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Energy-Based Target Localization in Multi-Hop Wireless Sensor Networks Zhenxing Luo and Thomas C. Jannett Department of Electrical and Computer Engineering, The University of Alabama at Birmingham, Birmingham, AL, 35294, USA Abstract — This paper considers energy-based target localization in multi-hop wireless sensor networks. The multi-hop transmission scheme was modeled using a binary symmetric channel (BSC). The equivalent BSC model was integrated into a maximum likelihood estimation framework for energy-based target localization. We present a direct method for finding the coefficients in the equivalent BSC model. Simulations showed our approach can achieve performance close to the Cramer-Rao lower bound. Index Terms — Wireless sensor networks, communication channels, Cramer-Rao bounds, maximum likelihood estimation.



I. INTRODUCTION Wireless sensor networks (WSNs) have recently drawn a lot of attention. Target localization is a particularly important research area in WSNs [1], [2]. Target localization methods include time delay of arrival (TDOA), direction of arrival (DOA), and energy-based methods. TDOA methods require time synchronization among sensors. DOA methods require sensors that measure incoming signal directions. In contrast, energybased target localization methods do not require such information and therefore are easier to implement. A maximum likelihood estimation (MLE) approach for energy-based target localization was presented in [1]. In [2], the authors considered three different one-hop communication channels between the sensors and fusion center. However, in multi-hop WSNs, decisions from sensors have to be transmitted several times before reaching the fusion center. As described in [3], the communication channel between two relay nodes can be modeled as a Binary Symmetric Channel (BSC) under certain conditions. In [3], a recursive method was used to derive the transmission relation between sensors and the fusion center. Our main contribution is a direct method that is more convenient to use in finding the coefficients in the equivalent BSC model for the multi-hop transmission scheme. Moreover, we integrated the equivalent BSC model into the MLE framework presented in [1] and [2] to allow energy-based target localization in sensor networks that use a multi-hop communication scheme.



The energy-based target localization method is presented in Section II, followed by the multi-hop transmission scheme in Section III. In Section IV, we prove that coefficients in the equivalent BSC model for the multi-hop transmission scheme can be derived by the expansion of a binomial. Simulation results and discussion are provided in Section V. Conclusions are presented in Section VI. II. MLE APPROACH FOR TARGET LOCALIZATION USING DECISIONS TRANSMITTED OVER A BSC A typical sensor field is shown in Fig. 1. As in [1], a target emits a signal that decays according to the model ai2 =
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 di



d0 
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(1)



where the gain of the ith sensor is Gi , the signal strength at the ith sensor is ai , and P0' is the power of the target measured at a reference distance d0 . The distance between a target located at (xt , yt ) and the ith sensor located at (xi , yi ) is defined as di = (xi - xt )2 + (yi - yt ) 2 .



(2)



We assume Gi  1 and d0  1 . Then the model (1) can be simplified as ai2 =



P0 . d i2



(3)



Throughout this paper, the target is assumed to be at least d0 meters away from any sensor. The signal received at sensor i is si = ai + wi



(4)



where wi is a Gaussian noise following distribution wi ~ N  0,σ 2  .



(5)
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Next, the BSC model is incorporated into the MLE framework. The probability that m i is equal to m is
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where p(m i  m mi ) denotes the applicable transition
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probability for the BSC model (Fig. 2).
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For Μ  [m 1 m 2 ... m N ]T received at the fusion center, the fusion center estimates   [ P0 xt yt ]T by maximizing
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Fig. 1. Sensor field layout.



N   ln p(M  ) =  ln   p(m i  m mi )p(mi  )  . (10) i=1   mi 1,1



The maximum likelihood estimator is Each sensor quantizes the signal si to a value mi according a pre-determined threshold  i . The process is denoted by:
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The decision mi is transmitted to the fusion center through a BSC channel. The decision received at the fusion center is denoted by m i . The transition relation of a BSC channel is shown in Fig. 2, where the crossover probability is p and the probability of correct transmission is q .
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For an unbiased estimate of  , the Cramer-Rao lower bound (CRLB) is
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(12)



J   E  T lnp  M    .



(13)



The derivation of the CRLB matrix is presented in [2]. III. THE MULTI-HOP DECISION TRANSMISSION MODEL



where Q  x  is defined as: Q  x  



ˆ  max lnp  M   .



Under some assumptions, such as phase coherent reception and binary decisions, each hop can be modeled using a BSC [3]. In this case, a multi-hop transmission scheme has an equivalent BSC model (Fig. 3). We extended the MLE framework to address multi-hop transmission by replacing the BSC model (Fig. 2) with the equivalent BSC model for multi-hop transmission (Fig. 3); in (9), we set p  pBSC and q  qBSC . For multi-hop transmission, the transition probabilities in (9) are defined for the equivalent BSC model in terms of the crossover probability pBSC and the probability of correct transmission qBSC as follows: p(m i  1 mi = 1)  p (m i  -1 mi = -1) = qBSC =1-pBSC (14)
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p (m i  1 mi = -1) = p (m i  -1 mi = 1)=pBSC .
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However, in [3], the overall transmission relation between sensors and the fusion center is determined recursively, which is not very convenient and intuitive.



q  1 p Fig. 2. Binary symmetric channel.
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expansion of (q  p )1 ). Therefore, our theory is valid for n  1 . If the number of hops is 2, then by inspection of Fig. 3, the coefficients in the corresponding BSC model are
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Fig. 3. Equivalent BSC model for multi-hop transmission.



