of authors knowledge, it is the first paper where the influence of Signal-to-Noise Ratio
on the AoA localization accuracy is taken into account in the simulations. Finally, the trade-offs between the accuracy, local-
ization time and number of anchors are exemplified, analyzed and discussed.

The rest of the paper is organized as follows. In Section 2, we address the related work in the area of AoA localization
schemes. The specific technique analyzed in this paper is described in Section 3 and then, its accuracy is validated in Sec-
tion 4. In Section 5 the AoA technique is compared to other proposals and finally, in Section 6, some conclusions are given
and scope of future research is outlined.
2. Related work

While the angle-of-arrival localization is a well-known technique and thoroughly described in the open literature, there
are not many papers dealing with AoA schemes appropriate for wireless sensor networks and their specific objectives,
requirements and applications.

In Refs. [18,19], AoA schemes are described where sensor nodes are forwarding their bearings with respect to anchors, i.e.
nodes which are assumed to know their own coordinates and orientations. Unfortunately, these methods require a strong
cooperation between neighbor nodes, and they are prone to error accumulations. In Ref. [20], anchor nodes with adaptive
antennas are used to communicate with sensors located in different parts of a network. A similar concept in Ref. [21] as-
sumes a single anchor in the center of a network sending an angle bearing. The other nodes calculate their coordinates with
the aid of the bearing and some extra information from their neighbors. However, both these solutions also need some RSS
data. The idea of anchor nodes with sector antennas was also presented in Ref. [22]. There, the position of a sensor node is
determined as an intersection of antenna sectors of different anchor nodes. More precise algorithms assume that sensors can
receive exact AoA information from anchors [23,24]. This can be accomplished if the anchors have directional antennas
rotating with a constant angular speed. The sensors can estimate the AoA of the signal registering the time when the rotating
beacon has the strongest power. However, in Ref. [23], the anchors with unrealistic radiation patterns are analyzed, the radio
noise is not taken into consideration and the calculations are possible only for three anchors. In Ref. [24], the rotating anten-
nas are too large for tiny anchor nodes. Finally, a common idea of a lighthouse was adapted to wireless sensor localization in
Ref. [25], but it suffers the same frailty of unfeasibility and additionally requires the optical communication between the an-
chor and the sensors. Generally, the main challenge of the AoA localization schemes for WSNs is the difficulty in achieving
good accuracy while keeping the system simple and feasible to implement in pocket-size devices.
3. Algorithm details

Taking into account the difficulties mentioned above, a solution is sought that could combine the simplicity and locali-
zation accuracy suitable for the applications of outdoor WSNs. It is proposed that each anchor in the considered network be
equipped with an array of four antennas (k/2 dipoles) arranged in a square with a diagonal equal to k/2 (6.25 cm for the
2.4 GHz band). By changing the direction of maximum radiation of the antenna array, a rotating beacon is created. In order
to do that, the phases of the signals at all four antennas are adjusted to have four radio waves interfering constructively at a
specific direction, according to the well-known scanning phased array (beamforming) technique [26]. The obtained radiation
pattern has a maximum directivity between 6.8 dBi and 8.1 dBi (depending on the required azimuth of the beacon) and the
half-power beamwidth between 63� and 75�. Despite such a large beamwidth, the localization errors of the algorithm, pre-
Please cite this article in press as: Kułakowski P et al. Angle-of-arrival localization based on antenna arrays for wireless sensor networks.
Comput Electr Eng (2010), doi:10.1016/j.compeleceng.2010.03.007

http://dx.doi.org/10.1016/j.compeleceng.2010.03.007


P. Kułakowski et al. / Computers and Electrical Engineering xxx (2010) xxx–xxx 3

ARTICLE IN PRESS
sented in Section 4, are rather small. At the same time, the chosen antenna parameters guarantee the whole antenna array
would be very small and appropriate for tiny devices.

