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Introduction

Radio signal based location tracking has been researched for many applications, including wildlife surveys, indoor emergency tracking systems, and even prison management. The location of a mobile object inside a network of wireless sensors at known location can be determined by analyzing the signal information exchanged between the mobile and beacon sensors. While the sensors only have an effective transmission range of about 10 meters, ad-hoc networks of sensors of differing sizes can be easily deployed to cover areas ranging in size from floor inside a house or office building to outdoor wilderness areas spanning acres. Not only can the location of an object be tracked, ambient conditions in an area such as temperature, humidity, light, and sound can be determined by using one of many multisensor packages available. This paper is a continuation of a project implemented last semester. This paper will briefly cover the basic implementation of a location tracking application using Crossbow Mica2 and Mica2dot motes, and investigate further design improvements that can make it a better locationing solution.

RSSI is a method of ranging that uses the attenuation in radio signal strength between two points to find the distance between them. The strength of the signal falls off exponentially with increased distance. It has been shown that this method of ranging can be inaccurate at times, but it does not place the requirement of fast calculations on the sensors. Given the limited processing capabilities of the sensors in this project, RSSI seems to be the optimal method for ranging. 

In the previous project, an experiment was conducted to test the principle of RSSI locationing with Crossbow Mica2 and Mica2dot motes. Four Mica2dot motes were placed on the edges of a 20’ x 20’ square to serve as fixed beacon location points, while a mobile Mica2dot mote was attached to a radio controlled truck. The mobile mote was programmed to broadcast a packet containing its unique mote ID number and a time index number every quarter of a second. The fixed motes would then add their ID numbers to the received packet, along with a 10-bit sample representing the signal strength. This packet would then be sent to a mote connected to a pc interface board so that the results could be captured and analyzed. In each test run, the truck drove in a circle inside the test area, passing by each fixed beacon mote. A sample of the test data from one of these test runs is given below:
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This graph represents the collected signal strengths over time for each mote in the experiment. In this test run, the truck started near the southern beacon mote, and drove in a clockwise circle. The points at which the truck passed by each mote can be clearly seen by the local minimum of each curve, while the point at which the truck was furthest away can be seen by the local maximum of each curve. Thus it can be concluded that there is a strong correlation between received signal strength and distance. Further, it can be concluded that the relationship between the two is not linear. For example, at the beginning of the test run, the RSSI from the southern mote shows a value of 35, while the western mote gives a value of 242. The point at which the truck is equidistant from these two motes shows a reading of about 100, a little below what would be expected of a linear relationship. This trend continues as the truck moves toward each beacon.


While this experiment showed that the Crossbow motes could indeed reliably gauge the distance between two motes based on a signal strength value, it brought up several questions. First, how does one translate the values received in these experiments into values of meaning? Another problem that can be clearly seen from the example graph is that the data collected is fairly noisy – most of the fixed beacon motes seem to drop many of the packets they receive. Would it be possible to minimize the number of dropped packets by improving the transmission protocol of the system? Finally, it is well known that most radio transmissions areas do not transmit in perfect spheres. Distortions of high frequency transmissions due to obstructions and atmospheric phenomena can disrupt the received signal strength. This obviously brings up the need for some kind of error correction in the data that is received. These are the issues that will be addressed in this paper.

Continuing


According to the user manual for the Mica2 and Mica2Dot motes, the 10-bit strength samples can be converted into decibels per milliwatt (dBm) with the following formulas:
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Here, ADC represents the 10-bit received signal strength value. This value is then converted to a percentage and multiplied by the receiving mote’s battery voltage, which is substituted in the second equation to get a reading in dBm, a more common measurement of signal strength. Distances can then be determined by measuring the path loss increase as the mote move further away. This path loss can be used to calculate the distance between two motes using the free space path loss equation
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where c is the speed of light, d is the distance between the two motes, and f is the transmission frequency in Hz. (c and d must be in the same units). Rearranging terms yields
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If 916.7 MHz is substituted for f (the operating frequency of the motes in the experiment), and the speed of light in feet per second is substituted for c, the resulting formula is
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where P is the recorded path loss between two readings, and d is the distance between the motes. This formula can be rearranged so that it can be solved for d.
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It should be noted that in order to use these formulas to calculate distance, each fixed mote will have to determine some kind of reference strength to the mobile mote so that it can detect a path loss. Once distances can be derived for each beacon mote at a given point in time, they can be used to triangulate the location of the mobile mote – provided that enough data are collected to do so. 

