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A Topology-oriented Solution Providing Accuracy for Outdoors RSS-based Tracking in WSNs Fotis Kerasiotis†, Tsenka Stoyanova†, Aggeliki Prayati‡, and George Papadopoulos† † Applied Electronics Laboratory, Dept. of ECE, University of Patras, 26500 Rio-Patras, Greece ‡ Industrial Systems Institute, Stadiou Str., Platani, Patras, Greece {kerasiotis, tsstoyanova, prayati, papadopoulos}@ee.upatras.gr Abstract1 As tracking applications for moving objects become more challenging, demands for accurate and reliable tracking methods using wireless sensor networked devices increase. The use of received signal strength (RSS) of the propagated signals, provided by most sensor radios, is the popular means of achieving such a task. Despite the great RSS variation, which may result in inaccurate estimation of the mobile object position, the advantage is that RSS does not require any additional hardware as in cases like radar and ultrasound techniques and may lower the cost and the size of WSN devices. Parameters such as height from the ground and distance between nodes are examined for their impact on RSS in outdoor environments using the Tmote-Sky platform. Optimal parameter ranges are derived for solving major problems caused by node mobility as well as fading and reflection phenomena of the propagated signal.



1. Introduction Tracking applications form a promising application field as far as moving object localization is concerned, by taking advantage of WSN technology attributes for defining an open, integrated WSN design approach. Target tracking applications are based on localizationdependent sensor networks, requiring collaborative sensing, communication and computation among multiple sensors that observe moving objects, physical effects and/or environmental events. For a target tracking sensor network, the tracking task is composed of four functional components, namely deployment, localization, target tracking and information exchange.



1 The work reported here was performed as part of the ongoing research Program uSWN FP6-2005 IST034642 and funded by the European Social Fund (ESF).



Meeting the application requirements could greatly depend on optimal and energy-efficient nodes placement [1]. The actual deployment affects network properties such as node density and topology but also influences and may predetermine the data collection and routing mechanisms. Therefore, prudent planning and analysis of different deployment strategies for an application scenario could lead to network efficiency with respect to energy, minimal cost, maximum detection capability and lifetime. The main deployment question addresses sensor network problems related to area coverage and network connectivity [1]. The deployment phase leads to the topological arrangement of the network nodes for a tracking scenario. However, determining the location of the network nodes, which perform the tracking task, is the main objective of the localization phase. Various localization methods are presented in the literature generally divided in range measuring algorithms [2],[3],[4] and range-free algorithms [5],[6],[7]. When the positions of all sensor nodes within the network are determined, the tracking task can be implemented. Since the main goal of tracking is localization of moving objects, some of the above mentioned localization methods could be also utilized. Additionally, tracking algorithms have been developed with a priori information of the participating in the tracking task nodes [8],[9],[10]. Even though a considerable number of applications exist in everyday life, limited research activity has been carried out for outdoors scenarios and the methods for distance estimation, which are based either on Received Signal Strength (RSS) or the Time of Flight (ToF). As the ToF approach does not provide the desired accuracy due to the internal hardware limitations of the widely used WSN platforms, we focus on the case of the RSS. However, this technique has its own limitations and constraining factors like environment influence, battery and interference. Yu-



Chee Tseng et al [8] suggest a tracking protocol supposing an ideal exponential characteristic of the RSS variation due to distance without taking into consideration the influence of the environment and the topology dependence of the propagation characteristic. The same applies for other tracking and localization algorithms implemented without proper information about the topology [4],[15]. Thus, state-of-the-art does not give satisfying answers to the optimal localization algorithm. Therefore, the most appropriate one depends on the application specificities, such as the environmental conditions, the network particularities, the deployment topology and the desired accuracy. All the above lead to the necessity for a thorough study of RSS-based tracking modality for providing a valid answer targeted to the specific tracking application field by exploiting its particularities. Previous work on RSS behavior for varying impact factors, presented in [11], has led to important conclusions that drive the research presented in this paper. The RSS-based tracking evaluation performed in this work uses the RSS models derived from [11] for analyzing the tracking performance under varying environmental and topology conditions. The underlying goal of the present work is to derive a generally applicable topology strategy in order to accomplish optimal RSS-based tracking performance. In Section 2, the different problems encountered in a tracking application are presented, among which the most important ones are analyzed in Section 3. Simulation results for the impact of RSS considerations on tracking behavior are discussed in Section 4, followed by a proposed topology solution for optimal tracking performance. Finally conclusions of our work are obtained in Section 5.



