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1. Introduction
A new work item Network-Based Positioning Support for LTE was approved in [1]. The objective of this work item is to specify support for uplink time difference of arrival (UTDOA) in LTE based on Sounding Reference Signals (SRSs) being used for the uplink measurements. This contribution discusses the SRS measurement definitions related to this positioning service. 

2. Discussion
There are more than one ways to obtain the time difference of arrival (TDOA) measurements. Two measurement definitions are given below.

· Measurement Definition 1:  
Time of Arrival (TTOA)

	Definition
	Time of Arrival (TToA) is defined as the time difference 


TTOA = (eNB Rx – UE Tx time difference),

where the eNB Rx – UE Tx time difference corresponds to an uplink subframe containing a specific SRS from the respective UE and the corresponding received uplink subframe at the respective eNB.


eNB Rx – UE Tx time difference

	Definition
	The eNB Rx – UE Tx time difference is defined as TeNB-RX – TUE-TX
Where:

TeNB-RX is the eNB received timing of an uplink subframe, defined by the first detected path in time.

The reference point for TeNB-RX shall be the Rx antenna connector.

TUE-TX is the UE transmit timing of an uplink subframe.

The reference point for TUE-TX shall be the UE Tx antenna connector.
The uplink subframes used in TeNB-RX and TUE-TX are the same.


· Measurement Definition 2:
E-UTRAN GNSS Timing of Cell Frames/Subframes for UE positioning

	Definition
	TE-UTRAN-GNSS is defined as the time of the occurrence of a specified LTE event according to a GNSS-specific reference time for a given GNSS (e.g., GPS/Galileo/Glonass system time). The specified LTE event is the beginning of the transmission of a particular frame (identified through its SFN) or subframe in the cell or of the receiving of a particular frame or subframe from a UE. The reference point for TE-UTRAN-GNSS shall be the Tx antenna connector if the specified LTE event is related to the transmission behavior and shall be the Rx antenna connector if the specified LTE event is related to the receiving behavior.


* The fonts marked by red are to point out the difference between the proposed new measurement and the measurement of ‘E-UTRAN GNSS Timing of Cell Frames for UE positioning’ specified in [2].
In Measurement Definition 1, the time of arrival TTOA is defined by measuring the time difference corresponds to an uplink subframe containing a specific SRS from the respective UE and the received uplink subframe at the respective eNB. The object to be measured is the uplink subframe containing the SRS intended for the positioning reference signal. It is also fine to use the SC-FDMA symbol carrying the SRS as the measurement object. However, since a UE may transmit more than one SRSs in a radio frame, using a frame as the measurement object is not appropriate. With the TTOA measurements from the eNBs participating in positioning, a set of TDOA measurements can be obtained by calculating their differences. 

In Measurement Definition 2, the time of the occurrence of a specified LTE event according to a GNSS-specific reference time is defined. If the LTE event corresponds to the receiving of the uplink subframe containing the SRS intended for positioning, the differences of the measurements TE-UTRAN-GNSS’s at eNBs can be utilized as the TDOA measurements. 

In the following, we analyze the merits of the two proposed measurement definitions. Network based positioning requires collaboration of the serving cell of the target UE and several cooperating cells. Using TDOA as the positioning measurements is one of the most popular methods. Actually, TOA can also be utilized as positioning measurements. In Appendix, TOA- and TDOA-based methods are introduced. The procedure of positioning based on TOA/TDOA is composed of two steps:

Step 1. Serving and cooperating cells perform time of arrival (TOA) measurements using the SRS transmitted by the target UE;
Step 2. Given the TOA estimates at Step 1, either the TOA- or TDOA-based method is used for location determination. 

The TOA is defined as the propagation delay from the target UE to the eNB making the measurement. 
Location determination at Step 2 is basically a least-square solver to a set of nonlinear equations. The input to the location determination algorithm may be either TOAs or TDOAs. According to our experiments, the TDOA-based method generally yields more accurate position estimation than the TOA-based one. However, once errors occur due to shadowing, interference, or some other unfavorable factors, the TDOA-based method tends to give remarkable errors in location estimation than the TOA-based method. To yield good positioning accuracy, it is beneficial to have a rule in deciding which of these two methods is used. The following is one example of the rule: 
· d := estimated distance of the target UE to the serving base station by TOA measurements;

· (xTDOA, yTDOA) := estimated position of the target UE by the TDOA-based method; 

· (xTOA, yTOA) := estimated position of the target UE by the TOA-based method;

· If the distance from (xTDOA, yTDOA) to the serving base station is smaller than d, then (xTDOA, yTDOA) is adopted as the estimate of the target UE position; otherwise, (xTOA, yTOA) is used.

When the distance from (xTDOA, yTDOA) to the serving base station is less than d, the probability of the position estimate (xTDOA, yTDOA) being correct is high, and this positioning result should be utilized due to the superior performance of the TDOA-based method than the TOA-based one. To elaborate, it is understood that a TOA estimate includes an error due to the multipath effect. Specifically, a TOA measurement corresponds to the arrival time of the strongest path rather than of the line of sight (LOS). The TDOA-based positioning has the advantage that this common offset in TOA measurements is reduced or eliminated when computing the TDOAs. Thus, when the TDOA-based positioning works correctly, the positioning result (xTDOA, yTDOA) should have a closer distance to the serving base station than the distance d that is yielded by the TOA measurement. 
We will show the effectiveness of this hybrid TDOA/TOA scheme by simulations. The assumptions adopted for the simulations are given in TABLE I.

