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1. Introduction
In this document we provide evaluation results for accuracy and analysis for PHY-layer latency. 
2. Accuracy Evaluation
The system level simulations for positioning were conducted based on the agreed simulations Assumptions in [1].  
2.1 Processing Steps of the Applied Algorithm
2.1.1 Basic Processing Flow
The blocks shown in the below diagram correspond to the main aspects of the applied algorithm with regards to TDOA-based positioning procedures: OTDOA, UTDOA, multi-RTT, multi-RTT+AoA. 
Perform position estimation
CER/CFR reception, TOA estimation/pruning, outlier rejection
 RS Transmission from each gNB to a specific UE and/or from a UE to the gNB
Fix “good” Tx/Rx Beam pair for each gNB/UE link




2.1.2 TOA Estimation, Pruning & Outlier Rejection
After all TOAs are estimated (e.g., from 18 cell-sites for InF), the TOAs are sorted according to a quality metric, and all the TOAs with a quality metric smaller than a specific threshold are removed while ensuring that at least 4 different cell-sites are used. Following the TOA pruning, an optional Random Sample and Consensus (RANSAC) outlier rejection procedure is applied on the remaining TOAs.  The algorithm starts with a list of randomly selected TOA subsets, among which the one with most TOAs agreeing to its estimate on UE position is determined.  The TOAs showing inconsistent result when examined with the selected TOA subset are deemed unreliable and removed from the TOA list. As the process proceeds in the OTDOA and UTDOA procedures, the reference TOA is then identified as the TOA with the highest quality metric among those remaining in the list.
Run TOA outlier rejection to remove unreliable TOAs  after pruning (Optional)
Sort the TOAs based on a Quality metric, e.g.,:
1. the estimated SINR 
2. median/TOA-peak ratio
3. median/main peak ratio
Prune the TOAs with a quality metric smaller than a threshold, ensuring that 
· At least X different cell-sites are used (e.g., 4) and at least Y different gNBs remain






Identify the reference TOA as the TOA with the highest quality metric, and derive the TDOA vector 


2.2 Baseline Simulation Results for Indoor Factory Scenarios
The simulation results for achievable horizontal and/or vertical accuracy are provided in this section, where TOA pruning based on link quality (LQ) metric is considered as a baseline algorithm to be used, and in several cases additional results with a RANSAC-based outlier rejection algorithm is also shown, as a more advanced algorithm which is implementable within NR Rel-16 specification.
2.2.1 Case 1: InF-DH, ISD=20m, FR1, 100MHz, 30kHz SCS
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	50%
	67%
	80%
	90%

	Case 1, InF FR1 DH ISD20, 100MHz, Link Quality, DL TDOA
	Convex UEs
	0.55m
	6.42m
	15.35m
	31.66m

	
	(Optional) All UEs
	0.67m
	6.51m
	13.37m
	26.8m

	Case 1, InF FR1 DH ISD20, 100MHz, RANSAC, DL TDOA
	Convex UEs
	0.071m
	0.37m
	1.32m
	6.92m

	
	(Optional) All UEs
	0.085m
	0.52m
	2.17m
	8.25m



2.2.2 Case 2: InF-SH, ISD=50m, FR1, 100MHz, 30kHz SCS,
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	50%
	67%
	80%
	90%

	Case 2, InF FR1 SH ISD50, 100MHz, Link Quality, DL TDOA
	Convex UEs
	0.035m
	0.06m
	0.25m
	2.92m

	
	(Optional) All UEs
	0.04m
	0.09m
	0.49m
	4.16m

	Case 2, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA
	Convex UEs
	0.03m
	0.065
	0.16m
	0.28m

	
	(Optional) All UEs
	0.05m
	0.11m
	0.17m
	0.54m




2.2.3 Case 3: InF-DH, ISD=20m, FR1, 100MHz, 30kHz SCS, unequal gNB Height 
For this Case, 3D positioning is performed. The gNBs are placed with unequal heights, i.e., half of the gNBs are at height 4m and the other half at height 8m. Two scenarios are simulated for this case: Variable UEs heights scenario in which the UEs height is randomly selected with uniform distribution U[0.5m, 2m], and Fixed UEs heights scenario in which the UEs height is fixed at 1.5m. 
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	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Variable UE heights
	Convex UEs
	0.96m
	2.18m
	4.48m
	12.66m

	
	(Optional) All UEs
	1.67m
	5.39m
	12.11m
	30.9m

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Fixed UE heights
	Convex UEs
	1.33m
	3.56m
	5.32m
	13.1m

	
	(Optional) All UEs
	1.89m
	3.99m
	7.67m
	17.62m



	Vertical Positioning error
	
	50%
	67%
	80%
	90%

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Variable UE heights
	Convex UEs
	2.75m
	6.79m
	10.12m
	20.6m

	
	(Optional) All UEs
	4.6m
	8.91m
	17.21m
	38.9m

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Fixed UE heights
	Convex UEs
	2.35m
	6.78m
	12.5m
	18.44m

	
	(Optional) All UEs
	3.07m
	7.34m
	13.92m
	22.98m




2.2.4 Case 4: InF-SH, ISD=50m, FR1, 100MHz, 30kHz SCS, unequal gNB Height
For this Case, 3D positioning is performed. The gNBs are placed with unequal heights, i.e., half of the gNBs are at height 4m and the other half at height 8m. Two scenarios are simulated for this case: Variable UEs heights scenario in which the UEs height is randomly selected with uniform distribution U[0.5m, 2m], and Fixed UEs heights scenario in which the UEs height is fixed at 1.5m. 
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	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC,  DL TDOA, Unequal gNBs heights, Variable UE heights
	Convex UEs
	0.03m
	0.05m
	0.1m
	0.22m

	
	(Optional) All UEs
	0.04m
	0.09m
	0.17m
	0.47m

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC,  DL TDOA, Unequal gNBs heights, Fixed UE heights
	Convex UEs
	0.03m
	0.05m
	0.08m
	0.12m

	
	(Optional) All UEs
	0.046m
	0.08m
	0.16m
	0.36m



	Vertical Positioning error
	
	50%
	67%
	80%
	90%

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA, , Unequal gNBs heights, Variable UE heights
	Convex UEs
	0.183m
	0.33m
	0.75m
	1.89m

	
	(Optional) All UEs
	0.162m
	0.37m
	0.78m
	2.63m

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, Unequal gNBs heights, DL TDOA, Unequal gNBs heights, Fixed UE heights
	Convex UEs
	0.178m
	0.298m
	0.41m
	0.9m

	
	(Optional) All UEs
	0.19m
	0.34m
	0.64m
	1.34m



	Parameter
	Case 1, InF-DH, FR1,  DL-TDOA
	Case 2, InF-SH, FR1,
DL-TDOA
	Case 3, InF-DH, FR1, DL-TDOA
	Case 4, InF-SH, FR1,
DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	3.5GHz
	3.5GHz
	3.5GHz
	3.5GHz

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	30KHz

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	Comb6

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	18(1-sector)
	18(1-sector)
	18(1-sector)
	18(1-sector)

	Number of symbols used per occasion
	18
	18 
	18
	18 

	number of occasions used per positioning estimate
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting 
	Ideal Muting
	Ideal muting 

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates..


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	NO calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	
In the earliest beam pair is identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles. 

