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1 Introduction

This document presents the fundamental principles and practices associated with the U-TDOA location determination method. It also presents the results of ongoing field-testing of U-TDOA in working GSM systems.

2 U-TDOA Principles

TDOA technology requires multiple sites to receive the signal from the MS to be located. Wireless networks are naturally suited for application of the TDOA technology because many cell sites are distributed over a geographic area providing a region of coverage. 

The U-TDOA method calculates the location of a transmitting mobile phone by using the difference in time of arrival of signals at different receivers (LMUs). The time required for a signal transmitted by a mobile phone to reach an LMU is proportional to the length of the transmission path between the mobile phone and the LMU. The U-TDOA method does not require knowledge of the time the mobile phone transmits nor does it require any new functionality in the mobile phone.

In order to accurately determine the time of arrival of the MS signals at each LMU the receivers at these receiving sites (LMUs) must be very accurately time-synchronized. The difference in propagation time between two sites can be measured by correlating the accurately time-stamped signal received at site A with the accurately time-stamped signal received at site B.

The following block diagram shows a general method for determining the location of a MS using U-TDOA. A brief description of each process follows.
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a) The BSC provides the RF channel information for the target MS to the SMLC, using the BSSLAP U-TDOA Response message as described in paragraph 9.5 of 3GPP TS 43.059.

b) Using the RF channel information acquired in the U-TDOA Response message, the SMLC tasks the primary LMU (the LMU associated with the serving BTS) with capturing the reference RF information that will be used to identify and analyze the RF energy transmitted by the target MS. At the same time, the surrounding (cooperating) LMUs are tasked with capturing, digitizing, and storing the RF energy associated with the radio channel that the target MS currently occupies.

c) Using the reference RF information captured by the primary LMU, the primary and cooperating LMUs determine the time-difference-of-arrival (TDOA) of the RF signal from the target MS. Various analysis techniques are applied to mitigate the amplitude and phase distortions normally encountered in the RF environment.

d) The SMLC determines the location of the target MS using the TDOA information from the LMUs and multilateration techniques.

2.1 Determination of the Time-Difference-Of-Arrival (TDOA)

As an example, Figure 1 shows time domain representations of two perfectly matched signals as received from the same mobile phone by two LMUs in ideal conditions – high signal-to-noise ratio, no multipath distortion, etc. Because the receivers are at different distances from the transmitting phone, the signals are out of phase: peaks and valleys do not match up.
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Figure 1 Ideal Signal Collection

Figure 2 shows the theoretical effects of increased distance, multipath distortion, and interference on a received signal. The top signal was received under ideal conditions. The lower one represents what that signal would look like in more realistic conditions. It is attenuated to a level much closer to the noise floor. Nevertheless, the peaks and valleys in amplitude are still identifiable with the original signal.

[image: image4.png]



Figure 2. Ideal and Attenuated Waveforms

Cross-correlation is a statistical XE "Cross-correlation"  technique that compares the waveforms of two signals point for point. Identical signals in perfect phase would yield a correlation coefficient of 1. Figure 3 shows (a) a signal received by an LMU that is close to the transmitter and (b) the same signal received by a second LMU further away. The latter signal is attenuated and perhaps distorted. It is also out of phase with the original signal because it was received at a later time. The correlation coefficient between (b) and (a) would be quite low.

However, by shifting the (b) curve to the left, it is possible to find a position in which the correlation coefficient is maximized (shown by (c)). Even though the waveform in (b) is attenuated compared to (a), the alignment of peaks and valleys after the shift would still yield a very high correlation of approximately 0.99.

At that position, the amount of shift required is equal to the difference in time of receiving the signal at the two LMUs. In essence, the correlation method identifies the “beginnings” of the different signals in time relative to one another or the Time-Difference-Of-Arrival (TDOA). 
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Figure 3. Using Cross-Correlation to Compute Time Delay

This difference in propagation time between two sites can be measured by correlating the signal received at site (a) with the signal received at site (b). The correlation function, 
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The mobile’s signal is measured at the two time-synchronized sites over time duration T and the delay ((), varied to maximize A((). Once (max is determined the source of transmission is known to lie on a hyperbola with the two receive sites at the foci of the hyperbola.

