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[bookmark: _Ref408846065][bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction 
It was agreed at RAN#86 to study NR positioning Enhancements [1]. Firstly, it is planned to define additional scenarios based on TR 38.901 to evaluate the performance for use cases with (I)IOT being the prominent example for scenario as well as use case. During RAN1#101 some of the key evaluation parameters have been agreed. But there are still many parameters left open for implementation or optional complementary analysis. 
Companies may use different beam management concept, power control settings, reference signal (RS) parameters, ToA-estimator technologies and positioning algorithms. This may give a wide range of simulation results. 
In this contribution we focus on evaluating the ToA performance in InF scenarios and complement it by an analysis on the achievable positioning accuracy.  In addition we address the impact of Absolute Time-of-Arrival model (AToA) and the K-Factor.
Simulation Methodology and Evaluation
One of the key elements introduced in the latest revision of TR38.901 is the Absolute-time-of-arrival (AToA) model for NLOS links. Together with the parameters agreed for the NLOS/LOS probability agreed during RAN1#101-e the key parameter for the position accuracy is the number of available LOS links. 
To further evaluate this, we perform the following analysis:
· Study the performance of the ToA-Estimator for different receive conditions using an extended link-level simulator (eLLS). From this analysis we can derive a simple behavioral model for the ToA estimator performance.
· Using the behavioral model for the ToA estimator together with different deployment scenarios (different hall size and related ISD, different BS height), we can predict the feasible positioning accuracy. This will help identify degradations resulting from non-ideal implementation of procedures and/or artifacts in the used algorithms. 
Extended LLS
The main goal of the extended LLS is to evaluate the RS parameters for different SINR values and ToA estimator technologies. The eLLS is essentially a simulator for RAN1 technology assuming ideal power control and ideal beam management for one UE  TRP link.
An overview on the performance for InF in LOS scenarios is given in Table 1. Details on the applied parameters and simulation settings are provided in the Annex for the results shown in Figure 1. The preliminary version of this analysis gives examples for the ToA estimator performance for LOS conditions. For (good) LOS conditions, simple ToA estimators such as peak detection (PEAK), the inflection point method (IFP) or threshold-based methods (i.e., using a threshold relative to the maximum of the correlation peak, denoted, d as “relTHR” or “M2” in the figures below) provide good performance. Under good LOS conditions, advanced algorithms (e.g. MUSIC) provides minor or even no performance gain. 
[bookmark: _Ref47521894]Table 1: ToA estimator performance for selected scenarios
	Bandwidth
	KTC
	nbSymb
	Channel
	K-factor
(median)
	SNR
	Toa-Error
(median)

	50MHz
	2
	1
	InF_LOS
	7dB
	0dB
	0.45ns

	50MHz
	2
	1
	InF_LOS
	7dB
	-10dB
	0.65ns

	100MHz
	8
	1
	InF_LOS
	7dB
	-10dB
	0.265ns

	50MHz
	2
	1
	InF_LOS
modified
	-3dB
	0dB
	2ns
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Zoom around “median value”

	BW=50MHz, KTC = 2, 1 symbol, InF_LOS, SNR = 0dB
 median value of abs(ToA-Error) = 0.45ns (methods IFP and relTHR) 
 method IFP and relTHR show similar performance. Method “PEAK” with app. 8% false detections
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	BW=50MHz, KTC = 2, 1 symbol, InF_LOS, SNR = -10dB
 median value of abs(ToA-Error) = 0.66ns (method IFP)
 method relTHR degrades 

	[image: ]
	[image: ]

	BW=100MHz, KTC = 8, 1 symbol, InF_LOS, SNR = -10dB
 median value of abs(ToA-Error) = 0.265ns (method IFP, “M2” is identical to “relTHR”)
 Improvement due to higher bandwidth
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	BW=50MHz, KTC = 2, 1 symbol, InF_LOS, reduced K-Factor (median value -3dB instead of 7dB), SNR = 0dB
 median value of abs(ToA-Error) = 2ns (method IFP)
 K-factor has high impact to Toa-Estimator accuarcy (at least for the low complexity algorithms IFP and M2  (M2 is identical to relTHR)


[bookmark: _Ref47527797][bookmark: _Ref47527692]Figure 1: Toa error estimator CDF 

The estimated ToA error can be compared to the ToA error generated according to the AToA model defined in TR 38.901. The model parameters are identical for all InF-NLOS scenarios. The resulting median value of the ToA error is 31ns. This means that for an ideal ToA estimator capable of detecting the first arriving path (FAP) with high accuracy the ToA error in NLOS channels will be large compared to the ToA estimator error in LOS channels.  