2. Analysis of tracking problem dimensions The tracking application scenario under consideration is based on a triangular topology of fixed nodes and has two main objectives: the localization of the triangle, inside which the mobile node -placed on the human body- moves and the position of the node. More specifically, the tracking application approach is based on the assumption that the mobile node transmits packets periodically, based on which the fixed nodes determine its position by use of RSS measurements. Such a tracking algorithm has been implemented making use of mobile agents [8]. The considered tracking application scenario concerns outdoors target-tracking, shown in Fig. 1, using the widely-used Tmote-Sky platform [13]. In the deployed network, a server is placed in a building, receiving information from the WSN nodes about the



Fig. 1. Tracking application scenario position of people as well as patient vital signs, and usually imposes specific constraints such as: - Accuracy of the tracking algorithm: up to 10m - Sampling period of the target node location: 1sec - Topology: 50-60 fixed nodes in triangular grid at a 50m distance Summarizing, some specific network topologies can be distinguished for optimal tracking performance given technology constraining parameters and application requirements. More specifically, the problem to be solved leading to an optimal topology is formulated as follows: consider the selection of the node placement on the mobile user and evaluate the behavior of the propagated signal according to the derived models, taking into consideration the tracking task requirements and deployment constraints. In the following sections the specific factors of the tracking problem are discussed.



2.1. Modeling the transmitted signal As shown in [11], theoretical models describe the behavior of a transmitted signal from the receiver side, considering fading and ground reflections. The main parameters affecting the RSS characteristic with respect to distance are the height from the ground for the TR (transmitter-receiver) pair, the frequency of the transmitted signal and the type of the ground (e.g. grass), assuming that the environment is open space without obstacles. These models are used to provide information about parameter values for the optimal performance of the tracking application. Alternate parameter ranges characterizing the topology and the environment conditions are tested for supporting the optimal RSS characteristic with respect to tracking requirements.



generation of new blind spots



direction of blind spots



[11]. The continuous RSS level approach suffers severely from the above problems and, thus, will not be considered as an option for the rest of our paper. However, it can not be discounted completely since methods, such as Kalman filters, can be employed to overcome these uncertainties.



2.3. Deployment constraints increase of RSS



Fig. 2. Propagated signal for different mobile node heights and fixed nodes at 2m



2.2. Basic characteristics of the behavior of the propagated signal The interference effect caused by the fading and the reflections from the ground of the propagated signal is based on the theoretical model described in [11] and is depicted in Fig. 2. For a specific height of the fixed node, acting as receiver, an increase of the mobile node height, acting as transmitter, leads to the appearance of “blind spots”, while at the same time the RSS level is enhanced after the last “blind spot”. As “blind spots”, we define the nulls of the RSS due to reflection. For a specific height of the mobile node, the fixed node height follows the same pattern, more or less. From the tracking algorithm point of view, one could conceivably take advantage of these blind spots and, through trilateration, combine the RSS levels of the three fixed nodes to distinguish the possible positions of the mobile node in a triangular region. The pattern effect on the RSS based tracking scheme in Fig. 2 is investigated in Section 3, so as to highlight the risks and uncertainties that it may produce. A more promising approach is to ensure that the RSS characteristic is “smooth”, that is to have as few as possible blind spots. This can be achieved by judicious selection of the heights at both transmitter and receiver. In either case, the position estimation is done with one of the two techniques: the quantized level or the continuous one. In the first one, the RSS axis is divided in discrete levels, an approach which copes more effectively with interferences and level variations in the RSS characteristic as opposed to the continuous one. The variation problems could be attributed to the following causes: RSS quite unstable, due to different hardware, different conditions or even small obstacles, RSS characteristic not linear producing enough complexity and, finally, variations of the ground absorption factor or of the wavelength affect in the position and depth of the blind spots in different ways



