Wireless Sensor Network, 2014, 6, 205-211 .0:0 Scientific
Published Online October 2014 in SciRes. http://www.scirp.org/journal/wsn ‘0::0 Research
http://dx.doi.org/10.4236/wsn.2014.610020

Radio Coverage Mapping in Wireless Sensor
Networks

Yunfeng Nie, Chongyi Chen, Changsheng Wang

School of Information and Engineering, Nanchang Hangkong University, Nanchang, China
Email: nieyunf@gmail.com, 947620491 @qgg.com, 994358998 @gg.com

Received 22 August 2014; revised 22 September 2014; accepted 22 October 2014

Copyright © 2014 by authors and Scientific Research Publishing Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY).
http://creativecommons.org/licenses/by/4.0/

oMo
@{g D =

Abstract

Radio coverage directly affects the network connectivity, which is the foundational issue to ensure
the normal operation of the network. Many efforts have been made to estimate the radio coverage
of sensor nodes. The existing approaches (often RSSI measurement-based), however, suffer from
heavy measurement cost and are not well suitable for the large-scale densely deployed WSNs.
NRC-Map, a novel algorithm is put forward for sensor nodes radio coverage mapping. The algo-
rithm is based on the RSSI values collected by the neighbor nodes. According to the spatial rela-
tionship, neighbor nodes are mapping to several overlapped sectors. By use of the least squares
fitting method, a log-distance path loss model is established for each sector. Then, the max radius
of each sector is computed according to the path loss model and the given signal attenuation thre-
shold. Finally, all the sectors are overlapped to estimate the node radio coverage. Experimental
results show that the method is simple and effectively improve the prediction accuracy of the
sensor node radio coverage.
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1. Introduction

One of the fundamental issues in Wireless Sensor Networks (WSNs) is the coverage problem, which directly
affects the QoS of a WSN [1] [2]. Coverage problem includes two categories, that is, radio coverage and sensing
coverage [2]-[4]. Radio coverage refers to the spatial extent of effective radio propagation of a sensor node. Ra-
dio coverage directly affects the network connectivity, which is the foundational issue to ensure the normal op-
eration of the whole network. According to the existing researches, radio coverage problem will cause cover
blind area [2]-[6], which will cause the QoS of network communication declining, packet loss rate increasing
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and even network partition [5]-[10]. Under the new situation of the large-scale application on WSN, strengthen-
ing the research on radio coverage of WSN has important significance for the WSNs planning, diagnosis and
maintenance.

Existing researches generally adopt ideal circular emission model as a node coverage model to simplify the
network coverage problem [8]-[10]; this model ignores the signal attenuation caused by environmental factors in
the process of radio propagation. However, ideal circular model is too simple and will result in great errors in
practical application environment. Ideal circular model also will cause some coverage control algorithm and
communication protocols failing in practical application. Plenty of studies have shown that radio coverage of
sensor nodes is irregular [11]-[14]. Literature [12] established a model for the irregularity of the radio coverage
of sensor nodes and gave a quantitative description for radio irregularity by using DOI (Degree of Irregularity)
model; the DOI is defined as the maximum radio range variation per unit degree change in the direction of radio
propagation, and this model commendably reveals RISS’s irregular continuous distribution. However, DOI
model is a probabilistic model which has significant limitation in practical application. Based on the empirical
data obtained from RSSI measurement, literature [13] proposed the Radio Irregularity Model (RIM) which has a
better operability than the previous DOI model. However, RIM needs to collect a large number of experimental
data to estimate the model parameters.

In addition, in the field of mobile communications, channel measurement method is generally adopted to de-
termine the radio coverage of a mobile base station, and this method carries out specific channel measurement to
collect RSSI drive test data and then calculates radio coverage according to the calibrated empirical model. This
method has the advantage of high accuracy, but it is not well suitable for the application of large-scale densely
deployed WSNs due to the high channel measurement cost.