Observation 1: 	For InF-LOS channels, simple ToA-Estimators method provide  high accuracy.
Observation 2: 	The ToA estimation error for LOS is significantly smaller (median value 0.5ns @ SNR= 0dB) compared to the ToA-Error for NLOS generated by AToA model (median value 31ns). 

Estimation of the feasible positioning accuracy
Taking into account the high ToA error introduced by the AToA model (31ns median value  expected positioning error is in the range of 10m). High positioning accuracy can only be achieved if the number of LOS links is sufficient. 
The system simulation setup for the estimation of the positioning error uses the parameters in the Annex with the additional parameters or settings: 
· The deployment scenario in line with the agreements in RAN1#101:
· InF deployments with ISD = 20m and 50m.
· Different options for the BS height.
· Probability of LOS model using the parameters:
· hc = 2m
· r = 0.4
· dClutter = 2
· UE dropping in the “inner area” (artifacts from positioning algorithm reduced).
· We assume “perfect power control” for each link
· The signal arrives with a desired SNR at the gNB. 
· This is only feasible if for each link a dedicated SRS resource (with related spatial relationship settings) is assumed. Reduction of the SNR due to non-ideal power control is not considered. 
· Interference is not considered.
· Positioning method: time difference of arrival (TDoA).
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[bookmark: _Ref47530576]Figure 2: CDF for the number of available LOS links

The resulting statistics for the number of available LOS links is depicted in Figure 2. Due to the high ToA error for NLOS reception, a LOS detection (or an advanced ToA quality estimator) is essential and should be considered FFS. For the preliminary analysis we assume an ideal LOS detection. Figure 3 shows the impact of varying the deployment parameters on the InF scenario. For ISD = 50m and BS heights in the range 8-10 m, the LOS probability is significantly reduced. If the number of LOS links is not sufficient, additional NLOS links must be taken into account for positioning using TDoA which is guaranteed to degrade the positioning accuracy. Accordingly, the figure shows for ISD = 50m (scenario InF_SH, yellow curve) two regions: 
· If the number of the LOS links is sufficient, a low positioning error can be achieved according to the ToA estimator performance for LOS links (in Figure 3, error median value = 0.5ns was assumed feasible with 50MHz bandwidth, SRS with one symbol and SNR=0dB). 
· If the number of LOS links is not sufficient, the positioning error is in line with our expectations in the range of 10m (median value).
For ISD = 20m (scenario InF_DH), the LOS probability is higher and consequently higher positioning accuracy is expected. 
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[bookmark: _Ref47531738]Figure 3: Impact of the parameters on the deployment scenario
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[bookmark: _Ref47532794]Figure 4: Impact of non-ideal LOS/NLOS detector
As mentioned previously, a perfect LOS/NLOS detector is assumed for the results shown in Figure 3. To estimate the requirements for a LOS/NLOS detector, a simple false detection model is added to the simulation. With a given probability for a NLOS signal (with a high ToA error), LOS reception is detected and (without further ToA quality indicators) used by the positioning algorithm. Figure 4 shows the impact of a non-ideal LOS/NLOS detector.  A false detection probability of 1 – 2% may have a high impact on the positioning accuracy. 

Observation 3: 	With the given AToA model, a reliable LOS/NLOS detector is essential to achieve high positioning accuracy with probability of LOS according to the statistics of the deployment. 
Proposal 1:	Technologies allowing a reliable LOS/NLOS detection and/or a ToA quality indicator shall be studied with high priority.

Considerations for NR Positioning Evaluation
The positioning accuracy depends mainly on the following parameters:
1. For NLOS links: AToA of the first path.
2. Probability of LOS condition.
3. Impact of geometry.
4. ToA estimator accuracy.

If the number of LOS links is not sufficient, the error introduced by the AToA model dominates the positioning error. Furthermore, we propose the extraction of complementary error statistics from the baseline simulations to allow RAN1 to evaluate the core technologies better. With the limited time available for the SI, we do not expect that the impact of all the parameters will be studied. Therefore, additional analysis of the simulation results can be considered, besides the positioning accuracy, also other key performance data to study the impact of parameters which can be influenced by network planning. Deployments (TRP positions, number of TRPs, etc.) can be optimized according to the positioning requirements. Therefore, the overall position accuracy statistics derived from simulations feasible in the remaining time frame of the SI may be misleading. Without optimizing the setup and careful justification of the applicable channel parameters, the results may be:
· Either too optimistic, if mainly LOS with good propagation conditions are used.
· Or too pessimistic if the number of LOS links is not sufficient and the AToA arrival model according to TR38.901 dominates the error statistics. 
The optimization of the deployment is mainly an implementation issue. Therefore, it is sufficient to derive complementary KPIs describing the dependencies of the positioning accuracy as a function of the channel conditions. The positioning service provider can take these functions into account for the trade-off between network complexity and position accuracy. 