Based on experiments and their combination with the theoretical models [12], the range of the fixed nodes’ height is limited, considering the fact that the communication among them has to be as robust as possible with respect to packet loss, in order to have an acceptable flow of data. This limit is defined by that RSS level, at which the received signal starts becoming uncertain and its power reaches the sensitivity level of the radio of the specific platform. Concerning the Tmote-Sky platform, its radio is a Chipcon CC2420 [13] and it has a sensitivity of -90dBm. Therefore, the heights which can be chosen for the fixed nodes are defined by some level above the sensitivity as derived from measurements [11], namely around -81dBm. The graph in Fig. 3 shows the permitted heights not crossing the threshold defined by the safe RSS line, with respect to deployment in a triangular grid with 50m per side, assuring a robust network, where the packets being transferred have low chance of loss. These heights are evaluated for the selection of the mobile node placement on the body and the acceptable ranges are summarized for the specific grid: i) 0.55 – 1.60 m, ii) 1.85 – 2.35 m, iii) 2.55 – 2.90 m



Fig. 3. Deployment constraints for the choice of fixed nodes’ height



2.4. Discussion of the position of the mobile node on the human body Having assured a robust communication for the fixed nodes by the selection of heights as mentioned above, a dominant parameter under consideration is the height of the mobile node. Possible positions of the mobile node on the human body are evaluated and



these could be: ankle, above or below the knee, waist, wrist, chest and arm. Table I shows the correspondence of each of these positions with the possible heights from the ground including also the variation, which may be introduced due to movements of the human body. There are small height variations such as those of knee and ankle as well as greater ones such as those of waist, chest and arm and even greater considering the movement of the wrist. These variations are caused by every possible movement the human target can perform such as running, sitting, bending and raising his hands. TABLE I. Mobile nodes positions on the human body and variation due to movements Position on human body chest arm waist wrist knee ankle



Height for standing position 1.4m 1.4m 1.1m 1.0m 0.5m 0.1m



Variation of height due to movement of the body from 0. 9 to 1.45m from 0. 9 to 1.65m from 0. 5 to 1.20m from 0. 5 to 2.00m from 0. 4 to 0.70m from 0. 1 to 0.30m



3. Height effect on signal propagation In previous work [11][16], the height of networked nodes has proved to heavily affect the behavior of the propagated signal. In this section, the RSS characteristic is studied for upper and lower heights, based on the corresponding theoretical models. The objective is to narrow down the number of combinations of heights for mobile and fixed nodes, that meet tracking and deployment constraints.



3.1. Analysis of the mobile node at upper heights Assuming that higher placements are selected for the mobile node on the human body e.g. chest, arm, wrist and waist, and assuming the waist as a



representative height, the corresponding behavior of the propagation signal, choosing heights from the regions suggested by deployment constraints for fixed nodes, is shown in Fig. 4a. Based on the trilateration scheme requirements for different and well-defined distances derived from the RSS of each of the three fixed nodes in a triangle, the set of possible heights of the fixed nodes is reduced. If the mobile node is placed on the waist (1.1m) (Fig. 4a), the fixed node height between 1.10 and 1.60m should be rejected in order to avoid the almost “flat” RSS characteristic for distances over 30m, which makes the recognition of the mobile node position very uncertain. On the other hand, selecting lower heights for the fixed nodes, such as those close to 0.55m, the RSS characteristic is better in the sense that more distinct regions can be derived to estimate the mobile node position due to the suitable slope of the respective part for distances between 15 and 50m for the considered grid topology. Concerning selections of upper heights for fixed nodes such as those of 2.1 and 2.7m, as it is mentioned in section 2.2, it is seen from Fig. 4a that the number of blind spots increases. It is evident that the complexity of the tracking algorithm increases with the number of blind spots and so does the level of difficulty to define a distance based on RSS. Additionally, problems arise by the shifting of the blind spots position, due to different propagation characteristic according to the type of the ground (e.g. obstacles may exist) and the variation of the mobile node heights introduced by the movement of the human body. Therefore, blind spots should be as few as possible in the RSS characteristic produced by the selected deployment by avoiding placement at upper heights of the fixed nodes for the waist and over heights of the mobile node. Similar remarks apply to the arm and chest positions with even worse RSS characteristics. These placements and for fixed node height at 1.1, 1.6 and 2.1m, the evidence is that the same RSS characteristics are obtained as in the case of 1.4, 2.1 and 2.7m, respectively, and mobile node at the waist.
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Fig. 4. Behavior of the propagated signal or RSS concerning different heights for the fixed nodes and: a) 1.1m or b) 0. 5m or c) 0.1m for the mobile node