	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	All gNB’s are at height 8m and All UEs are at height 1.5m
	All gNB’s are at height 8m and All UEs are at height 1.5m
	gNBs Heights: Half of gNBs at 4m height and half at 8m height.
UEs Heights: either Fixed UE heights at 1.5m or uniformly distributed U[0.5m,2m]

	gNBs Heights: Half of gNBs at 4m height and half at 8m height.
UEs Heights: either Fixed UE heights at 1.5m or uniformly distributed U[0.5m,2m]



	Simulation case
(Horizontal Error)
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps [m]
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps
[m]
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps
[m]

	Case 1, InF FR1 DH ISD20, 100MHz, RANSAC, DL TDOA 
	5.92
	6.72
	6.42

	Case 2, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA
	Yes
	0.08
	Yes




Rel.16 NR positioning –FR1 horizontal accuracy performance summary 







Rel.16 NR positioning –FR1 horizontal accuracy performance summary 
	Simulation case
(Horizontal Error)
	
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps [m]
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps
[m]
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps
[m]

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC, DL TDOA 
	Variable UE heights
	11.66
	12.46
	12.16

	
	Fixed UE heights
	12.1
	12.9
	12.6

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA
	Variable UE heights
	Yes
	0.02
	Yes

	
	Fixed UE heights
	Yes
	Yes
	Yes







Rel.16 NR positioning –FR1 vertical accuracy performance summary 
	Simulation case
(Vertical Error)
	
	Commercial vertical accuracy requirements [3]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]% [m]
	IIoT vertical accuracy requirements of [0.2]m @[90]% are met - Yes/No.
If no, provide performance gaps @[90]% [m]
	IIoT vertical accuracy requirements of [1]m at @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]% [m]

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC, DL TDOA
	Variable UE heights
	17.6
	20.4
	19.6

	
	Fixed UE heights
	15.4
	18.24
	17.4

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA
	Variable UE heights
	Yes
	1.69
	0.89

	
	Fixed UE heights
	Yes
	0.7
	Yes







2.2.5 Case 5: InF-SH, ISD=20m, FR2, 400MHz, 120kHz SCS DL-TDOA
[image: ]
2.2.6 Case 6: InF-SH, ISD=20m, FR2, 400MHz, 120kHz SCS 3D mRTT, equal gNB
[image: ]
2.2.7 Case 7: InF-DH, ISD=20m, FR2, 400MHz, 120kHz SCS DL-TDOA

[image: ]

2.2.8 Case 8: InF-DH, ISD=20m, FR2, 400MHz, 120kHz SCS 3D mRTT, equal gNB
[image: ]

Rel.16 NR positioning – FR2 horizontal location error results across all UEs (m) 
	[bookmark: _Hlk53765555]Case ID
	Beam Pair
	50%
	67%
	80%
	90%

	Case 5 
InF-SH FR2 DL-TDOA
	Earliest
	0.0058
	0.0077
	0.011
	0.019

	
	Strongest
	0.0074
	0.010
	0.017
	0.027

	Case 6
InF-SH FR2 3d mRTT
	Earliest
	0.0061
	0.0085
	0.011
	0.015

	Case 7
InF-DH FR2 DL-TDOA
	Earliest
	0.0054
	0.0082
	0.013
	0.025

	
	Strongest
	0.0084
	0.0132
	0.0287
	9.40

	Case 8
InF-DH FR2 3d mRTT
	Earliest
	0.0061
	0.0088
	0.013
	0.020



Rel.16 NR positioning – FR2 horizontal location error results across all UEs within gNB convex hull (m) 
	[bookmark: _Hlk53765561]horizontal
	Beam Pair
	50%
	67%
	80%
	90%

	Case 5 
InF-SH FR2 DL-TDOA
	Earliest
	0.0043
	0.0059
	0.0071
	0.0087

	
	Strongest
	0.0057
	0.0080
	0.0104
	0.0170

	Case 7
InF-DH FR2 DL-TDOA
	Earliest
	0.0039
	0.0054
	0.0070
	0.0096

	
	Strongest
	0.0058
	0.0098
	0.0138
	1.6767



Rel.16 NR positioning – FR2 Vertical location error results across all UEs (m)
	[bookmark: _Hlk53765652]Vertical
	Beam Pair
	50%
	67%
	80%
	90%

	Case 6
InF-SH FR2 3d mRTT
	Earliest
	0.037    
	0.048    
	0.061    
	0.084

	Case 8
InF-SH FR2 3d mRTT
	Earliest
	0.010
	0.015
	0.023
	0.041



Rel.16 NR positioning –FR2 horizontal accuracy performance summary 
	Simulation case
(Horizontal Error)
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps @[90]%

	Case 5, Earliest beam pair
	Yes.
	Yes.
	Yes.

	Case 5, Strongest beam pair
	Yes.
	Yes.
	Yes.

	Case 6, Earliest beam pair
	Yes.
	Yes.
	Yes.

	Case 7, Earliest beam pair
	Yes.
	Yes.
	Yes.

	Case 7, Strongest beam pair
	Yes.
	86%
	87%

	Case 8, Earliest beam pair
	Yes.
	Yes.
	Yes.



Rel.16 NR positioning – FR2 vertical accuracy performance summary 
	Simulation case
(Vertical Error)
	Commercial vertical accuracy requirements [3]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%
	IIoT vertical accuracy requirements of [0.2]m @[90]% are met - Yes/No.
If no, provide performance gaps @[90]%
	IIoT vertical accuracy requirements of [1]m at @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%

	Case 6, Earliest beam pair
	Yes.
	Yes.
	Yes.

	Case 8, Earliest beam pair
	Yes.
	Yes.
	Yes.




	Parameter
	Case 5, InF-SH, FR2,  DL-TDOA
	Case 6, InF-SH, FR2, multi-RTT
	Case 7, InF-DH, FR2, DL-TDOA
	Case 8, InF-DH, FR2,
multi-RTT

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	28GHz
	28GHz
	28GHz
	28GHz

	Subcarrier spacing
	120KHz
	120KHz
	120KHz
	120KHz

	Reference Signal Transmission Bandwidth
	400MHz
	400MHz
	400MHz
	400MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb2
	Comb2
	Comb2
	Comb2

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS&SRS-Pos
	DL-PRS
	DL-PRS&SRS-Pos

	Number of sites
	18(3-sector)
	18(3-sector)
	18(3-sector)
	18(3-sector)

	Number of symbols used per occasion
	54 (2 FDMed PRS symbols with two TRPs )
	54 (2 FDMed PRS symbols with two TRPs ) on DL/UL
	54 (2 FDMed PRS symbols with two TRPs )
	54 (2 FDMed PRS symbols with two TRPs ) on DL/UL

	number of occasions used per positioning estimate
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	Not applied (23 dBm Tx)
	NA
	Not applied (23 dBm Tx)

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting for DL, interference from 4 UEs in UL
	Ideal Muting
	Ideal muting for DL, interference from 4 UEs in UL

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	multi-RTT, the algebraic solution proposed in
-Norrdine, Abdelmoumen. (55). An Algebraic Solution to the Multilateration
Problem. 10.13140/RG.2.1.1681.3602.
Equal weight is used in the TOA covariance matrix.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	multi-RTT, the algebraic solution proposed in
-Norrdine, Abdelmoumen. (55). An Algebraic Solution to the Multilateration
Problem. 10.13140/RG.2.1.1681.3602.
Equal weight is used in the TOA covariance matrix.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	NO calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
In the strongest beam pair scheme, the strongest RX beam is identified based on the criteria of receiving the strongest path with the serving cell. And Tx beam is further identified in respect to the strongest RX beam per sector. 