Impact of Channel Parameter on ToA Error
ToA expected error for the LOS and NLOS InF default scenarios 
To evaluate further the performance of the InF scenarios and the impact of the additional error resulting from the AToA model, we apply a simple estimator (threshold-based peak detection) for providing the ToA results given in Figure 5 for FR2 and Figure 6 for FR1. 
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[bookmark: _Ref31380205]Figure 5: TOA error in FR2 with 400MHz BW from the measured CIR according to TR38.901 default parameters (with AToA model)
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[bookmark: _Ref40370286]Figure 6: TOA error in FR1 with 100MHz BW from the measured CIR according to TR38.901 default parameters (with AToA model)
Figure 5 and Figure 6 show:  
· As expected, for NLOS channels the median value of the ToA error is 31ns.
· All sub-scenarios (SL, DL, SH, DH) show the same characteristics.
· Compared to the error of NLOS, the error for LOS is marginal.  
By switching off the AToA model (or subtract the offset resulting from it), the impact of the multipath components and the jitter caused by the simple ToA estimator can be observed: 
· If the delay resulting from the TOA model is removed, the statistical properties of LOS and NLOS are (nearly) identical.
· For FR2 (28GHz), the error results mainly from the 1ns step size of the ToA-Estimator.
· For FR1 (3.5GHz), some early detections (negative ToA errors) are observed. This results when the bandwidth-limited signal is resampled to a higher sampling frequency, then the resulting correlation function produces some sidelobes The threshold based ToA estimator may detect the sidelobes as “early paths”. This is an implementation issue of the ToA estimator to demonstrate the impact of the ToA estimator algorithm on the positioning accuracy.

Observation 4: 	The AToA model does not differentiate between the different InF NLOS scenarios. The statistical properties may be dependent on deployment scenarios and environment characteristics.
Impact of K-Factor 
For channels with a LOS component, the first path of the CIR is simulated as a specular component. The K-factor covers the power ratio of this first path to the remaining components resulting from multipath propagation. For positioning, the first path represents the true distance. The power (relative to the remaining multipath components and noise) of this first path is the key parameter for the positioning error. The K-factor is therefore an important parameter for the resulting positioning accuracy. The 3GPP models described in TR38.901 use a statistical model for the instantaneous value of the K-factor. The parameters for InF-LOS are K = 7dB and K = 8dB. 
[image: ]
[bookmark: _Ref47706914]Figure 7: K-factor statistics for different channels
A conditional probability density function (PDF) for the ToA error can be generated using the instantaneous K-factor as a selection criterion. By analyzing the ToA error statistics for different K-factors (instantaneous value), the following observation can be made: the probability of a K-factor < -3dB is app. 8.6% (see Figure 7) for InF_LOS. Taking into account that several links are required for positioning and the worst link dominates the positioning error if no further redundancy is available (e.g., the minimum number of TRPs is used) effects with 8.6% probability per link have already a high impact on the positioning accuracy. For TDoA with 3D positioning, 4 links are required. If statistically independent links are assumed, the probability that all links have a K-factor better than -3dB is only 0.9144 = 70%. 
Therefore, it is essential to also take these events into account, even if they occur with low probability per link. To reduce the simulation effort, a detailed analysis of the ToA estimator output is recommended complementary to the overall position accuracy.  
From the CDF shown in Figure 8, two key performance indicators (KPIs) can be derived. It is proposed to use the median value “CDF50%” and the “CDF90” for the characterization. 
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[bookmark: _Ref40357679]Figure 8: ToA error statistics for different K-factors