TABLE I

Simulation Assumptions 

	System Parameters

	Bandwidth, FFT size, CP type 
	10 MHz, 1024 points, Normal CP

	Carrier frequency
	2 GHz

	Equipment Model

	Base station
	Number of RX antennas
	2

	
	Antenna gain
	15 dBi, 3-sector antenna

	
	Noise figure
	5 dB

	
	Cable loss
	2 dB

	UE
	Number of TX antennas
	1

	
	Antenna gain
	Omni, 0 dBi

	
	Maximum TX power
	23 dBm

	Deployment Parameters

	Cell layout
	Hexagonal grid, Warp around, 7 sites, 
21 sectors

	Participating cells
	3 sectors: 1 serving + 2 cooperating

	Intersite distance

(Neighbor base stations distance)
	1732 m

	Shadowing factor 
	Lognormal shadowing std. dev. 8 dB, Correlation distance of shadowing 50 m

	Channel type
	10 dB penetration loss, Extended Typical Urban (ETU) model [15], 30 km/h 

	Path loss model 
	PL (dB) = 128.1 + 37.6 log10 (R [km])

	SNR of SRS at serving cell
	10 dB


The length of the SRS sequence is 24, which is the shortest SRS sequence length in LTE. The reason to choose an SRS of this length is twofold. First, it can be used for any system bandwidth. Secondly, the positioning accuracy obtained with a length-24 SRS can be regarded as a lower-bound performance; an SRS of a longer length can generally yield a better performance. 

The number of SRS transmissions is 10. According to [4], the time limit of the location determination/verification latency is 30 sec. As the SRS periodicity is 2ms to 320ms [3] and the number of SRS transmissions is only a few, there is no difficulty to meet the requirement of [4] in terms of the limit of the location determination latency.  
At the serving cell, the signal to thermal noise ratio (SNR) is fixed to be 10 dB. The maximum power a UE can transmit is set to be 23 dBm. For both serving and cooperating cells, the intercell interference is modeled as an independent and identically distributed (i.i.d.) Gaussian random process; the intercell interference to the thermal noise ratio (IoT) is a Gaussian random variable with the mean of 7 dB and the standard deviation of 1.414 dB. Thus, the average signal to intercell interference plus thermal noise ratio (SINR) is 2.2 dB. At the serving cell, two other UEs may be sending SRSs of the same length and at the same time-frequency resource as the target UE. These two UEs appear independently with a probability of 0.5, called the sounding collision rate. At the cooperating cells, a UE is sending data at the time-frequency resource utilized by the target UE with a probability of 0.8, called the interference collision rate (ICR). This results in the intracell interference at a cooperating cell. 
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	Figure 1: The empirical CDFs of the positioning errors with the location determination algorithm using the TDOA-based method, the TOA-based method, and the hybrid scheme. The simulation environments are indicated on the title of the figure. 


Figure 1 shows the empirical cumulative distribution functions (CDF) of the positioning errors using the TDOA-, TOA-based location determination methods, and the hybrid scheme proposed above. Each CDF curve is generated by 1,000 realizations. It is demonstrated that there is a cross point of the empirical CDFs using the TDOA- and TOA-based methods. For a given requirement of the positioning error being less than X meters, it is more probable that the TDOA-based method can achieve this requirement than the TOA-based one when X is less than a threshold. In the figure, the threshold is roughly equal to 220. On the contrary, when X is larger than the threshold, the TOA-based method has a higher chance to meet the requirement. The hybrid scheme is effective in that it performs as well as the better one of the TDOA- and TOA-based methods regardless of the value of X.
Looking at the results demonstrated in Figure 1, we think Measurement Definition 1 is better than Measurement Definition 2. If the Definition 1 is adopted, both TOA and TDOA measurements are available for location determination, and the network is equipped with more tools in performing location estimation. On the contrary, if Definition 2 is utilized, the network can simply use TDOA-based method for location determination.   
Proposal: Measurement Definition 1 is specified in TS 36.214 for SRS positioning measurements.
3. Conclusion 
In the contribution, the SRS measurement definition related to network based positioning in LTE was discussed. Two measurement definitions were proposed, one is based on the time difference of an uplink transmission containing a specific SRS from the target UE and the received signal at the respective eNB, and the other is based on the time of the occurrence of the receiving of the uplink subframe containing the SRS intended for positioning. Through analysis and simulation results, we believe Measurement Definition 1 can provide information allowed for a more accurate position estimate. 
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Appendix: Positioning methods
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	Figure 2: Range-based methods for positioning: (a) the circle-based method (or TOA-based), and (b) the hyperbola-based (or TDOA-based) method.


The location of the target UE can be estimated by measuring the distance between the source and a receiver with the distance measured by estimating the TOA of the signal propagating between them. There are several implementations of this range-based method, e.g. circle-based and hyperbola-based. In a circle-based method (see Figure 2(a)), each TOA measurement forms a circle of a constant distance around the receiver. The intersection of multiple circles produced by multiple TOA measurements provides the position estimate of the target UE. In a hyperbola based method (see Figure 2(b)), time difference of arrival (TDOA) is used for positioning. Specifically, the relative differences in ranges among pairs of source/receiver are calculated. Each range difference produces a hyperbola of a constant range difference with a pair of base stations at the foci. For example, in Figure 2(b), every point on the dotted hyperbola has a constant range difference between base stations 1 and 2. The cross-point of the two hyperbolas is the location estimate of the target UE.