Motivated by the problems mentioned above, this paper presents NRC-Map algorithm to estimate the radio
coverage of a sensor node by its neighbor nodes. Firstly, we collect the RSSI data of the all node pairs in net-
work. Secondly, the neighbor nodes are divided into different sectors according to their spatial location. Thirdly,
the RSSI sampling values of each sector are handled by the least squares fitting, and then we can establish the
log-distance path loss model for each sector. Fourthly, with the log-distance path loss model and the given signal
attenuation threshold, we can calculate the maximum radio radius of each sector. Finally, the radio coverage of a
sensor node can be estimated by overlapping all the sectors.

The rest of the paper is organized as follows. In Section 2, we briefly introduce the current popular wireless
channel models in WSNs. In Section 3, we first present the NRC-Map algorithm. In Section 4, experiments and
analysis are detailed. Finally, we conclude the paper in Section 5.

2. Wireless Channel Models

Radio irregularity is a common and non-negligible phenomenon in wireless radio systems. It arises from mul-
tiple factors which can be generally divided into two categories: devices and the propagation media. The former
includes the antenna type, the sending power, antenna gains and the Signal-Noise Ratio (SNR), etc. The latter
includes the media type, the background noise and some other environmental factors, such as the terrain, vegeta-
tion and obstacles, etc. Overall, radio irregularity is caused by the anisotropy of transmission media and the he-
terogeneous nature of device. Wireless channel models can be generally divided into theoretical models and em-
pirical models, the models suitable for WSNs are free-space propagation model, log-normal distribution model,
log-distance path loss model and Hata model. However, free-space propagation model, log-normal distribution
model and Hata model are less used due to the factors of multipath, diffraction and obstructions, and extensive
studies generally adopt the log-distance path loss model in practical application. When the node receives the
signal, the path loss is

PL(d)[dB]=PL(d,)+10nlg(d/d,), 1)
where d is the distance between the sending node and the receiving node, d, is the reference distance in me-
ters usually adopting 1, n is the path attenuation factor which is sensitive to the specific environment, denotes

the degree of path loss increased with the increasing distance, PL(dO) is the path loss in dB when the refer-
ence distance is d,. Equation (1) can be further simplified as

L=K, +K, lgd, @)

where K, is constant PL(d,)-10nlgd,, K, is constant 10n. Hence, the path loss L can be expressed as
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a function only related to T-R distance d . According to the specific application environment, the major prob-
lem for the path loss modeling is to provide a set of localized calibration coefficients [Ko, Kl] based on RSSI
sampling data.

3. NRC-Map Algorithm

For precision and energy-efficiency, we present NRC-Map algorithm to estimate the radio coverage of sensor
nodes through the RSSI receiving values of its neighbor nodes. The proposed algorithm is based on two basic as-
sumptions, that is, densely deployed sensor nodes in monitoring area and the node location is known. Our algo-
rithm is detailed as follows.

Step 1. Sensor node S; records the mean RSSI value between S; and its neighbor node N, and then re-
port the triple {N;,S;,V;{ to the sink node, where S; is the receiving node, N; is the sending node, V; is
the mean RSSI value received by S; .

Step 2. Let sensor node S, as the origin, establish a Cartesian coordinate system. Line between sensor node
S, and all its neighbor nodes, and we can get a set of rays. Then sort the rays counterclockwise according to the
increase of the angle between the ray and the positive of the x-axis, we can get the new sorted neighbor node se-
ries N.

Step 3. As shown in Figure 1, in N, let the sliding window size t equals 3 and the sliding step is 1, then
we can get |[N] sectors.

Step 4. The RSSI sampling values of each sector are handled by the least squares fitting, and then we can get
the log-distance path loss model for each sector. The number of the RSSI sampling values of each sector is de-
noted by M and the actual path loss of a neighbor node sampling is denoted by L, , from Equation (2), we
can calculate the predicted path loss which is denoted by L, . Due to the measurement error, there must be some
differences between L, and L, , we should minimize the Square Sum of Error (SSE) according to the least
squares theory, so
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Figure 1. Division of the sectors.
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M ~\2 oM 2 .
E(Ko Ky) =D (L~ L) = X[ L~ (Ko +KiLgd, ) | = min. ®3)
k=1 k=1
Calculate the partial derivatives of K, and K, by Equation (3), assume that the partial derivatives equals to
0, we can get

M
-23°[ L (K, +K,Lgd, )] =0,
k=1

(4)
M
-2Lgd, [ L, —(K, +KLgd, )] =0.
k=1
Further simplify Equation (4) and we can get
M M
MK, +(Z|gdkj'K1 :ZLK,
k=1 k=1 (5)

K, =>(L -lgdy).