Theoretically, the accuracy of the TDOA estimation is limited by several practical factors such as integration time, signal-to-noise ratio (SNR) at each receiver site, as well as the bandwidth of the transmitted signal. The Cramer-Rao bound illustrates this dependence. It can be approximated as:
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Where frms is the rms bandwidth of the signal, b is the noise equivalent bandwidth of the receiver, T is the integration time and S is the smaller SNR of the two sites. The TDOA equation represents a lower bound. In practice, the system must deal with interference and multipath, both of which tend to limit the effective SNR. 

The geometry of the receiving sites with respect to the transmitter’s location also influences the accuracy of the location estimate. A relationship exists between the location error, measurement error and geometry. The effect of the geometry is represented by a scalar quantity that acts to magnify the measurement error or dilute the precision of the computed result. This quantity is referred to as the Horizontal Dilution of Precision (HDOP) and is the ratio of the rms position error to the rms measurement error (. Mathematically, it can be written as
:
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Where (n2 and (e2 is the variances of the horizontal components from the covariance matrix of the measurements. Physically, the best HDOP is realized when the intersection of the hyperbolas is orthogonal. An ideal situation arises when the emitter is at the center of a circle and all of the receiving sites are uniformly distributed about the circumference of the circle.

In Figure 4, Rx1 and Rx2 represent the fixed locations of two LMUs in the network. The pairs of intersecting circles centered on Rx1 and Rx2 have radii such that each radius represents the time (tTR) it takes a signal to travel from a mobile phone transmitter to each LMU (that time being unknown). The difference between radii is a constant equal to the difference between tTR1 for the first LMU and tTR2 for the second LMU. The interval tTR1- tTR2 is the value determined by the cross-correlation technique. When you plot and connect the points of intersections between each pair of circles, the result is a hyperbola XE "Hyperbola:in TDOA calculation" . The hyperbola defined by the reference site in comparison to another site XE "Baseline"  constitutes a baseline. 
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Figure 4. Deriving the Hyperbolic Function for Time Delay

If a similar hyperbola were constructed for another pair of LMUs receiving transmissions from the same mobile phone, the second hyperbola would intersect the first hyperbola at two points, yielding two possible locations for the mobile phone. As shown in Figure 5, a third such hyperbola would yield a unique location for the calling phone, so that a minimum of four reception sites is needed to obtain a unique location estimate.
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Figure 5. Intersection of Three Hypothetical Hyperbolas Calculated from Time Delay Differences

In the U-TDOA method, the reference measurement XE "Baseline"  is the one that represents the LMU site closest to the mobile transmitter. That site normally generates the highest signal level as well as the highest SNR. In addition, it presumably exhibits the lowest multi-path error. Therefore the reference measurement time is the one against which time differences are measured.

 As in the TOA method, any errors introduced into the time delay measurement yield inaccuracies in the intersection point. Since the speed of light is approximately 0.3 m/nsec in air, a nanosecond error in time delay measurement introduces 0.3 meters of error.

The more hyperbolas XE "Hyperbola:in TDOA calculation"  that are calculated, that is, the more cooperating LMUs used in the calculation, the more accurate is the estimate of the transmitter’s position. This is another way of saying that statistical confidence improves with an increase in sample points. When many sites enter into the calculation, the effects of a large time delay measurement error at a single site are minimized.

With a sufficiently long integration time, it is possible to achieve the U.S. FCC E-911 location accuracy requirement by applying this cross correlation technique.

2.2 Factors Affecting U-TDOA Accuracy

Determining location by measurement of radio signals is a well-studied branch of physics and electrical engineering, with obvious applications in military and civilian realms. These location techniques have been applied to cellular radio systems to enable emergency and commercial location-based services for cellular system users. While the scale and cost constraints of cellular systems present unique technical challenges, the fundamental physics remains unchanged. The drivers of location accuracy are: signal integration time and signal-to-noise ratio of the received signal, propagation environment, signal bandwidth, receiver/transmitter geometry, and the number of transmit/receive stations. 