The issues of medium access control (MAC) protocols are beyond the scope of this paper. Thus it is assumed that the an-
chors are able to transmit their beacons in turn, one after another, or a specific MAC protocol exists that organizes the anchor
transmissions. The presented localization scheme does not require perfect synchronization between anchors, but their trans-
missions should be separated. Each anchor starts by sending its own position and a short omni-directional pulse. Then, it
emits a beacon with a rotating radiation pattern. The main direction of the beacon is changed every T seconds by a constant
angular step Da. A sensor registers the time when the beacon power is the strongest. A difference in time between reception
of the initial pulse and the maximum of the beacon power (Dt) allows calculating the angle-of-arrival of the signal:
Please
Comp
a ¼ Da � Dt=T ð1Þ
The angle ai (from the i-th anchor) can be used in an equation binding the coordinates of the anchor and the sensor:
X � xi ¼ ðY � yiÞ � tanai ð2Þ
where X Y½ � and xi yi½ � are the coordinates of the sensor and the i-th anchor, respectively. If the angles of arrival from two
or more anchors are known, the sensor can estimate its position using a standard least-squares approach [27]. The appro-
priate system of equations can be written as:
A � cT ¼ b ð3Þ
where
A ¼

1 �tana1

1 �tana2

..

. ..
.

1 �tanan

2
66664

3
77775
; c ¼ X Y½ � and b ¼

x1 � y1tana1

x2 � y2tana2

..

.

xn � yntanan

2
66664

3
77775
The estimated coordinates of the sensor can be calculated as:
ĉ ¼ ðAT AÞ�1AT b
� �T

: ð4Þ
Assuming the radio noise is additive and Gaussian, it significantly disrupts determining the time when a beacon has the
largest power, especially if the average signal-to-noise ratio (SNR) at the sensor antenna is low. Additional refinements can
be performed in order to make the algorithm less vulnerable to the radio noise and adverse anchor positions (as SNR depends
on the distance between the anchor and the sensor). First, sensors can sample the beacons multiple times per each beacon
azimuth to take average values and filter out the noise. This obvious solution helps to reduce the noise level, but it also ex-
tends the time of the whole localization procedure and, in consequence, increases the energy consumed by sensors for lis-
tening. This trade-off is shown more clearly in Section 4. In the simulations presented, the beacons are sampled 10 times,
unless otherwise stated.

Also, each sensor can define a weighting coefficient for every beacon to fulfill the two following goals. On the one hand,
the importance of an anchor should be proportional to the received power, because large received power results in a large
probability of a correct AoA detection. On the other hand, the standard least-squares approach is biased, as the anchors with
AoA close to 90� or 270� have a stronger influence (because of tangent function) on the calculation of sensor positions than
the others. This should be corrected by the appropriate normalization factor. Thus, for the i-th anchor, the following coeffi-
cient is proposed:
mi ¼ Pi=ð1þ jtanaijÞ ð5Þ
where Pi is the maximum power of the signal received from the i-th anchor. The weighting coefficients can be taken into
account in the least-squares approach:
~A � cT ¼ ~b; ð6Þ
where
~A ¼

m1 �m1tana1

m2 �m2tana2
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and ~b ¼
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The simulation results reveal that the multiple sampling and the weighting coefficients are crucial for the accuracy of the
AoA localization. Without the refinements, the location errors of the presented algorithm are 60–70 % (only 1 sample) or 40–
220 % (without the coefficients) larger. The authors tried a broad spectrum of weighting coefficients, but the ones proposed
by (5) gave the best performance.
cite this article in press as: Kułakowski P et al. Angle-of-arrival localization based on antenna arrays for wireless sensor networks.
ut Electr Eng (2010), doi:10.1016/j.compeleceng.2010.03.007

http://dx.doi.org/10.1016/j.compeleceng.2010.03.007


4 P. Kułakowski et al. / Computers and Electrical Engineering xxx (2010) xxx–xxx

ARTICLE IN PRESS
It should also be mentioned that the AoA localization is very robust to any kind of large-scale fading, e.g. shadowing. To
calculate an AoA, a sensor compares the power levels of the signals received from a single anchor. If a large-scale fading oc-
curs, it affects all these signals equally, thus the final AoA measurement is not distorted.