1

(élgdkj-Ko+[ilg2dk

k=1

N—

M
k=

Thus we can get the modified parameters [KO, Kl] by solving Equation (5) and obtain the localized signal
loss model parameters.

Step 5. For each sector, if the signal attenuation threshold MAX_LOST is given, we can obtain the maximum
radio radius R of each sector according to the following formula:

R= EXP[[ MAX - ';<OST K ] Lnlo:l. (6)

1

Step 6. We can get the radio coverage of each sector according to its angle and the maximum radio radius.
From the above discussions, the radio coverage of sensor node S, is the union of all the sectors. However, the
obtained radio coverage is not continuous variation, so we line the arc roof of each sector with smooth curve and
finally get the radio coverage of sensor node S, .

4. Experiments and Analysis

We carry out two actual experiments to verify the effectiveness of the proposed algorithm. The experiments are
conducted in an open football field. Telosb node produced by Cross Bow is used in the experiments. The wire-
less transceiver chip of Telosb node is CC2420, and its operating frequency is 2.4 GHZ. We put each Telosb
node 0.75 meters above the ground, the transmission power level of the sending node is 7 (—15 dBm), the path
loss threshold MAX_LOST is 95 dB. Telosh node sent 200 packets continuously in each test period and sent one
packet per 100 ms.

1) The measurement of the actual radio coverage: we aim to accurately measure the radio coverage of sensor
nodes when the given maximum path loss threshold is 95 dB and use to verify the prediction results of the pro-
posed algorithm.

2) The collection of the RSSI value: we aim to collect the RSSI data of all the node pairs in network so that
we can use the proposed algorithm to estimate the radio coverage of sensor nodes.

4.1. The Measurement of the Actual Radio Coverage

The main steps involved: Node 0 was fixed as the sending node and node 1 was fixed as the receiving node.
Assumed that north was the initial position, and node 1 was counterclockwise rotated 360 degrees around node 0
with 5 degrees step. We made a mark on the ray corresponding to each rotation step where the RSSI path loss
measured by node 1 was 95 dB and recorded the angle of the current ray. Then, we could get the actual radio
coverage of node 0 by linking all of these marks mentioned above with smooth curve.

4.2. The Collection of the RSSI Value

For the convenience of the experiments, we random tested 300 sampling positions around node 0 by using 10
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data receiving nodes, and then recorded the coordinates and the average RSSI value of each sampling position.
Data preprocessing involved following steps: first of all, abandoned the path loss values greater than 95 dB and
we got 216 effective data. Secondly, in order to simplify the calculation, we mapped Cartesian coordinates of
the sampling data to polar coordinates and sorted them according to the angular size. Finally, we randomly se-
lected 12, 24, 36, 48, 60, 72, 84, 96, 108 and 120 sampling data from the sorted data to constitute 10 groups of
the neighbor nodes set.

4.3. Further Discussion

Figure 2 shows the comparison between the coverage predicted by the proposed algorithm and the actual cov-
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Figure 2. The comparison between the results predicted by
the proposed algorithm and the actual coverage.
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erage when the number of the neighbor nodes is 12, 48 and 72 respectively. Figures 2(a)-(c) show that the more
the neighbor nodes are, the coverage predicted by the proposed algorithm is closer to the actual coverage, which
fully shows the effectiveness of our proposed algorithm.

Define the coverage predicted by the proposed algorithm is S, , and the actual coverage is S, then the area
error E is given by

E= (1—%) -100%. @

As shown in Figure 3, the 10 groups of the area errors between the results predicted and the actual coverage
can be calculated by Equation (7). It also shows that the area error rate decreases gradually with the increase in
the number of the neighbor nodes. The area error rate has a rapid decline when the number of the neighbor
nodes is between 12 and 48, a relatively rapid decline between 48 and 72 and a slow decline between 72 and 120.
When the number of the neighbor nodes is 12, the area error rate reaches the maximum, which can be 26.6%.
This demonstrates that the proposed algorithm is sensitive to the number of the neighbor nodes. The fewer
number of the neighbor nodes is, the greater prediction error gets. When the number of the neighbor nodes is
between 60 and 72, the area error rate is less than 10%, which indicates that the proposed algorithm has the per-
formance of ideal prediction. When the number of the neighbor nodes is 120, the area error rate can reach the
minimum, which is only 6.8%. Due to the number of the neighbor nodes is enough at this moment, the predicted
coverage is very close to the actual coverage. However, due to the complexity of radio propagation, the pro-
posed algorithm can’t accurately predict the actual radio coverage of sensor nodes.