The concept of triangulation is a well-known method of location tracking. Given three reference points in a two-dimensional area, each with a known location relative to each other, the unknown location of a fourth point can be found if the distances between it and the three reference points are known. Finding the distance r1 between reference point a1 and unknown point m establishes the fact that m is somewhere on the edge of a circle of radius r1with center at point a1. Finding the distance r2 from m to the second reference point a2 establishes that m is also on another circle centered at a2 with radius r2. The location of m is reduced to the two points where the circles centered at a1 and a2 intersect with each other. Finding the distance r3 between reference a3 and m leaves the only possible location of m at the point where all three circles intersect. To expand this concept to track a mobile object in a three-dimensional space, four reference points are necessary. 
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To apply this geometric concept in a real world application, the locations of the reference points must be established in some coordinate system. A simple way to do this is to assign one of the reference points as the origin of the area of interest, and represent the coordinates of all other points as the offset distance from the original reference point.

When enough data are gathered, the distances can be arranged in the matrix equation given here:
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Here, axn, ayn, and azn represent the coordinates of mote an specified in a coordinate plane, mx, my, mz represent the coordinates of the mobile mote m, and dn is the distance measured between m and an. While it is necessary only to use four reference points in this equation, it is common practice to use more to reduce any errors likely to surface. These errors can be a result of transmission errors over the radio or they can occur if the reference points are placed poorly. Examples of bad placement would be points placed very close together, in a straight line, or in some irregular fashion. If the distances measured were perfectly accurate, the extra equations would still contribute to the same solution. This matrix can be solved easier by expressing it as an equation of the form Au = b by expanding the polynomials, rearranging the terms, and subtracting the last row. The resulting matrices are given below.
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Unfortunately, these formulas cannot be applied to the test data gathered from the previous experiment, as battery voltage values were not captured in the experiment. One could obtain theoretical results by assuming that the battery voltage for all motes is 3.0 V (this assumes that all batteries are fresh out of their packaging), but the accuracy of such results cannot be guaranteed. 

Design issues


An important design decision in a locationing network is whether to have the mobile mote send locationing messages to fixed beacon motes, as in the earlier experiment, or to have the beacon motes send locationing messages to the mobile mote. If the beacon motes were to send the locationing messages, then there would have to be some kind of scheduling algorithm in place to prevent two beacon motes from transmitting messages at the same time, thereby garbling both messages. Having the mobile mote send locationing messages alleviates this problem somewhat – all the beacon motes within range of the mobile mote can receive the message simultaneously. However, the issue of scheduling comes up again when the fixed motes need to send their signal strength data. The lack of a scheduling algorithm for such an event was cited as one of the causes for so much packet loss among the fixed motes in the experiment.


Power constraints should also be taken into consideration for the design. It is well known that the Crossbow motes consume the most power when transmitting messages. If the system is going to be installed such that the fixed motes are not likely to be moved, such as at various places inside a building, then it would be possible to connect them to a more stable, long-term power source such as the AC power running through the building. It would therefore be reasonable to have the fixed motes transmit the locationing messages and to have the mobile mote transmit a packet containing its location estimate when it receives enough messages to do so for a given time period.  


Another solution to improving the reliability of the locationing system is to periodically change the transmission power and frequency of the locationing messages. This is the approach taken in the MoteTrack location tracking system developed by Harvard University. This can improve the accuracy of a location estimate by several meters as a result of having more sources to take a reading from. In the most extreme case, it can make the difference between whether or not the locationing message is even received. 


Another major consideration for the system would be what sensor platform to base the system on. While the MoteTrack system utilizes a robust algorithm for positioning, it relies upon the Micaz platform to be able to tune the radio frequency. The Micaz platform transmits over the global 2.4 GHz ISM band, which is notoriously prone to distortion in indoor environments, thus making it impossible to use a closed form solution to obtain an accurate mobile mote position. MoteTrack gets around the problem by implementing a database of beacon transmission signatures. Each entry in the database contains a mean RSSI reading and a link quality indicator, along with the beacon mote’s unique ID, and the power and frequency of the current transmission. The database would then be constructed by measuring the readings at several known locations in a training phase of the system. The mobile mote would then check its readings against this database to determine its current position. Another possible solution proposed by the Tampere University of Technology is to use an extended Kalman filter on received signal strength data. The Kalman filter is a recursive computational algorithm commonly used in applications which require the filtering of noisy data, such as motion tracking and prediction. Kalman filtering has been shown to filter out noisy data over a brief period of training and could also be utilized on readings from the sensors available on the Crossbow motes if further data collection was desired.
This paper covered the some important areas of consideration for the development of a robust and reliable RF-based locationing system. In order to become a viable solution for positioning, the system developed for the previous experiment will need to provide reliable communication among the motes used in the system. The system will also have to provide some error correction algorithms to improve the accuracy of gathered readings. These issues will have to be addressed in further iterations of the system developed in the previous experiment. 
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