	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

The earliest beam pair is identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles. 
In the strongest beam pair scheme, the strongest RX beam is identified based on the criteria of receiving the strongest path with the serving cell. And Tx beam is further identified in respect to the strongest RX beam per sector. 

	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	
	The UE’s height is lower than gNBs’ height is assumed as prior knowledge in positioning
	
	The UE’s height is lower than gNBs’ height is assumed as prior knowledge in positioning





2. Baseline Simulation Results for UMI/UMA/InH Scenarios
2.3.1 [bookmark: _Hlk47698912]Case 9: UMI in FR1 without , DL-TDOA or RTT
[image: ]
	
	
	50%
	67%
	80%
	90%

	Case 9, UMI, FR1, DL-TDOA, Without ,  Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.23
	0.31
	0.4
	0.6

	Case 9, UMI, FR1, DL-TDOA, Without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	(Optional) All UEs
	0.64
	1.2
	2
	3.2

	Case 9, UMI, FR1, RTT, Without , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.16
	0.22
	0.3
	0.4



2.3.2 Case 10: UMI in FR1 with , DL-TDOA or RTT
[image: ]

	[bookmark: _Hlk53765697]
	
	50%
	67%
	80%
	90%

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.4
	5
	6.2
	8

	Case 10, UMI, FR1,RTT, with , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	4
	4.2
	6.9
	9.4

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, RANSAC Algorithm
	(Optional) All UEs
	5.7
	8.1
	9.9
	17.3

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, LQ Algorithm
	(Optional) All UEs
	7.9
	11.5
	14.3
	20.1



2.3.3 Case 11: UMA in FR1 without 
[image: ]
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	50%
	67%
	80%
	90%

	Case 11, UMA, FR1, DL-TDOA, without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	Outdoor UEs
	0.31
	0.5
	0.8
	1.5

	Case 11, UMA, FR1, RTT, without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	Indoor UEs
	1.7
	6.9
	0.8
	96



	Parameter
	Case 9, UMI, FR1, DL-TDOA  or RTT
	Case 10, UMI with , FR1, DL-TDOA and RTT
	Case 11, UMA, FR1, DL-TDOA
	

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	4 GHz
	4 GHz
	4 GHz
	

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	

	Number of sites
	19(3-sector)
	19(3-sector)
	19(3-sector)
	

	Number of symbols used per occasion
	48
	48
	48
	

	number of occasions used per positioning estimate
	1
	1
	1
	

	Power-boosting level
	0
	0
	0
	

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting 
	Ideal Muting
	

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	

	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	NA
	NA

	NA

	

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single port wideband Hadamar precoder

	Additional notes, if any
	


 


2.3.4 Case 12: UMI in FR2 without 
[image: ]
2.3.5 Case 13: InH in FR2 without 
[image: ]
Rel. 16 NR positioning – FR2 horizontal location error results across all UEs (m)
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	50%
	67%
	80%
	90%

	Case 12
UMi FR2 DL-TDOA
	Earliest
	0.011
	0.018
	0.025
	0.040

	
	Strongest
	0.13
	0.80
	2.63
	6.32

	Case 13
InH FR2 DL-TDOA
	Earliest
	0.0058
	0.0093
	0.015
	0.024

	
	Strongest
	0.0092
	0.016
	0.028
	0.053



Rel. 16 NR positioning – FR2 horizontal location error results across UEs within gNB Convex Hull (m)
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	50%
	67%
	80%
	90%

	Case 12
UMi FR2 DL-TDOA
	Earliest
	0.0106
	0.0178
	0.0251
	0.0403

	
	Strongest
	0.1333
	0.7972
	2.6315
	6.3233

	Case 13
InH FR2 DL-TDOA
	Earliest
	0.0035
	0.0053
	0.0069
	0.0113

	
	Strongest
	0.0066
	0.0101
	0.0160
	0.0279



Rel.16 NR positioning – FR2 horizontal accuracy performance summary 
	Simulation case
(Horizontal Error)
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps @[90]%

	Case 12 UMi Earliest
	Yes.
	Yes
	Yes

	Case 12 UMi Strongest
	70%
	55%
	58%

	Case 13 InH Earliest
	Yes.
	Yes
	Yes

	Case 13 InH Strongest
	Yes
	Yes
	Yes


 

	Parameter
	Case 12, UMi, FR2,  DL-TDOA
	Case 13, InH, FR2, DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	30GHz
	30GHz

	Subcarrier spacing
	120KHz
	120KHz

	Reference Signal Transmission Bandwidth
	400MHz
	400MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb2
	Comb2

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS

	Number of sites
	19(3-sector)
	12(3-sector)

	Number of symbols used per occasion
	58(2 FDMed PRS symbols with two TRPs )
	36(2 FDMed PRS symbols with two TRPs)

	number of occasions used per positioning estimate
	1
	1

	Power-boosting level
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal Muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.



	Network synchronization assumptions
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60, 180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
In the strongest beam pair scheme, the strongest RX beam is identified based on the criteria of receiving the strongest path with the serving cell. And Tx beam is further identified in respect to the strongest RX beam per sector. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	
	





2. Simulation Results with Timing Errors 
4. Case 14: UMI in FR1 with , RTT
[image: ]
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	50%
	67%
	80%
	90%

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 1 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.4
	4.8
	6
	7.3

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.5
	4.8
	6
	7.4

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 5 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.6
	4.8
	6
	7.6

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.7
	4.8
	6
	7.9



4. Case 15: UMI in FR1 with , DL-TDOA

[image: ]
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	50%
	67%
	80%
	90%

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 10, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 20, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 50, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 10, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 20, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 50, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 10, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 20, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.4
	5.8
	7.2
	9.3

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 50, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5



4. Case 16: UMI in FR1 without , RTT
[image: ]
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	50%
	67%
	80%
	90%

	Case 16, UMI, FR1, RTT, Without ,  Perfect Sync, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.38
	0.52
	0.66
	0.87

	Case 16, UMI, FR1, RTT, Without ,  Perfect Sync, Timing Error = 5 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.68
	0.89
	1.1
	1.37

	Case 16, UMI, FR1, RTT, Without ,  Perfect Sync, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.11
	1.45
	1.75
	2.22



4. Case 17: UMI in FR1 without , DL-TDOA
[image: ]
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	50%
	67%
	80%
	90%

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.23
	0.31
	0.41
	0.61

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.46
	0.73
	0.76
	1

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.2
	1.55
	1.89
	2.3



	Parameter
	Case 14, UMI with , FR1, RTT
	Case 15, UMI with , FR1, DL-TDOA
	Case 16, UMI without , FR1, RTT
	Case 17, UMI without , FR1, DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	4 GHz
	4 GHz
	4 GHz
	4 GHz

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	30KHz

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	Comb6

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	19(3-sector)
	19(3-sector)
	19(3-sector)
	19(3-sector)

	Number of symbols used per occasion
	48
	48
	48
	48

	number of occasions used per positioning estimate
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting 
	Ideal Muting
	Ideal Muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	

	UE/gNB Tx/Rx 
Calibration Error
	The realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings. The Tx errors at gNB are assumed to be independent 

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	NA
	NA

	NA

	NA


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single port wideband Hadamar precoder

	Additional notes, if any
	





4. Case 18: InF-SH, ISD=50m, FR2, 400MHz, 120kHz SCS  DL-TDOA
In this scenario, we show results for 400 MHz InF-SH FR2, with the realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  
· The Tx errors at gNB are assumed to be independent and follows with a truncated Gaussian distribution.
· No Rx timing error is added.