4. Accuracy validation

The accuracy of a single AoA measurement can be assessed analytically using the Cramer-Rao lower bound [28]. However,
the localization accuracy of the whole system is a consequence not only of the AoA measurements, but the relative positions
of the anchors and the parameters of the localization algorithm. Thus, Monte-Carlo simulations were conducted than took
into account the random positions of nodes and anchors, the radio propagation channel model specific for outdoor WSNs, the
radio noise and the transceiver parameters of real sensor motes.

The WSN simulation scenario consisted of 100 sensors and a variable number of anchors. All the sensors and anchors
were located randomly, with a uniform distribution, in an area of 50 m � 50 m, and remained static during the network
operation. Each anchor had an array of four antennas and it emitted a rotating beacon. The parameters of wireless nodes
were based on MICAz motes operating in the 2.4 GHz band [15]. The transmission power of anchors was equal to 0 dBm
and the radio noise power at the receivers was 100 dBm (the noise factor was 11 dB and the frequency bandwidth was
2 MHz). The path loss was calculated according to a propagation model specific to WSNs working in a rural environment
at 2.4 GHz [16,17]:
Please
Comp
Path Loss ½dB� ¼ 40þ 29:9log10dþ s; ð7Þ
where d is the distance in meters between a transmitter and a receiver, and s is a log-normal random variable representing
shadow fadings with a standard deviation of 3.5 dB.

The obtained results are presented using RMSE: an average root mean square error of the sensor positions. In some cases,
there was a small percentage of nodes that could not be localized, i.e. RMSE was very large due to their very adverse position
related to anchors positions. Though, their number was always less than 0.02% of the total number of sensors. All the sim-
ulations were repeated at least 5000 times and all the 95% confidence intervals of RMSE were smaller than 2% of the mea-
sured values.

In Figs. 1 and 2, the overall performance of the localization algorithm is shown. In Fig. 1, RMSE is given as a function of the
angular step of the beacon rotation for different numbers of anchors in the network. There is an obvious trade-off between
the rotation step, number of anchors and the localization accuracy, though decreasing the step below 1� is rather not worth-
while, as a smaller step results in a longer time of the localization procedure and larger energy expenditure regarding the
transmission and reception. With six anchors in the network, the localization accuracy is about 2 m. With 10 anchors, RMSE
can be decreased to 1.2 m. Excellent accuracy can be obtained for 20 anchors, but such a large number is evidently imprac-
tical. The anchors were located randomly in the considered area. A planned deployment of anchors could increase the local-
ization accuracy; however it is not possible in all WSN applications.

AoA localization accuracy could be additionally improved if SNR at sensor antennas was increased. In many WSN appli-
cations, large transmission power is not desirable, however, SNR can be also increased by decreasing the noise power. This
fact can be exploited when the sensors are working in a narrowband system. If there is no interference from other wireless
Fig. 1. Localization accuracy as a function of a step of the rotating beacons in a network of 100 sensors and variable number of anchors.
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systems, the noise power is proportional to the occupied bandwidth. Thus, the localization accuracy can be enhanced if the
frequency bandwidth is limited. It should be also noted that such accuracy enhancement would not be feasible in RSS based
localization techniques because of the destructive influence of wireless channel fadings.