5. Conclusions

Radio irregularity is a non-negligible phenomenon in wireless radio system. DOl model and RIM model quanti-
tatively describe radio irregularity, and reveal that the RSSI path loss is irregular and continuous distribution.
However, this kind of model needs to be corrected by collecting a large amount of experimental data in specific
application environment. Therefore, it has much limitation in practical application. This paper presents NRC-
Map algorithm to estimate the radio coverage of sensor nodes through RSSI values collected by the neighbor
nodes. That is, the neighbor nodes are divided into different sectors according to their spatial position. Then the
RSSI sampling values of each sector are handled by the least squares fitting. Basing on the sampling values, we
establish the log-distance path loss model for each sector. Then, we get the maximum radio radius of each sector
by the path loss model and the given signal attenuation threshold. The radio coverage of sensor nodes can be es-
timated by overlapping all the sectors.
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Figure 3. The area error predicted by the proposed algorithm.
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Experimental results indicate that the proposed algorithm is simple and practicable, and this algorithm does
not require specific experiments to verify its feasibility. This algorithm can fully approximate to the actual radio
coverage of sensor nodes under the condition of a certain number of neighbor nodes. This algorithm effectively
improves the prediction accuracy of the radio coverage of sensor nodes.

The algorithm proposed in this paper has better effect especially in the application of densely deployed WSNSs.
Moreover, the prediction results are of great practical value and application flexibility on the diagnosis and
maintenance of WSNSs. However, the prediction accuracy of the proposed algorithm is relatively low in sparsely
deployed sensor networks. Thus, the future work of our research will focus on how to improve the prediction
accuracy of the algorithm in sparsely deployed sensor networks.

Acknowledgements

This work is supported by the National Natural Science Foundation of China (No. 41101426 and No. 61364023),
the Natural Science Foundation of Jiangxi Province (No. CA201204330) and the Science Research Project of
Jiangxi Education Department (No. GJJ12429).

References

[1] Akyildiz, I.LF., Su, W., Sankarasubramaniam, Y. and Cayirci, E. (2002) Wireless Sensor Networks: A Survey. Comput-
er Networks, 38, 393-422. http://dx.doi.org/10.1016/S1389-1286(01)00302-4

[2] Meguerdichian, S., Koushanfar, F., Potkonjak, M. and Srivastava, M. (2001) Coverage Problems in Wireless Ad-Hoc
Sensor Networks. IEEE Infocom, 3, 1380-1387.

[3] Abrams, Z., Goel, A. and Plotkin, S. (2004) Set k-Cover Algorithms for Energy Efficient Monitoring in Wireless Sen-
sor Networks. Proceedings of the 3rd International Conference on Information Processing in Sensor Networks, Berke-
ley, 26-27 April 2004, 424-432.

[4] Carbunar, B., Grama, A., Vitek, A. and Carbunar, O. (2004) Coverage Preserving Redundancy Elimination in Sensor
Networks. Proceedings of the 1st IEEE Conference on Sensor and Ad Hoc Radios and Networks, 4-7 October 2004,
377-386.

[5] Liu, M., Cao, J.N., Zheng, Y., Chen, L.J. and Xie, L. (2007) Analysis for Multi-Coverage Problem in Wireless Sensor
Networks. Journal of Software, 18, 127-136. http://dx.doi.org/10.1360/jos180127

[6] Mao, Y.C., Feng, G.F., Chen, L.J. and Chen, D.X. (2007) A Location-Independent Connected Coverage Protocol for
Wireless Sensor Networks. Journal of Software, 18, 1672-1684. http://dx.doi.org/10.1360/jos181672

[71 Qu, Y.G., Li, Z.T. and Zhao, B.H. (2007) WPCS Coverage Strategy for Wireless Sensor Network. Journal of Elec-
tronic & Information Technology, 29, 767-770.

