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Introduction
The Rel.18 work item on Non-Terrestrial Network (NTN) [1] has been started with the following scope:
· Coverage enhancement
· NR-NTN deployment in above 10 GHz bands 
· Network verified UE location
· NTN-TN and NTN-NTN mobility and service continuity enhancements 

On network verified UE location, the study phase in RAN has been finished and TR 38.882 on the necessity of network verified UE location was created [2]. The following is the scope of study in the working groups. 

	The study in [RAN2,RAN1,RAN3], which will study and evaluate solutions for the network to verify UE reported location information, shall consider the following aspects:
-	The scenario of single satellite (or HAPS) in view by the UE at a time is considered with higher priority.
-	Multiple satellite (or HAPS) in view by the UE may be considered if time allows
-	Assume that the UE is attached to a network (so that its context has been set up in the network) for the purpose of positioning
-	Different solutions or positioning methods for NGSO, GSO or HAPS are not precluded
-	When considering solutions based on positioning methods, existing 3GPP defined RAT dependent positioning methods shall be considered as baseline. Other methods are not precluded.
-	Solutions using existing NG-RAN architecture and procedures shall be considered



In this document, we discuss network verified UE location for NR NTN.
Discussion 
It is described in TR 38.882 that relying only on the GNSS based location information reported by the UE is not considered reliable by SA3-LI due to, e.g., intentional (e.g., maliciously tampering by user or by 3rd party) or unintentional (e.g., interference) causes. Therefore, network verification of UE location is necessary. For the study, the UE location information is considered verified if the reported UE location is consistent with the network-based assessment to within 5-10 km (similar to terrestrial network macro cell size). 
In the following, we describe a method based on multiple RTT measurements (see Figure 1) which allows for very accurate UE location verification.
	[image: A group of airplanes flying in the sky

Description automatically generated with low confidence] 
a) [bookmark: _Ref115183403]NTN with single LEO satellite and multiple timing         
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b) Satellite positions during one RTT measurement

	Figure 1: Positioning with multiple transmission points


Location estimation based on non-linear least-squares minimization
Trilaterion is a method for positioning based on the solution of a non-linear system of equations. A receiver is provided with data telling it when the data was emitted. Since the receiver knows when the data was received, it can also derive the propagation time, and thus knows the distance between itself and the transmitter, e.g., a satellite. With signals from four transmitters a receiver can uniquely (up to measurement noise) identify the receiver’s position in space. 
Let  denote the receiver location, the transmitter position,  the propagation delay, and  the distance between transmitter and receiver

With four transmitters in sight, we have a system of four equations

We can estimate the UE location  by iteratively minimizing the sum of least residual squares

The algorithm for iterative minimization is known as Gauss-Newton method. It is a multi-dimensional generalization of the Newton method for finding the root of a scalar-valued function and can be formulated as follows:

We define the residual functions . The Jacobian matrix  comprises the gradients () as row vectors of the residual functions  stacked on top of each other. 


For one iteration, we can solve the equation system  with standard methods of linear algebra for vector  and obtain an update of the location estimate via 

Method 1 
The method above determines the UE location as the intersection of four spheres. The underlying assumption is that the transmitters are either stationary, like in a terrestrial network, or that UE is provided with the position of the transmitter at the time instant when the data was emitted, like in GPS. For NTN, we consider RAT-dependent techniques, i.e., we do not rely on GPS. If we consider multiple measurements from a single satellite, then the satellite movement must be accounted for – in particular, for fast moving LEO satellites. The way we model this is to say that during one Round-Trip-Time the satellite moves between positions on its orbit, say  and  for the -th measurement. In other words, when the i-th RTT-measurement is started the satellite is at position  and when the RTT-measurement is finished the satellite is at position . Then the NTN-adjusted function describing the distance between satellite and UE becomes

This is the equation for an ellipse, which is defined as the set of points whose sum of distances to the focal points is constant. Conceptually, we can use this function as a basis for the Gauss-Newton method described above. Before that we must account for the rotation of Earth, however, since during one RTT not only the satellite moves but also Earth. 

The necessary modifications can best be understood when the problem is reduced to two dimensions, i.e., we consider the equatorial plane only. Afterwards the extension to three dimensions is fairly straightforward.

The satellite position at time  is denoted as


The UE location is denoted as

 is the orbital period of the satellite, and  is Earth’s sidereal rotation period (~24h). The static phase  allows to position UE within the cell. Based on these functions we denote the propagation dekay in Dowlink and Uplink as  and  for the -th RTT-measurement and they are computed based on these implicit equations




Note that the  depends on the location of the UE  at time . For multiple RTT measurements at subsequent time instances ,  etc. the UE location is different for each RTT measurement and must be accounted for.