While it is possible to achieve the level of accuracy required by the U.S. FCC E-911 mandate with cross-correlation techniques alone, employing additional techniques can achieve higher levels of accuracy while using less system resources. The drivers of location accuracy are discussed in the following paragraphs with brief descriptions of these techniques when appropriate.

2.2.1 Signal-to-Noise Ratio (SNR) and Signal Integration Time

The three major classes of location technology all use cross-correlation techniques to compute time delay measurements. A signal received at a receive station is cross-correlated against a reference signal. The sensitivity and accuracy of the correlation function is a directly related to the number of signal samples over which the correlation function integrates. The effective signal-to-noise ratio after taking into account the processing gain of the correlation function is referred to as the integrated SNR. A U-TDOA system can perform integration over thousands of bits, providing up to 40 dB of processing gain. 

The integrated SNR of the received signal ultimately determines if the signal can be detected by a receive station (LMU) and the resulting accuracy of the time delay measurement. It is also possible to vary U-TDOA location accuracy by selecting an integration period that achieves only the desired accuracy (QoS). Longer integration times will involve a higher number of LMUs and therefore provide a higher level of location accuracy.

2.2.2 Signal Bandwidth

Signal bandwidth determines the amount of multipath that will naturally be resolved when performing correlation. As the signal bandwidth increases the resolution of the correlation function increases. This allows the correlation function to differentiate more components of the received signal and filter out more of the delayed multipath components that are a dominant source of measurement error.

2.2.3 Receiver (LMU) Geometry

In all TDOA location systems, the geometric distribution of receive stations (LMU) around the device being located has an effect on location accuracy. An even geometrical distribution of receive stations around the device minimizes the error in time delay measurement created by the propagation environment in any single direction from the device; such a distribution also minimizes the uncertainty associated with the position estimate. This impact of geometry on location accuracy is quantified in the form of horizontal dilution of precision (HDOP). 
2.2.4 Propagation Environment

The propagation environment affects location accuracy primarily in terms of signal loss and time dispersion due to multipath. Extending the integration time to provide additional processing gain can mitigate the affect of signal loss. Higher bandwidth and sampling rates can mitigate the affect of time dispersion.

2.2.5 Number of Receive Stations (LMU)

Location processing is a statistical process. Since the propagation and noise environment varies geographically and over time, the magnitude of time delay measurement error varies with receive station and time. As a result, location accuracy increases as the numbers of receive stations and time delay measurements increases.
Unlike the downlink channels in a cellular system, which use only a single base station transmit antenna and a single MS receive antenna, the uplink channels use diversity receive antennas. This, combined with the very long integration times used with an U-TDOA system, allows many antennas to participate in a single location.

3 Actual U-TDOA Performance

TruePosition has two separate test systems within the Cingular network. One includes 33 sites in southern New Jersey (USA) and the other includes 21 sites in Wilmington, Delaware (USA). These systems are capable of operating in the GSM mode as well as other North American standards within the same SMLC/LMU equipment. They have been used to test and implement the GSM functionality for the past year including thousands of hours of testing. Recent test results from the southern New Jersey system are included in the following paragraphs.

Figure 6 shows the 33 sites and 40 test points associated with the southern New Jersey test system. For this test DTX, AMR and frequency hopping were enabled. Between 13 June 2003 and 16 June 2003, 400 stationary and moving test calls were made ,with the following results:

· 67% of the calls had location errors no greater than 39 meters

· 95% of the calls had location errors no greater than 96 meters

A fast response location was initially determined on the SDCCH (not frequency hopped) followed by a (typically) more accurate location on the assigned TCH (frequency hopped).

Figure 7 shows a screen capture of one location event using the TruePosition Operation and Maintenance tool (SCOUT). This arbitrarily selected location event resulted in 38.9-meter accuracy.
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Figure 6. Test Points and Sites in New Jersey Test System
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Figure 7. Single U-TDOA Lotion Event

� Leick, A., “GPS Satellite Surveying,” John Wiley & Son, 1995, p. 253.
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