[image: ]
[image: ]

4. Case 19: InF-DH, ISD=20m, FR2, 400MHz, 120kHz SCS DL-TDOA
In this scenario, we show results for 400 MHz InF-DH FR2, with the realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  
· The Tx errors at gNB are assumed to be independent and follows with a truncated Gaussian distribution.
· No Rx timing error is added.
[image: ]
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2.4.7 Case 20: UMI in FR2 with DL-TDOA
In this scenario, we show results for 400 MHz UMi  FR2, with the realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  
· The Tx errors at gNB are assumed to be independent and follows with a truncated Gaussian distribution.
· No Rx timing error is added.
[image: ]
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2.4.8 Case  21: InH in FR2 with DL-TDOA
In this scenario, we show results for 400 MHz InH FR2, with the realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings.  
· The Tx errors at gNB are assumed to be independent and follows with a truncated Gaussian distribution.
· No Rx timing error is added.
· 


[image: ]
[image: ]


Tx/Rx timing error – FR2 evaulation results
	[bookmark: _Hlk53664998] Case ID
	Beam Pair 
	Tx T1
	50%
	67%
	80%
	90%

	


Case 18
InF-SH, FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.01

	
	
	0.1ns
	0.02
	0.03
	0.04
	0.06

	
	
	0.2ns
	0.05
	0.07
	0.09
	0.13

	
	
	0.5ns
	0.14
	0.19
	0.27
	0.40

	
	
	1.0ns
	0.28
	0.40
	0.55
	0.96

	
	
	2.0ns
	0.55
	0.75
	1.08
	1.59

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.02

	
	
	0.1ns
	0.03
	0.05
	0.07
	0.11

	
	
	0.2ns
	0.06
	0.10
	0.14
	0.25

	
	
	0.5ns
	0.19
	0.29
	0.47
	0.94

	
	
	1.0ns
	0.40
	0.63
	1.08
	2.30

	
	
	2.0ns
	0.82
	1.22
	1.87
	5.19

	



Case 19
InF-DH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.02

	
	
	0.1ns
	0.03
	0.04
	0.06
	0.10

	
	
	0.2ns
	0.06
	0.08
	0.12
	0.24

	
	
	0.5ns
	0.16
	0.24
	0.40
	0.76

	
	
	1.0ns
	0.34
	0.47
	0.78
	2.10

	
	
	2.0ns
	0.74
	1.17
	2.15
	6.31

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.05
	43.94

	
	
	0.1ns
	0.05
	0.08
	3.61
	36.56

	
	
	0.2ns
	0.10
	0.21
	7.91
	35.28

	
	
	0.5ns
	0.29
	0.73
	18.49
	44.16

	
	
	1.0ns
	0.74
	1.96
	18.90
	40.33

	
	
	2.0ns
	1.73
	6.42
	20.03
	46.31

	



Case 20
InH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.02
	0.03

	
	
	0.1ns
	0.05
	0.08
	0.13
	0.31

	
	
	0.2ns
	0.11
	0.17
	0.28
	0.47

	
	
	0.5ns
	0.23
	0.40
	0.60
	1.16

	
	
	1.0ns
	0.51
	0.71
	1.19
	2.04

	
	
	2.0ns
	0.97
	1.49
	2.23
	4.11

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.03
	0.21

	
	
	0.1ns
	0.10
	0.22
	0.76
	7.44

	
	
	0.2ns
	0.22
	0.48
	1.94
	8.22

	
	
	0.5ns
	0.70
	2.42
	5.24
	11.37

	
	
	1.0ns
	1.26
	3.45
	6.88
	14.94

	
	
	2.0ns
	2.08
	4.38
	8.21
	18.87

	



Case 21
UMi,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.02
	0.03

	
	
	0.1ns
	0.04
	0.05
	0.08
	0.13

	
	
	0.2ns
	0.07
	0.10
	0.13
	0.20

	
	
	0.5ns
	0.15
	0.20
	0.26
	0.38

	
	
	1.0ns
	0.32
	0.42
	0.54
	0.73

	
	
	2.0ns
	0.63
	0.82
	1.02
	1.38

	
	Strongest beam pair

	0.0ns
	0.47
	3.08
	7.73
	16.21

	
	
	0.1ns
	2.10
	6.20
	12.72
	23.54

	
	
	0.2ns
	1.20
	4.23
	9.16
	16.59

	
	
	0.5ns
	1.69
	3.81
	7.18
	19.30

	
	
	1.0ns
	2.08
	4.00
	7.50
	14.27

	
	
	2.0ns
	2.95
	6.52
	12.89
	21.65



Tx/Rx timing error – FR2 horizontal accuracy performance summary
	 Case ID
	Beam Pair 
	Tx T1
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps @[90]%

	


Case 18
InF-SH, FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	100%
	100%
	100%

	
	
	0.1ns
	100%
	99%
	100%

	
	
	0.2ns
	100%
	95%
	98%

	
	
	0.5ns
	99%
	70%
	84%

	
	
	1.0ns
	91%
	31%
	52%

	
	
	2.0ns
	78%
	11%
	20%

	
	Strongest beam pair

	0.0ns
	100%
	100%
	100%

	
	
	0.1ns
	99%
	95%
	98%

	
	
	0.2ns
	98%
	87%
	92%

	
	
	0.5ns
	91%
	52%
	68%

	
	
	1.0ns
	79%
	22%
	36%

	
	
	2.0ns
	58%
	9%
	16%

	



Case 19
InF-DH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	98%
	98%
	98%

	
	
	0.1ns
	96%
	94%
	96%

	
	
	0.2ns
	94%
	89%
	92%

	
	
	0.5ns
	92%
	63%
	74%

	
	
	1.0ns
	84%
	27%
	42%

	
	
	2.0ns
	62%
	6%
	16%

	
	Strongest beam pair

	0.0ns
	88%
	88%
	88%

	
	
	0.1ns
	84%
	80%
	82%

	
	
	0.2ns
	83%
	70%
	76%

	
	
	0.5ns
	73%
	38%
	53%

	
	
	1.0ns
	58%
	15%
	25%

	
	
	2.0ns
	39%
	3%
	7%

	



Case 20
InH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	100%
	100%
	100%

	
	
	0.1ns
	98%
	86%
	90%

	
	
	0.2ns
	97%
	72%
	81%

	
	
	0.5ns
	89%
	45%
	58%

	
	
	1.0ns
	78%
	13%
	28%

	
	
	2.0ns
	52%
	4%
	10%

	
	Strongest beam pair

	0.0ns
	93%
	90%
	91%

	
	
	0.1ns
	82%
	64%
	71%

	
	
	0.2ns
	76%
	48%
	58%

	
	
	0.5ns
	55%
	21%
	35%

	
	
	1.0ns
	45%
	10%
	18%

	
	
	2.0ns
	30%
	3%
	4%

	



Case 21
UMi,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	100%
	100%
	100%