IV. DIRECT METHOD TO CALCULATE COEFFICIENTS FOR THE EQUIVALENT BSC MODEL OF MULTI-HOP TRANSMISSION We use a direct method based on the binomial theorem to derive all transmission coefficients in the equivalent BSC model (Fig. 3) for multi-hop transmission. Our theory is proved using mathematical induction. Theorem: Consider n hops, where every hop has the same crossover probability p and the same probability of correct transmission q . According to the binomial theorem [4], the algebraic expansion of (q  p) n can be sorted and written in descending order of q n n (q  p) n     q n  k p k k 0  k   q n  Cn1 q n 1 p  Cn2 q n  2 p 2  Cn3 q n 3 p 3
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For the BSC equivalent model for multi-hop transmission, the probability of correct transmission qBSC is the sum of



q , C q 2 n



n2



theory,



2 BSC



C q 1 n



n 1



expansion The



of



(q  p) 2



coefficients



p 2 , in (16).



p, Cn3 q n  3 p 3 , in (16).



k n



Here, C denotes the number of possible k combinations from a set of n objects. Proof: Basis: For a single hop model (Fig. 2) the coefficients are:
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2 expansion of (q  p) 2 ) and pBSC  2qp (the sum of all



even numbered terms in the expansion of (q  p) 2 ). Therefore, our theory is valid for n  2 . For the multi-hop n denotes the transmission scheme using n hops, qBSC probability of correct transmission for the equivalent BSC n model and pBSC denotes the crossover probability. Induction steps: Assume our theory applies for n hops. From (16), we have the following results. 1) If n is an odd number, (q  p) n has an even number of terms.
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Now, we consider the transmission coefficients in the equivalent BSC model for a multi-hop transmission scheme using n  1 hops:
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2) If n is an even number, (q  p) n has an odd number of terms.



p (m i  1 mi = 1)  p (m i  -1 mi = -1) = q



From



are



 q  p (the sum of all odd numbered terms in the 2



The crossover probability pBSC is the sum of all of the even numbered terms



the



(q  p) 2  q 2  2qp  p 2 .



is q



our



n qBSC  q n  Cn2 q n  2 p 2    Cnn 3 q 3 p n 3  Cnn 1q1 p n 1 (21)



   Cnn 1q1 p n 1  p n .



n



(19)



p (m i  -1 mi = 1)  p (m i  1 mi = -1) = (1 - q ) = 2 pq . (20)



pBSC



all of the odd numbered terms



p1BSC  p (the sum of all even numbered terms in the



 q n 1  (Cn1  1)q n p  (Cn2  Cn1 )q n 1 p 2 



(Cn3  Cn2 )q n  2 p 3   (Cnn 1  1)qp n  p n 1 .



From our theory:
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1) If n  1 is odd, (q  p) n 1 has an even number of terms n 1 qBSC  q n 1  (Cn2  Cn1 )q n 1 p 2    (Cnn 1  1)qp n (26) n 1 pBSC  (Cn1  1)q n p  (Cn3  Cn2 )q n  2 p 3    p n 1 . (27)



The results (34) and (35) from the diagram (Fig. 3) are the same as the results (28) and (29) from our theory. In summary, the results from our theory match those obtained from inspection of the multi-hop transmission model.



2) If n  1 is even, (q  p ) n 1 has an odd number of terms (28)
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Next, we show that the theoretical results (26)-(29) are the same as those obtained from analysis of the multi-hop transmission diagram (Fig. 3). From Fig. 3, we have: n 1 n n qBSC =qBSC  q  pBSC p
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(31)



1) If n is even, n  1 is odd and (q  p) has an odd number of terms. Then, we have



V. RESULTS AND DISCUSSION We used Monte Carlo simulation (1000 runs) to demonstrate the effect of the number of hops, n , on localization performance for the target location ( xt , yt )  (12,13) . We set σ 2  1 , p  0.01 , P0  10000 , and used  i  3 for all sensors. The RMS estimation errors increased as the number of hops increased (Fig. 4). Estimation errors corresponded to the CRLB. 1000 500
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Fig. 4. RMS estimation errors and CRLB.
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We developed an equivalent BSC model for multi-hop transmission of decisions and we integrated this model into a MLE framework for target localization. Our method of finding coefficients in the equivalent BSC model is more convenient and intuitive than the recursive method of [3]. REFERENCES [1] R. Niu and P. K. Varshney, “Target location estimation in sensor networks with quantized data,” IEEE Trans. Signal Process., vol. 54, pp. 4519-4528, Dec. 2006. [2] O. Ozdemir, R. X. Niu, and P. K Varshney, “Channel aware target localization with quantized data in wireless sensor networks,” IEEE Trans. Signal Process., vol. 57, no. 3, pp. 1190-1202, Mar. 2009. [3] Y. Lin, B. Chen, and P. K. Varshney, “Decision fusion rules in multi-hop wireless sensor networks,” IEEE Trans. on Aerosp. Electron. Syst., vol. 41, no. 2, pp. 475-488, 2005. [4] D. A. S. Fraser, Probability and statistics: theory and applications. North Scituate, Mass.: Duxbury Press, 1976.
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