3.2. Analysis of the mobile node at low heights Considering the RSS characteristic for lower mobile node heights, some of the choices for the fixed nodes height and their impact to RSS are shown in Fig.4b and Fig. 4c. According to Fig. 4b, for the knee case, heights above 1.1m for the fixed nodes produce a similar RSS characteristic to that of the waist case. However, lower heights between 0.55 and 1.10m seem more promising. More specifically, after the first 5 to 10m the RSS decreases very fast, suggesting the use of traditional tracking methods with linear models and filters. Almost the same applies to the ankle case (Fig. 4c). However, the Tmote-Sky radio sensitivity level of about -90dBm is crossed. This implies that, for the ankle case, the fixed nodes should be placed at a height above 1.0m in order to maintain an “effective” RSS level at 50m.



3.3. Analysis of the mobile node height variability due to movement Considering the node height effect on the RSS characteristic, the variation of the mobile node height due to movements of the human body causes additional problems to the tracking task accuracy. Depending on the mobile node position, its height varies as shown in Table I. This variance ranges from 10cm (at the knee) to 1 m (at the wrist), resulting up to tens of meters to the variance of the blind spots position in the RSS characteristic. In the case of the mobile node placed at waist level (1.1m), there is a variance of height between 0.5 and 1.2m, which causes the blind spots to move from 4m to the right (1.2m case) to 22m to the left (0.5m case), as shown in Fig. 5. Even if the sitting position can be predicted, there are still almost 7m of blind spots movement (0.9m case). Based on these facts, mobile node positions like chest, arm, wrist or waist, with high variation due to movements, should be avoided for upper fixed node positioning.



a)



Fig. 5. Movement of blind spots due to human body movements for the waist case On the other hand, concerning the ankle movement, there is a variation between 0.1 and 0.3m. Its impact on the RSS characteristic assuming a height of 1.5m for the fixed nodes is shown in Fig. 6a. The problem, in this case, is that 10cm height variation causes the RSS level to vary up to 6 dBm, which is critical with respect to tracking accuracy. As far as the knee case is concerned (Fig.6b), the movement effect is less pronounced, as a variation of 30cm causes the RSSlevel to vary only 5 dBm. If a middle height is chosen for the mobile node e.g. 0.55 m, in the case of RSSbased tracking, the maximum difference from the expected RSS-level is only 2.5dBm. On the bases of the above, we conclude that the knee case is preferable against any other position on the body for a low fixed node height at 0.55 or 0.7m, in order to have the optimal tracking performance. Of course, in the above discussion we have assured that obstacles are either absent or have an equal effect on all cases. Otherwise, they may have to be modeled appropriately.



4. Discussion of tracking solution for given network-related constraints Based on results of the previous analysis, simulations were performed in order to determine the effects that the choice of heights and the variation of
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Fig. 6. RSS behavior for different fixed node heights and: a) 0.5m or b) 0.1m for the mobile node
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Fig. 7. Trilateration of mobile node at 0.55m (knee position) and fixed nodes at 0.55m: a) RSS vs. distance and RSS-levels, b) separation in recognizable RSS levels of each fixed node regions them may have on the tracking task performance. The tracking scheme chosen must fit to the general behavior of the propagated signal due to the distance between a fixed and a mobile node. Specifically, the tracking scheme is based on quantized RSS, which provides various RSS levels with respect to specific limits. These limits are defined by the propagated signal behavior as well as the required tracking performance and the environment specifics. In our case of monotonically dropping RSS characteristic with respect to the distance, having rejected the inefficient RSS characteristics with blind spots, the division is made so that each level can have almost the same width in dBm. In this sense, five RSS levels are chosen, corresponding to the targeted tracking accuracy of 10m. This tracking technique is more suitable than that of continuous-RSS with respect to the produced “noise” such as the one caused by the reflections of the surrounding objects like trees, buildings and people, or the human body movement. The reason is that the definition of the actual RSS value in every position defines the RSS level limits.