	
	
	0.1ns
	98%
	94%
	97%

	
	
	0.2ns
	99%
	90%
	94%

	
	
	0.5ns
	99%
	65%
	84%

	
	
	1.0ns
	95%
	25%
	45%

	
	
	2.0ns
	79%
	10%
	16%

	
	Strongest beam pair

	0.0ns
	56%
	42%
	43%

	
	
	0.1ns
	42%
	25%
	28%

	
	
	0.2ns
	48%
	28%
	32%

	
	
	0.5ns
	43%
	15%
	23%

	
	
	1.0ns
	36%
	7%
	14%

	
	
	2.0ns
	25%
	2%
	5%



	Parameter
	Case 18, InF-SH, FR2,
DL-TDOA
	Case 19, InF-DH, FR2,
DL-TDOA
	Case 20, UMi, FR2,
DL-TDOA
	Case 21, InH, FR2,
DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	28GHz
	28GHz
	30GHz
	30GHz

	Subcarrier spacing
	120KHz
	120KHz
	120KHz
	120KHz

	Reference Signal Transmission Bandwidth
	400MHz
	400MHz
	400MHz
	400MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb2
	Comb2
	Comb2
	Comb2

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	18(3-sector)
	18(3-sector)
	19(3-sector)
	12(3-sector)

	Number of symbols used per occasion
	54(2 FDMed PRS symbols with two TRPs )
	54(2 FDMed PRS symbols with two TRPs )
	58(2 FDMed PRS symbols with two TRPs )
	36(2 FDMed PRS symbols with two TRPs)

	number of occasions used per positioning estimate
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal Muting 
	Ideal Muting
	Ideal Muting 

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.
Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.



.


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	The realistic Tx/Rx timing error and/or network sync error according to truncated Gaussian Distribution [-2*T1,2*T1] nsec, as agreed in previous 3GPP RAN1 meetings
The Tx errors at gNB are assumed to be independent and T1 = [0, 0.1 0.2 0.5 1 2].
The UE is assumed to has one panel, and thus no Rx timing error with DL-TDOA.


	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
In the strongest beam pair scheme, the strongest RX beam is identified based on the criteria of receiving the strongest path with the serving cell. And Tx beam is further identified in respect to the strongest RX beam per sector. 



	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	
	
	
	





2. Simulation Results for PRS Frequency Domain stitching
2.5.1 Case 22: InH in FR1 with Phase Offset between 2 PFLs, LQ 
[image: Chart, histogram

Description automatically generated]

	
	
	50%
	67%
	80%
	90%

	Case 22, InH, FR1, Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 2 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	1.1
	1.4
	2.5

	Case 22, InH, FR1, Phase offset = 10 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.5
	1.2
	1.4
	2.5


2.5.2 Case 23: InH in FR1 with Phase Offset between 4 PFLs, LQ 
[image: Chart

Description automatically generated]

	
	
	50%
	67%
	80%
	90%

	Case 23, InH, FR1, Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.12
	0.3
	0.5
	0.9

	Case 23, InH, FR1, Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.15
	0.35
	0.9
	2

	Case 23, InH, FR1, Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.2
	0.4
	1.1
	2.4

	Case 23, InH, FR1, Phase offset = 10 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	1
	1.2
	2.5


2.5.3 Case 24: InH in FR1 with channel spacing between 2 PFLs, LQ 
[image: Chart

Description automatically generated]

	
	
	50%
	67%
	80%
	90%

	Case 24, InH, FR1, Channel Spacing = 0 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.35
	0.8
	1.5
	3

	Case 24, InH, FR1, Channel Spacing = 7.2 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	0.9
	1.7
	4

	Case 24, InH, FR1, Channel Spacing = 14.4 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.5
	1.8
	2.3
	5

	Case 24, InH, FR1, Channel Spacing = 36 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.8
	1.9
	2.8
	5.5



2.5.4 Case 25: UMI in FR1 with Phase Offset, DL-TDOA, RANSAC
[image: ]
NR positioning enhancements - horizontal location error results
	
	
	50%
	67%
	80%
	90%

	Case 25, UMI, FR1,Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.6 m
	1 m

	Case 25, UMI, FR1,Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.7 m
	1.2 m

	Case 25, UMI, FR1,Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4 m
	0.55 m
	0.7 m
	1.5 m

	Case 25, UMI, FR1,Phase offset = 12 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.5 m
	0.7 m
	1.2 m
	2.2 m

	Case 25, UMI, FR1,Phase offset = 18 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.6 m
	1 m
	1.8 m
	4 m



2.5.5 Case 26: UMI in FR1 with Time Offset, DL-TDOA, RANSAC
[image: ]
NR positioning enhancements - horizontal location error results
	
	
	50%
	67%
	80%
	90%

	Case 26, UMI, FR1,Time offset = 0 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.6 m
	1 m

	Case 26, UMI, FR1,Time offset = 0.5 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.38 m
	0.52 m
	0.7 m
	1 m

	Case 26, UMI, FR1,Time offset = 1 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.38 m
	0.55 m
	0.7m
	1 m

	Case 26, UMI, FR1,Time offset = 2 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.4 m
	0.58 m
	0.6 m
	1.5 m

	Case 26, UMI, FR1,Time offset = 5 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.5 m
	0.8 m
	1 m
	1.5 m



	Parameter
	Case 22, InH, FR1, 100+100 MHz, No Frequency gap, Phase Offset, Link Quality, DL-TDOA
	Case 23, InH, FR1, 100+100+100+100 MHz, No Frequency gap, Phase Offset, Link Quality, DL-TDOA
	Case 24, InH, FR1, 100+100 MHz, Variable channel gap, RANSAC
	Case 25, UMI, FR1, 100+100 MHz, No Frequency gap, Phase Offset, RANSAC
	Case 26, UMI, FR1, 100+100 MHz, No Frequency gap, Time Offset, RANSAC

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	4 GHz
	4 GHz
	4 GHz
	4 GHz
	4 GHz

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	30KHz
	30KHz

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	100MHz
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	Comb6
	Comb6

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	19(3-sector)
	19(3-sector)
	19(3-sector)
	19(3-sector)
	19(3-sector)

	Number of symbols used per occasion
	48
	48
	48
	48
	48

	number of occasions used per positioning estimate
	1
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal Muting
	Ideal Muting
	Ideal Muting
	Ideal Muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates..

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates

	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	NO calibration error
	NO calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	
In the earliest beam pair is identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles. 

	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single port wideband Hadamar precoder

	Additional notes, if any
	
	
	
	
	


PRS frequency domain stitching – FR1 InH/UMI simulation assumptions and setup










2.5.6 Case 27: InF in FR1 with Phase Offset
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	50%
	67%
	80%
	90%

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 0
	0.117m
	4.9m
	13.2m
	24.4m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 45
	0.108m
	5.3m
	13.3m
	25.6m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 90
	0.126m
	6.09m
	13.8m
	25.5m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 0
	0.067m
	4.47m
	14.26m
	25.7m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 45
	0.09m
	3.79m
	13.1m
	25.46m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 90
	1.04m
	7.02m
	15.1m
	28.9m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 0
	0.04m
	0.07m
	0.17m
	3.4m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 45
	0.04m
	0.07m
	0.17m
	2.9m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 90
	0.04m
	0.08m
	0.22m
	3.4m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 0
	0.02m
	0.06m
	0.14m
	4.25m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 45
	0.03m
	0.06m
	0.21m
	4.26m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 90
	0.03m
	0.06m
	0.83m
	4.43m




	Parameter
	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap
	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100 MHz Gap
	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap
	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	3.5GHz
	3.5GHz
	3.5GHz
	3.5GHz

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	30KHz

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	Comb6

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	18(1-sector)
	18(1-sector)
	18(1-sector)
	18(1-sector)

	Number of symbols used per occasion
	18
	18 
	18
	18 

	number of occasions used per positioning estimate
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting 
	Ideal Muting
	Ideal muting 

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates..


