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1. [bookmark: OLE_LINK13][bookmark: OLE_LINK14]Introduction
In this paper we describe the methodology used in the simulations for estimating the UE positioning measurement results. 
2. Mechanism to estimate positioning measurements 
Sections 2.1 and 2.2 describes the TOA refinement/interpolation method for obtaining simulation results in our previous contribution in [1] at RAN4#98bis-e. This may explain the reason for difference between our results compared to those from other companies.
Section 2.3 describes the method for obtaining simulation results presented in this meeting [2].
2.1 Refinement of the time-of-arrival and RSRP estimates
Assume that we have calculated the frequency-domain, sampled cyclic cross-correlation , for the subcarrier indices , where  is the number of PRS subcarriers, and combined received symbol indices . To be clear, we assume a staggered -comb PRS with a total of  PRS symbols, and  receive antennas, meaning that the number of received combined symbols is . 
We also assume that we have a rough timing estimate of the first path (in sample time units), call it . This may or may not be integer valued, depending on whether we refine the sample grid using interpolation beforehand. Then we refine (or locally interpolate) this estimate from finding a local maximum w.r.t.  (around ) of the following function:

where , and  is the FFT size. This can be done using some iterative numerical method starting at . To convert  from sample time units to seconds, simply divide by the sampling rate , where  is the subcarrier spacing in Hz.
For single-path channels such as AWGN, the maximizing  is the maximum likelihood estimate of the time-of-arrival. From this , the maximum likelihood estimate of the RSRP in the single-path case is obtained as .
2.2 Achieving the Cramér-Rao lower bound in AWGN
Assume a staggered -comb PRS,  RX antenna elements (2 in the assumptions), and  PRS symbols in total. 
For example, if we have 12 consecutive PRS symbols in a slot (DL-PRS-NumSymbols), repetition factor 6 (DL-PRS-ResourceRepetitionFactor), and 4 samples (DL-PRS-Periodicity of 40 ms with an evaluation period of 160 ms), we have  PRS symbols in total.
The Cramér-Rao lower bound (CRLB) states that, for any non-biased time-of-arrival estimate  (in seconds) in the single-tap channel (i.e. AWGN), the variance is bounded as:

where  is the subcarrier spacing in Hz,  is the number of PRS subcarriers, and  is the signal-to-noise ratio in linear scale.
Observation 1: The CRLB for TOA (i.e. the UE RX-TX error) is independent of the FFT-size. If the CRLB is achieved, then there is no additional benefit from oversampling.
Similarly, the estimated relative RSRP error  in linear scale for the single tap channel is bounded as:

The SNR values are calculated from the assumed SINR according to Table 1. It is seen that the SNR values for comb 2 (where muting is applied) is generally lower than for the no-muting cases. This is because the interference is lower, which needs to be compensated for with more noise to achieve the same SINR.
Table 1. SINR (Ês/IoT) to SNR conversion.
	SNR [dB] for cell:
	-3 dB SINR (cell 1)
	-6 dB SINR (cell 2)
	-13 dB SINR (cell 3)

	comb > 2 (all cells interfere)
	-0.97
	-3.18
	-9.42

	comb = 2 (muting, cells 1 and 3 interfere)
	-2.68
	-6.00
	-11.13


It turns out that, using the TOA refinement scheme as defined in 2.1, the TOA errors (i.e. UE Rx-Tx errors) for the AWGN scenarios are well approximated by a zero-mean Gaussian distribution with the CRLB variance. This is illustrated in Figure 1 which shows a tiny deviation from the CRLB, possibly due to interference. The CRLB curves are the CDFs of the half-normal distribution, i.e.  where  is the CRLB variance given in Tc2.
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Figure 1. UE RX-TX error. Simulated CDF vs. the CRLB.
Corresponding curves are given for RSRP in Figure 2. Here the offsets from the CRLB distribution are more visible, especially for the weakest cell. 
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Figure 2. RSRP error. Simulated CDF vs. the CRLB.
2.2 Turning off the refinement: estimate on the samples
In the current round of simulations, we turn off the TOA refinement and all other interpolation. This means that the timing is estimated purely from the sampled power-delay-profile (PDP), and TOA estimates are returned in # samples (integer values) before converted to Tc. The corresponding results are provided in [2].
2. Summary
[bookmark: _Hlk23953093]The methodology used in the simulations for estimating the UE positioning measurement results is described. Following are the main observations:
· Observation 2: For RSTD: when using the timing refinement, the estimates are well approximated from the CRLB. This is seen from the UE Rx-Tx errors, which coincide with the TOA errors, and from the fact that a RSTD is equal to the reference cell TOA minus the TOA from another cell.
· Observation 3: For PRS-RSRP: when using the timing refinement, the RSRP errors are close to the CRLB for the two strongest cells. For the 3’rd cell, there is a significant bias in the estimates.
· Observation 4: For UE Rx-Tx time difference: when using the timing refinement, the absolute UE Rx-Tx error is well approximated by the half-normal distribution with the CRLB variance.
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