Some interesting cases with increased SNR are depicted in Fig. 2. The reference level SNR ¼ 0 dB corresponds to the sim-
ulation results presented in Fig. 1. For average SNR 15 dB higher, the rotation step of 2� and only four anchors, the location
error of 2 m can be achieved. On the other hand, very low RMSE (about 0.5 m) is feasible with 10 anchors. A trade-off be-
tween the number of anchors and the localization time is also shown: the accuracy of 1 m is possible for six anchors and
the rotation step of 1�, as well as for eight anchors, the rotation step of 5� and only five samples per each beacon azimuth.
A lower number of samples or larger rotation step obviously results in decreasing the accuracy. On the other hand, then, the
entire localization process is completed faster, so sensors save some energy that would be otherwise expended for receiving
longer beacons.

5. Accuracy discussion

In the considered network, due to its density, there was approximately one sensor per a square of 5 m � 5 m. Six an-
chors were sufficient for each of 100 nodes to be localized with the average error of 2–2.5 m. Hence, in such a scenario
the sensors are able to correctly match the gathered data with the respective area.

To give a better understanding of the obtained results, some experiments from the open literature are quoted below.
Nonetheless, it is not straightforward how to compare the obtained accuracy results with other related research, as there
are no reference scenarios suitable for WSN localization algorithms. The reported investigations are performed with different
set-up conditions. Consequently, this should be taken into account when making any comparisons.

In Ref. [24], the experimental indoor AoA localization data can be found, showing the average errors of 2.5–4 m for the
network with 4–7 anchors located in the area of 20 m � 60 m. The results probably would be better in an outdoor envi-
ronment, as the non-line-of-sight conditions (typical for indoor scenarios) and multipath radio propagation deteriorate
the accuracy of AoA or RSS techniques. On the other hand, the theoretical works on AoA schemes [23] report a very good
localization precision of approximately 0.5 m with only three anchors in 75 � 75 m field, but in idealized conditions (no
radio noise, very small half-power beamwidth of beacons, anchors placed in the corners of the field).

Comparing with other localization schemes, AoA techniques seem to be very well suited for outdoor WSNs. Some recent
RSS measurements [10] show the accuracy of approximately 10 m in the network with eight anchors distributed in
35 � 35 m field. Another lately proposed RSS technique DV-Loc [29], which is an enhancement of the well-known APS sys-
tem [30], achieves only 5–10 m localization precision for the network with 32 anchors in the 92 m � 92 m area. Very good
accuracies of 10–15 cm are reported for UWB systems [11], but the distances from sensors to anchors should be about 5–
10 m, what make these systems appropriate rather for indoor applications.

6. Conclusions and future work

Considering the localization dilemma for in-expensive WSNs, the angle-of-arrival techniques fit very well to the require-
ments of outdoor networks. AoA schemes, particularly the concept described in this paper, do not require any sophisticated
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hardware for sensors, as the system complexity is moved to anchors, which are only a small percentage of the entire net-
work. At the same time, because of the possible trade-offs between the accuracy, localization time and the number of an-
chors, the demonstrated scheme is very flexible and can be easily adapted to a specific WSN application. The whole
algorithm is working in a decentralized manner and no signals need to be transmitted from the sensors to the anchors. It
is especially advantageous in large-scale WSNs where the scalability of the applied solutions is crucial for the proper system
performance.

The AoA technique discussed in this paper was carefully analyzed, taking into account the appropriate propagation model
and the noise effects. The obtained results encourage to continue the investigations. As a future work, two directions of the
studies will be conducted. First, it is planned to prepare the physical implementation of the described localization scheme.
Commercially available digital phase shifters will be used that could adjust the phases of the signals at all the four antennas
in each anchor node. Also, the MICAz motes will be reprogrammed to calculate their positions with AoA measurements.
Within the network consisting of anchor prototypes and MICAz motes, not only real measurements of the localization accu-
racy would be possible, but also the actual assessment of the energy depletion in the anchors and sensors. The second line of
the research will concern the integration of the localization schemes with other protocols for WSNs. This will include per-
formance studies of the geographic routing assuming the localization errors specific for the AoA technique. Also, the role of
anchors in WSNs could be broadened or redefined to exploit their potential for other functionalities, e.g. in network cluster-
ing or data gathering and compressing.
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