[8] Jiang, J., Fang, L., Zhang, H.Y. and Dou, W.H. (2006) An Algorithm for Minimal Connected Cover Set Problem in
Wireless Sensor Networks. Journal of Software, 17, 175-184. http://dx.doi.org/10.1360/jos170175

[9] Cui, L., Ju, H.L., Miao, Y., Li, T.P., Liu, W. and Zhao, Z. (2005) Overview of Wireless Sensor Networks. Journal of
Computer Research and Development, 42, 163-174. http://dx.doi.org/10.1360/crad20050121

[10] Liu, L.P., Wang, Z. and Sun, Y.X. (2006) Survey on Coverage in Wireless Sensor Networks Deployment. Journal of
Electronics & Information Technology, 28, 1752-1757.

[11] Fang, Z., Zhao, Z., Guo, P. and Zhang, Y.G. (2007) Analysis of Distance Measurement Based on RSSI. Chinese Jour-
nal of Sensors and Actuators, 20, 2526-2530.

[12] Wu, C.H. and Chung, Y.C. (2007) Heterogeneous Wireless Sensor Network Deployment and Topology Control Based
on Irregular Sensor Model. Advances in Grid and Pervasive Computing, 4459, 78-88.

[13] Zhou, G., He, T., Krishnamurthy, S. and Stankovic, J.A. (2006) Models and Solutions for Radio Irregularity in Wire-
less Sensor Networks. ACM Transactions on Sensor Networks (TOSN), 2, 221-262.
http://dx.doi.org/10.1145/1149283.1149287

[14] He, T., Huang, C., Blum, B.M., Stankovic, J.A. and Abdelzaher, T. (2003) Range-Free Localization Schemes for Large

Scale Sensor Networks. Proceedings of the 9th Annual International Conference on Mobile Computing and Network-
ing (MobiCom), San Diego, 14-19 September 2003, 81-95.

D


http://dx.doi.org/10.1016/S1389-1286(01)00302-4
http://dx.doi.org/10.1360/jos180127
http://dx.doi.org/10.1360/jos181672
http://dx.doi.org/10.1360/jos170175
http://dx.doi.org/10.1360/crad20050121
http://dx.doi.org/10.1145/1149283.1149287

www.scirp.org

Scientific
Research

Scientific Research Publishing (SCIRP) is one of the largest Open Access journal publishers. It is
currently publishing more than 200 open access, online, peer-reviewed journals covering a wide
range of academic disciplines. SCIRP serves the worldwide academic communities and

contributes to the progress and application of science with its publication.

Other selected journals from SCIRP are listed as below. Submit your manuscript to us via either

submit@scirp.org or Online Submission Portal.

American Journal of | i <
Plant Sciences ( Applied Mathematics

Special Issue on Experimental Design!

Advances in

Bioseience and Biotechnology

. & scand

Agricultural Sciences Food and Nutrition Sciences

Special Issue on Research on Rice

Journal of Computer
and Communications

Journal of
Modern Physics Natsuglaeln -

Editor-in-Chief
Kuo-Chen Chou
s arg e



http://www.scirp.org/
http://www.scirp.org/
http://papersubmission.scirp.org/paper/showAddPaper?journalID=478&utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ABB/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AM/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJPS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AJAC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/AS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/CE/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ENG/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/FNS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/Health/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCC/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JCT/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JEP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/JMP/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/ME/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/NS/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
http://www.scirp.org/journal/PSYCH/?utm_source=pdfpaper&utm_campaign=papersubmission&utm_medium=pdfpaper
mailto:submit@scirp.org

	Radio Coverage Mapping in Wireless Sensor Networks
	Abstract
	Keywords
	1. Introduction
	2. Wireless Channel Models
	3. NRC-Map Algorithm
	4. Experiments and Analysis
	4.1. The Measurement of the Actual Radio Coverage
	4.2. The Collection of the RSSI Value
	4.3. Further Discussion

	5. Conclusions
	Acknowledgements
	References