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	NO calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	
In the earliest beam pair is identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles. 

	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	This case is simulated with phase shifts between the two aggregated CCs assumed to be 0, 45, 90 degrees
	This case is simulated with phase shifts between the two aggregated CCs assumed to be 0, 45, 90 degrees
	This case is simulated with phase shifts between the two aggregated CCs assumed to be 0, 45, 90 degrees
	This case is simulated with phase shifts between the two aggregated CCs assumed to be 0, 45, 90 degrees


PRS frequency domain stitching – FR1 InH simulation assumptions and setup



	Simulation case
(Horizontal Error)
	Phase Shift between the two aggregated component carriers
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps [m]
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps
[m]
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps
[m]

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap

	0 degrees
	23.4 
	24.2
	23.9

	
	45 degrees
	24.6
	25.4
	25.1

	
	90 degrees
	24.5
	25.3
	25

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap

	0 degrees
	24.7
	25.5
	25.2

	
	45 degrees
	24.4
	25.2
	24.9

	
	90 degrees
	27.9
	28.7
	28.4

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap

	0 degrees
	2.4
	3.2
	2.9

	
	45 degrees
	1.9
	2.7
	2.4

	
	90 degrees
	2.4
	3.2
	2.9

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap

	0 degrees
	3.25
	4.05
	3.75

	
	45 degrees
	3.26
	4.06
	3.76

	
	90 degrees
	3.43
	4.23
	3.93









2.5.7 Case  28: InF-SH in FR2 with Phase Offset
[image: ]
[image: ]
2.5.8 Case  29: InF-DH in FR2 with Phase Offset
[image: ]
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2.5.9 Case  30: InH in FR2 with Phase Offset
[image: ]
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2.5.10 Case  31: UMI in FR2 with Phase Offset

[image: ]
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2.5.11 Case  32: UMI in FR2 with Time offset
[image: ]
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2.5.12 Case  33: InH in FR2 with Time offset
[image: ]
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PRS frequency domain stitching – FR2 evaluation results 
	 Case ID
	Phase Shift

	Time offset
t
	50%
	67%
	80%
	90%

	
Case 28 InF-SH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	0.01
	0.03
	0.14

	
	10
	0.0ns
	0.01
	0.01
	0.03
	0.15

	
	20
	0.0ns
	0.01
	0.01
	0.03
	0.12

	
	40
	0.0ns
	0.01
	0.02
	0.08
	1.37

	
	60
	0.0ns
	0.01
	0.02
	0.18
	1.14

	
	80
	0.0ns
	0.01
	0.02
	0.07
	0.96

	Case 29 InF-DH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	2.72
	12.41
	28.39

	
	10
	0.0ns
	0.01
	2.82
	12.43
	29.53

	
	20
	0.0ns
	0.01
	2.82
	12.41
	28.39

	
	40
	0.0ns
	0.01
	2.88
	12.42
	28.33

	
	60
	0.0ns
	0.02
	3.95
	13.62
	30.92

	
	80
	0.0ns
	0.02
	3.65
	13.60
	29.54

	Case 30 UMi, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	0.01
	0.02
	0.05

	
	10
	0.0ns
	0.01
	0.01
	0.02
	0.05

	
	20
	0.0ns
	0.01
	0.01
	0.02
	0.04

	
	40
	0.0ns
	0.01
	0.01
	0.03
	0.25

	
	60
	0.0ns
	0.01
	0.01
	0.03
	0.11

	
	80
	0.0ns
	0.01
	0.01
	0.02
	0.07

	Case 31 InH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.04
	0.08
	0.17
	0.42

	
	10
	0.0ns
	0.04
	0.09
	0.20
	0.53

	
	20
	0.0ns
	0.04
	0.09
	0.20
	0.56

	
	40
	0.0ns
	0.05
	0.12
	0.35
	0.72

	
	60
	0.0ns
	0.06
	0.21
	0.52
	0.94

	
	80
	0.0ns
	0.07
	0.28
	0.53
	0.97

	Case 32
UMi, FR2, DL-TDOA, RANSAC
	0
	0.0ns
	0.011
	0.018
	0.025
	0.040

	
	0
	0.1ns
	0.011
	0.018
	0.026
	0.043

	
	0
	0.5ns
	0.011
	0.018
	0.029
	0.046

	
	0
	1.0ns
	0.012
	0.022
	0.032
	0.052

	
	0
	5.0ns
	0.016
	0.030
	0.050
	0.120

	
	0
	10.0ns
	0.021
	0.038
	0.066
	0.220

	
	0
	20.0ns
	0.035
	0.059
	0.111
	0.269

	Case 33 InH, FR2, DL-TDOA, RANSAC
	0
	0.0ns
	0.006
	0.009
	0.015
	0.024

	
	0
	0.1ns
	0.006
	0.009
	0.015
	0.027

	
	0
	0.5ns
	0.006
	0.009
	0.014
	0.027

	
	0
	1.0ns
	0.006
	0.011
	0.017
	0.027

	
	0
	5.0ns
	0.008
	0.013
	0.028
	0.066

	
	0
	10.0ns
	0.008
	0.014
	0.027
	0.057

	
	0
	20.0ns
	0.009
	0.015
	0.031
	0.070



PRS frequency domain stitching – FR2 observations
	Simulation case
(Horizontal Error)
	Commercial horizontal accuracy requirements [1]m @[90]% are met - Yes/No.
 If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.2]m @[90]%are met - Yes/No.
If no, provide performance gaps @[90]%
	IIoT horizontal accuracy requirements of [0.5]m @[90]%are met -Yes/No.
 If no, provide performance gaps @[90]%

	28 2*200MHz Perfect phase
	Yes.
	Yes.
	Yes.

	28 200MHZ(baseline)
	Yes.
	Yes.
	Yes.

	29 2*200MHz Perfect phase
	63%
	62%
	62%

	29 200MHZ(baseline)
	62%
	61%
	61%

	30 2*200MHz Perfect phase
	Yes.
	78%
	83%

	30 200MHZ(baseline)
	Yes.
	66%
	77%

	31 2*200MHz Perfect phase
	Yes.
	Yes.
	Yes.

	31 200MHZ(baseline)
	Yes.
	Yes.
	Yes.

	32 2*200MHz Perfect time
	Yes.
	78%
	83%

	32 200MHZ(baseline)
	Yes.
	66%
	77%

	33 2*200MHz Perfect time
	Yes.
	Yes.
	Yes.

	33 200MHZ(baseline)
	Yes.
	Yes.
	Yes.