Based on a single RTT measurement, the satellite knows its positions  and  and the corresponding . To determine the UE location  in this two-dimensional scenario three measurements are needed. In practice, for three dimensions in space four measurements are required. To compute the location based on the Gauss-Newton method, the satellite positions for each RTT-measurement must be de-rotated with the term , i.e., by a phase which is equivalent to the propagation delay  in the downlink from satellite to UE plus the time difference  between two RTT-measurements. However, only the sum of  and  are known as . We can reasonably assume that both delays are similar. Hence, with  we assume that  


Thus, the residual function for the Gauss-Newton method reads


Conclusion
For the i-th RTT-measurement we define  and  and 

The extension to three dimensions can be done by replacing the rotation factor  with a suitable rotation matrix. For that, the cross-product of  and  yields on orthogonal vector around which we can rotate both vectors on the plane which contains them both. The corresponding technique is known as “Rodrigues rotation”.
Method 2
Since the RTT is comprised of UL and DL, it is in principle possible to estimate the UE location with only two RTT measurements for the two-dimensional setup. That is, we can assume that the delay over UL and DL equal roughly half of the RTT:


Hence, with two measurements we can establish four equations and thus uniquely solve for the UE location. By analogy, for the three-dimensional case three RTT measurements are sufficient. In practice, this method is more error-prone since it suffers from an ill-conditioned system of equations. The problem is that the satellite positions at  and  are quite similar. Thus, the two equations above describe two circles of the same radius, , which are almost congruent.
Preliminary simulation results
We consider LEO600 and LEO1200 satellites in a circular orbit, providing a cell with a beam footprint km (center-to-edge). The minimum elevation angle under which the satellite is visible is 10°. UE and satellite are uniformly distributed within cell and visibility area of the satellite. RTT-measurements are performed in steps of  seconds. That is, for Method 1 we record the satellite positions  corresponding to the time instances  and . For Method 2, we record the satellite positions  corresponding to the time instances  and .
Three measurements (Method 1)
Figure 2 depicts the CCDF of the error magnitude between the measured and the actual UE location. As a reminder, the only assumption underlying Method 1 is that the DL delay equals half the RTT, . We observe that positioning the order of millimeters is possible, but note, that channel impairments have been ignored here.
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	[bookmark: _Ref115187896]Figure 2: Simulation results for Method 1 (three RTT-measurements)



Two measurements (Method 2)
Figure 3 depicts the CCDF of the error magnitude between the measured and the actual UE location for Method 2. Unlike Method 1, only two RTT-measurements are performed. We recognise a sensitivity of the result with respect to the RTT-measurement interval . That is, the smaller , the larger the expected error. We explained this above by an ill-conditioned equation system, i.e., the closer subsequent measurements are in time, the more similar the geometry of the underlying ellipses become. However, if the system design allows for sufficiently large measurement intervals, Method 2 is a viable option.
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	[bookmark: _Ref115188211]Figure 3: Simulation results for Method 2



Performance with timing measurement error 
In the FL summary R1-2207631 [4], it was proposed to evaluate the timing measurement error based on a truncated normal distribution. In the following, we have added a truncated normally distributed error to the RTT measurements with zero mean and a standard deviation of both 10ns and 100ns, which roughly corresponds to displacements of +/-3m and +/-30m. The results in Figure 4 (three RTT measurements) and Figure 5 (two RTT measurements) clearly illustrate that UE location determination is negatively affected, although the error remains under the limits of 5 to 10 km. We observe that increasing the interval  between RTT measurements, i.e., the measurement window, improves the performance of the localization algorithm.

A comparison of Figure 4 and Figure 5, i.e., between three RTT measurements and two RTT measurements, should be done carefully, i.e., three measurements with an interval of Delta=2 s should be compared to two measurements with Delta=4 s, so that the total measurement interval is the same. With this caveat in mind, the performance of both approaches seem to be on par. We conjecture that three RTT-measurements mean in principle better performance, but this is offset by the presence of extra error term during the localization compared to the alternative. Whereas two measurements mean in principle worse performance but also one error term less. It is premature to decide on the number of required RTT measurements, and RAN1 should carefully consider these aspects.
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Figure 4: Effect of RTT-measurement error on UE location accuracy for three RTT measurements (Method 1)
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[bookmark: _Ref115431044]Figure 5: Effect of RTT-measurement error on UE location accuracy for two RTT measurements (Method 2)



Observation 1: Multi-RTT with a set of equations adjusted to the NTN-environment is a viable method to determine UE location with a verification accuracy of 5 to 10 km and with a single satellite.

Proposal 1: Adopt Multi-RTT as a method for network-based UE location verification.

Observation 2: A measurement window in the order of seconds may be required to achieve the required accuracy. 

Observation 3: Multi-RTT can be modified such that three measurements (instead of four) are sufficient to determine UE location in three dimensions, but this requires a sufficiently large interval between subsequent RTT-measurement.

Observation 4: The interval between RTT-measurements has a stronger impact on the accuracy of UE location estimation than the number of RTT-measurements.

Proposal 2: RAN1 should carefully consider the number of required RTT-measurements for multi-RTT.
Conclusion
In this document, we discussed issues on network verification of UE location for NTN. We observe and propose the following:
Observation 1: Multi-RTT with a set of equations adjusted to the NTN-environment is a viable method to determine UE location with a verification accuracy of 5 to 10 km and with a single satellite.

Observation 2: A measurement window in the order of seconds may be required to achieve the required accuracy. 

Observation 3: Multi-RTT can be modified such that three measurements (instead of four) are sufficient to determine UE location in three dimensions, but this requires a sufficiently large interval between subsequent RTT-measurement.

Observation 4: The interval between RTT-measurements has a stronger impact on the accuracy of UE location estimation than the number of RTT-measurements.

Proposal 1: Adopt Multi-RTT as a method for network-based UE location verification.

Proposal 2: RAN1 should carefully consider the number of required RTT-measurements for multi-RTT.
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