4.1. Tracking performance analysis respect to mobile – fixed placement



with



It is apparent that upper mobile node heights are more prone to failures due to the presence of blind spots and their position variability caused by body movement. Similar failures can arise even for lower heights - e.g. 0.1m for the mobile node - at short distances because of the variation of the RSS-level, but this can be handled by the additional use of a sensor such as ultrasound, and the respective techniques proposed [14], which have proven to be more accurate than the RSS-based ones at short distances of 15m or less. This is the reason why lower heights are preferred for the position of the mobile node on the body. An example of tracking topology based on quantized RSS



and the proposed fixed node height of 0.55m is shown in Fig. 7, together with the five discreet RSS levels. The tracking task takes place inside the particular triangle when the RSS level provided by each of its fixed nodes is above level 5. When one of the fixed nodes receives RSS level 5, then the tracking task is transferred to the neighborhood triangle with respect to the particular fixed node. Concerning the interior of each triangle, there are some well-defined regions being characterized by different combination of each fixed node RSS. Using these regions, the position of the mobile node can be tracked with accuracy of 10m at the center of any of these regions.



4.2. Proposed topology strategy The above analysis is based on the assumption that the distance among the nodes in a triangle is 50m. Having selected the maximum transmission power for Tmote-Sky of 0dBm, a combination of heights for both fixed and mobile nodes comprising the targeted network is required for guaranteeing optimal tracking performance. However, this particular analysis can also be held for other dimensions of a grid topology, since the combination of heights can be matched to the topology distances in order to produce similar behavior for the propagated signal between a fixed and a mobile node. The main loss appears at short distances relatively to the grid fixed points due to blind spots. The same behavior can be achieved by improving the transmission power, by connecting an external antenna with higher gain or by using another platform with greater transmission power –however, this would also increase power consumption. Fig. 8 shows an example of optimal mobile node position, namely the knee, where 70m grid is chosen and similar performance of the tracking task with the 50m grid is required, assuming -77dBm effective RSS and average mobile node position at 0.55m. In order to



achieve the required accuracy, the RSS characteristic should fit the one produced by the topology of 50m grid through an increase in transmission power by i.e. 4.5dBm. For this reason, the height of the fixed node must be set at 1m, excluding short distances, which cause the RSS variation. The choice of this height is based on the fact that 50m gird with 0.55m fixed node height should cross the same effective RSS as the 70m grid at 1m height, in order to attain similar tracking performance. In this way, the required performance can be achieved by varying the height of the fixed nodes instead of increasing the transmission power, saving power by keeping the energy cost steady.



Fig. 8. Increasing transmission power or changing fixed node’s height to achieve similar tracking performance In conclusion, the optimal mobile node placement on the human body is the one, the variation of which causes the lowest influence on RSS. Additionally, the lower heights of the fixed nodes are mostly preferred, because phenomena such as reflections producing undesirable blind spots in the RSS characteristic are dramatically reduced. These conclusions lead to a highly accurate tracking technique that can be extended to deployments with long fixed nodes distances. This solution is favored to the energy consuming one of increasing the radio transmission power.



5. Conclusions This paper investigates the applicability of RSSbased tracking in outdoor WSN environments with respect to parameters influencing the RSS characteristic. Tracking task problems in WSNs have been discussed, revealing the list of impact parameters such as height from the ground due to human mobility or fading and the reflection of the propagated signals. For the extracted parameters, being the node height from the ground and the deployment topology, concrete results are derived assuming specific



characteristics of the Tmote-Sky platform and optimal parameter ranges are defined for efficient tracking performance. Finally, it is proven, by example, that the proposed reasoning may be generalized for similar tracking applications in outdoor WSN environments.
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