PRS frequency domain stitching – FR2 simulation setup
	Parameter
	Case 28, InF-SH, FR2, DL-TDOA
	Case 29, InF-DH, FR2, DL-TDOA
	Case 30, UMi, FR2, DL-TDOA
	Case 31, InH, FR2, DL-TDOA
	Case 32, UMi, FR2, DL-TDOA
	ase 33, InH, FR2, DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	28GHz
	28GHz
	30GHz
	30GHz
	30GHz
	30GHz

	Subcarrier spacing
	120KHz
	120KHz
	120KHz
	120KHz
	120KHz
	120KHz

	Reference Signal Transmission Bandwidth
	400MHz
	400MHz
	400MHz
	400MHz
	400MHz
	400MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb2
	Comb2
	Comb2
	Comb2
	Comb2
	Comb2

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	18(3-sector)
	18(3-sector)
	19(3-sector)
	12(3-sector)
	19(3-sector)
	12(3-sector)

	Number of symbols used per occasion
	54(2 FDMed PRS symbols with two TRPs )
	54(2 FDMed PRS symbols with two TRPs )
	58(2 FDMed PRS symbols with two TRPs )
	36(2 FDMed PRS symbols with two TRPs)
	58(2 FDMed PRS symbols with two TRPs )
	36(2 FDMed PRS symbols with two TRPs)

	number of occasions used per positioning estimate
	1
	1
	1
	1
	1
	1

	Power-boosting level
	0
	0
	0
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal Muting 
	Ideal Muting
	Ideal Muting 
	Ideal Muting
	Ideal Muting 

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.
Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	NA


	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 


	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	PRS Frequency Domain stitching
	2X200MHz Continuous PFLs
	2X200MHz Continuous PFLs
	2X200MHz Continuous PFLs
	2X200MHz Continuous PFLs
	2X200MHz Continuous PFLs
	2X200MHz Continuous PFLs

	Phase Shift 
	Randomly select a phase shift value within  and apply the phase shift on  the second PFL per PRS,   
	NA
	NA

	Phase Ramp(Time offset)
	NA
	NA
	NA
	NA
	Randomly select a time offset value within  and convert the time offset as a phase ramp offset on second PFL per PRS,   


PRS frequency domain stitching – FR2 simulation assumptions and setup

2.6  Simulation Results for Kinematic constraint aware positioning
Two scenarios are considered for the case when one coordinate is known:
· In scenario 1, the node computing the position knows the value of one of the coordinates, and only computes the other one. This is denoted in the figure legends as ‘D unknown in estimation and RMS calculation’ (where D=X or Y, depending on which coordinate is unknown). 
· In scenario 2, the node computing the position has no side information and computes both X and Y. However, the LCS client, i.e., the consumer of the computed (X,Y) position, knows the value of one of the coordinates, and thus ignores that one and uses only the other one.
2.6.1 Case 34: InF-SH in FR2 with DL-TDOA
[image: ]
2.6.2 Case 35: InF-DH in FR2 with DL-TDOA
[image: ]
2.6.3 Case 36: InH in FR2 with DL-TDOA
[image: ]
Kinematic constraint aware positioning – FR2 evaluation and observation results 
	Case ID
	Kinematic constraint condition
	50%
	80%
	90%

	Case 34 
InF-SH, FR2, 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.024
	0.033
	0.049

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.017
	0.024

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.017
	0.024

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.017
	0.024
	0.031

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.017
	0.026
	0.036

	Case 35 InF-DH, FR2, 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.030
	0.038
	0.058

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.014
	0.021
	0.029

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.016
	0.023
	0.034

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.018
	0.028
	0.038

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.018
	0.029
	0.044

	Case 36 InH,
 FR2 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.031
	0.046
	0.071

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.019
	0.026

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.013
	0.019
	0.028

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.022
	0.031
	0.044

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.023
	0.035
	0.053



Kinematic constraint aware positioning – FR2 simulation assumptions and setup
	Kinematic constraint aware positioning – FR2 simulation assumptions and setupParameter
	Case 34, InF-SH, FR2,
DL-TDOA
	Case 35, InF-DH, FR2,
DL-TDOA
	Case 36, InH, FR2,
DL-TDOA

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	28GHz
	28GHz
	30GHz

	Subcarrier spacing
	120KHz
	120KHz
	120KHz

	Reference Signal Transmission Bandwidth
	400MHz
	400MHz
	400MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb2
	Comb2
	Comb2

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS

	Number of sites
	18(3-sector)
	18(3-sector)
	12(3-sector)

	Number of symbols used per occasion
	54 (2 FDMed PRS symbols with two TRPs )
	54 (2 FDMed PRS symbols with two TRPs )
	36 (2 FDMed PRS symbols with two TRPs )

	number of occasions used per positioning estimate
	1
	1
	1

	Power-boosting level
	0
	0
	0

	Uplink power control (applied/not applied)
	NA
	NA
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal Muting 
	Ideal Muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.
Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.


	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	NA

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	For a 3-sector scenario, the directions of beams are within [-60, 60] degrees in azimuth and [60,180] degrees in zenith.

In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Kinematic Constraint awareness 
	In scenario 1, the node computing the position knows the value of one of the coordinates, and only computes the other one. This is denoted in the figure legends as ‘D unknown in estimation and RMS calculation’ (where D=X or Y, depending on which coordinate is unknown). 
In scenario 2, the node computing the position has no side information and computes both X and Y. However, the LCS client, i.e., the consumer of the computed (X,Y) position, knows the value of one of the coordinates, and thus ignores that one and uses only the other one.






2.7  Simulation Results for RTT + AoA Fusion & Enhancement in the AoA and Additional Path Reporting
2.7.1 Case 37: UMI in FR1 with , RTT+AoA
[image: ]

	
	
	50%
	67%
	80%
	90%

	Case 37, UMI, FR1,RTT+AoA, With Delta Tau,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	2.6
	4.4
	5.8
	7.3

	Case 37, UMI, FR1,RTT, With Delta Tau, Perfect Sync, No Timing Errors, AoA & UL PDP Enhancement
	(Optional) All UEs
	1.2
	1.8
	2.7
	3.9



2.8 Simulation Results with Enhancement on the Additional Path Reporting
2.8.1 Case 38: UMI in FR1 with , DL-TDOA
[image: ]

	
	
	50%
	67%
	80%
	90%

	Case 38, UMI, FR1,DL-TDOA, With ,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	4.1
	5.2
	6.8
	9

	Case 38, UMI, FR1,DL-TDOA, With , Perfect Sync, No Timing Errors, UL PDP Enhancement
	(Optional) All UEs
	3.6
	4.85
	6
	8



2.8.2 Case 39: UMI in FR1 with , RTT

[image: ]

	
	
	50%
	67%
	80%
	90%

	Case 39, UMI, FR1, RTT, With Delta Tau,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	3.38
	4.9
	6.2
	9

	Case 39, UMI, FR1, RTT, With Delta Tau, Perfect Sync, No Timing Errors, UL PDP Enhancement
	(Optional) All UEs
	1.6
	2.4
	3.4
	4.7



	Parameter
	Case 37, UMI with , FR1, RTT+AoA
	Case 38, UMI with , FR1, DL-TDOA
	Case 39, UMI with , FR1, RTT
	

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	4 GHz
	4 GHz
	4 GHz
	

	Subcarrier spacing
	30KHz
	30KHz
	30KHz
	

	Reference Signal Transmission Bandwidth
	100MHz
	100MHz
	100MHz
	

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6
	Comb6
	Comb6
	

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS
	DL-PRS
	DL-PRS
	

	Number of sites
	19(3-sector)
	19(3-sector)
	19(3-sector)
	

	Number of symbols used per occasion
	48
	48
	48
	

	number of occasions used per positioning estimate
	1
	1
	1
	

	Power-boosting level
	0
	0
	0
	

	Uplink power control (applied/not applied)
	NO
	NA
	NO
	

	interference modelling (ideal muting, or other)
	Ideal Muting
	Ideal muting 
	Ideal Muting
	

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.