If the KPIs of the ToA-estimator are further characterized versus channel parameters it is possible to identify scenarios in which enhancements provide a significant gain or to extrapolate the simulation results to other scenarios. Studying the performance versus K-factor is, for example, an efficient method to study the impact of antenna pattern. A UE orientation dependent gain for the LOS component is equivalent to a higher variation of the K-Factor. 
The impact of the K-factor is further depicted in the following figures. The plots are generated with a simulation setup using the following parameters: 
· 50MHz bandwidth
· SRS with COMB = 4, 2 OFDM symbols, staggering
· Random Dropping 
· For each plot 40000 CIRs and related ToA-error estimations are generated 
· 1000 uncorrelated positions (distance > de-correlation distance of the LSF or regeneration of the LSF parameter)
· For each position 40 snapshots along a short track are generated. The distance between the snapshots was 10cm 
· One link is evaluated only. The models defined by TR38.901 does not consider correlation of the links, if different TRP positions apply. Therefore, a setup with one TRP is sufficient for ToA-error statistics. This allows to use an ideal power control to separate effects from the multipath propagation from SINR. 
· “ideal power control” (= constant SNR if pathloss does not exceed the power control range) and  no interference
· 4 different channel model parameters are selected 
· InF_LOS
· InF_NLOS_DH
· InF_LOS with modified K and K values for the K-Factor (2 sets)
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[bookmark: _Ref40452498]Figure 9: ToA error versus K-Factor: median value (left) and CDF=90% value (right)

Figure 9 shows that the ToA accuarcy depends mainly on the K-factor. In principle this statistic can be derived using the InF_LOS model according to TR38.901. But the probability of low K-factors is very low. Hence, very long simulations are required or the statistical results are not reliable. We recommended to extract the data running simulations with different settings. To study the impact of the K-factor for a wider range, we propose the following settings for K and K 
· K = 7dB and K = 8dB  (nominal setting for InF_LOS)
· K = 0dB and K = 3dB  (focus on range -3dB to +3dB)
· K = -6dB and K = 3dB  (focus on range -9dB to -3dB)

Proposal 2: 	Characterize the positioning technologies versus channel parameters. At least the following complementary analysis shall be derived from the simulations: 
· ToA estimator accuracy relative to the delay introduced by the AToA model.
· ToA estimator accuracy versus K-factor.

Conclusions 
We conclude with the following observations and proposals:
Observation 1: 	For InF-LOS channels, simple ToA-Estimators method provide  high accuracy.
Observation 2: 	The ToA estimation error for LOS is significantly smaller (median value 0.5ns @ SNR= 0dB) compared to the ToA-Error for NLOS generated by AToA model (median value 31ns). 
Observation 3: 	With the given AToA model, a reliable LOS/NLOS detector is essential to achieve high positioning accuracy with probability of LOS according to the statistics of the deployment. 
Observation 4: 	The AToA model does not differentiate between the different InF NLOS scenarios. The statistical properties may be dependent on deployment scenarios and environment characteristics.
Proposal 1: 	Technologies allowing a reliable LOS/NLOS detection and/or a ToA quality indicator shall be studied with high priority.
Proposal 2: 	Characterize the positioning technologies versus channel parameters. At least the following complementary analysis shall be derived from the simulations: 
· ToA estimator accuracy relative to the delay introduced by the AToA model.
· ToA estimator accuracy versus K-factor.
· 
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Annex
	eLLS Parameter
	scenario InF 

	Channel model 
	InF_LOS, InF_NLOS_xx as defined in TR38.901 
(o/w if mentioned modified K-factor for LOS)

	Bandwidth
	50, 100 (MHz)

	RE pattern
	Comb 2, 8

	Number of symbols
	1

	Number of slots/symbols per TOA estimate
	1

	Power control 
	Pathloss and power control can be replaced by a constant SNR (this is the main difference to SLS). This emulates an ideal power control for the selected link. 

	Interference modelling 
	No interference 
(o/w random interference)

	UE Antenna
	· Alt. 1: FR1

· Alt. 2: FR2 [R1- 2004650]
(M, N, P) = (1, 4, 2), (Mg, Ng) = (1, 4), (dV, dH) = (0.5, 0.5) λ 
Panels placed at the four sides of a UE @ [0°, 90°, 180°, 270°].
1 TXRU per panel per polarization dimension. 
(o/w if mentioned  antenna pattern imported from measurements or detailed antenna subsystem modelling)

	BS Antenna
	(M, N, P) = (4, 4, 2), (Mg, Ng) = (1, 1), (dV, dH) = (0.6, 0.6) λ 
1 TXRU per panel per polarization dimension

	Description of TOA technique
	Three ToA estimators:
· Correlation Peak (maximum)
· Inflection point method: IFP
· Threshold relative to the maximum of the correlation peak ( “M2”) 

	Additional notes, if any
	Random UE dropping (different distance, different AoA and AoD).
Random UE orientation (if UE antenna patterns are not omni-directional or several antenna elements are combined by beam forming). 
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