	

	Network synchronization assumptions
	Perfect Sync
	Perfect Sync
	Perfect Sync
	

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error
	No calibration error
	No calibration error
	

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	NA
	NA

	NA

	

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single port wideband Hadamar precoder

	Additional notes, if any
	



2.9 Genie LOS and Outlier Rejection Comparison 
2.9.1 Case 40: InF-DH, FR1, 100 MHz
[image: ]
	
	50%
	67%
	80%
	90%

	Case 40, InF FR1 DH ISD20, 100MHz, LOS Genie + Link Quality
	0.36
	4.08
	10.28
	35.65

	Case 40, InF FR1 DH ISD20, 100MHz, RANSAC
	0.085m
	0.52m
	2.17m
	8.25m




	Parameter
	                                                                       Case 40, InF-DH, FR1,  DL-TDOA 

	Channel model (baseline, otherwise state any modifications)
	Baseline Channel Model based on common assumptions defined related to the channel models of 3GPP TRs 38.901 / 38.802 / 37.857.

	Carrier frequency 
	3.5GHz

	Subcarrier spacing
	30KHz

	Reference Signal Transmission Bandwidth
	100MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb6

	Reference signal 
(type of sequence, number of ports, …) 
	DL-PRS

	Number of sites
	18(1-sector)

	Number of symbols used per occasion
	18

	number of occasions used per positioning estimate
	1

	Power-boosting level
	0

	Uplink power control (applied/not applied)
	NA

	interference modelling (ideal muting, or other)
	Ideal Muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	TOA estimation with TOA pruning, before the positioning engine using the ratio of the estimated TOA peak over the median of the Channel Energy Response (CER).

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	TDOA: Chan's Algorithm according to: 
Y. T. Chan, K. C. Ho, " A Simple and Efficient Estimator for Hyperbolic Location", IEEE Transactions on Signal Processing, vol. 42, pp. 1905-1915, Aug. 1994.

Outlier Rejection: RANSAC according to:
https://en.wikipedia.org/wiki/Random_sample_consensus#:~:text=Random%20sample%20consensus%20(RANSAC)%20is,the%20values%20of%20the%20estimates.


	Network synchronization assumptions
	Perfect Sync

	UE/gNB Tx/Rx 
Calibration Error
	No calibration error

	Beam-related assumption (beam sweeping / alignment assumptions at the tx and rx sides)
	
In the earliest beam pair, scheme, the Tx and Rx beam pair are identified based on the criteria of receiving the earliest path given that the received power is larger than a threshold using the genie CDL channel profiles per TRP. 

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Kronecker product between vertical and horizontal weight vectors taken from DFT, with oversampling factor r. The DFT beam candidate in beam selection method is generated according to the uniform vertical and horizontal angular distribution shown as follows:

, for i=1,…,rN
where r denotes the oversampling factor, N denotes the number of vertical/horizontal antennas. For FR2, Tx oversampling factor r equals to 1 and Rx oversampling factor equals to 1.

	Additional notes, if any
	All gNB’s are at height 8m and All UEs are at height 1.5m




3. Phy-layer Latency Analysis
With regards to the PHY-layer latency the following agreement was made previous meeting: 
	Agreement:
Physical Layer Latency Start and End times are defined as follows:
	Method
	Start
	End

	UE assisted DL-only & DL-ECID & Multi-RTT
	Transmission of the PDSCH from the gNB carrying the LPP Request Location Information message
	Successful decoding of the PUSCH carrying the LPP Provide Location Information message 

	UL-only method & UL ECID & Multi-RTT
	Reception by the gNB of the NRPPa measurement request message
	The transmission by the gNB of the NRPPa measurement response message

	UE-based
	Transmission of the PDSCH from the gNB carrying the LPP Request Location Information if applicable, otherwise,
· Alt. 1: transmission of the PUSCH carrying the MG Request from the UE.
· Alt. 2: Transmission of the PDSCH from the gNB carrying the LPP message containing the assistance data
· Alt. 3: Start of the Reception of DL PRS
Note: Suggest to downselect this at the next meeting.
Note: The high layers latency components may be subject to adjustment for different alternatives.
	Successful decoding of the PUSCH at gNB carrying the LPP Provide Location Information message if applicable, otherwise Calculation of Location Estimate at the UE
 






There were 3 alternatives written in the previous agreement with regards to the start time of the PHY-layer latency evaluation for UE-based methods. We make the following observations:
· For a  UE in RRC connected state and UE-based imitated by an internal client, the UE needs to request MGs in NR Rel-16. Such request should be considered as part of the PHY-layer latency discussions because it includes request towards the serving cell which can be optimized in several ways with solutions that can be, at least partially, within RAN1 scope (e.g., DCI or MAC-CE MG request vs. RRC-based MG request, PRS processing without MG). 
· Therefore, for such scenario Alt. 1 makes sense
· For a UE in RRC Idle/Inactive and UE-based imitated by an internal client, there is no need of MGs in NR Rel-16. Also the assistance data will be received through the already specified feature of broadcast of assistance data.
· Therefore, for such scenario Alt. 3 makes more sense

3.1 UE-Assisted DL-only Positioning, RRC Connected State
	[bookmark: _Hlk53730889]Steps
	“Best-case” Estimate of Duration (msec) in NR Rel-16 
	“Conservative” Estimate of the Duration (msec) in NR Rel-16
	Short Explanation

	Step 1: Serving gNB sends PDSCH that contains the Location Information Request and is successfully decoded in physical layer by the UE
	[1]
	[2]
	“Best-case” corresponds to the case of cap-2 UE with 30 KHz SCS and FDD. 

	Step 2: UE interprets and applies the LPP message (Location Request)
	10
	10
	RRC Processing time are captured in 38.331 Section 12

	Step 3: Request of Location Information  has be received  at the UE. UE transmits in PUSCH an MG-request through an RRC message
	[1]
	[4]
	Transmission of a small package that includes an RRC message with an MG-request could be as low as 1 msec in FDD with SCS 30 KHz and Cap-2. However, for Cap-1 UEs, in TDD, where there can be fewer occasions for PUSCH transmission, it may be required longer period of time for the package to be transmitted through the air interface

	Step 4: Serving gNB successfully decodes and interprets the PHY-layer message that contains the MG-request
	10
	10
	There are no RRC processing times for gNBs in the specification. We assume the same processing time as for the UE which are captured in 38.331 Section 12. 

	Step 5: Serving gNB transmits the RRC configuration of the MG request
	[1]
	[2]
	“Best-case” corresponds to the case of cap-2 UE with 30 KHz SCS and FDD. 

	Step 6: UE receives the message, interprets and applies the MG configuration
	10
	10
	RRC Processing time are captured in 38.331 Section 12.

	Step 7: UE receives at least one occasion of the PRS within the MG.
	20 
	4*160 = 640

	A UE may have applied the MG configuration at the end of a previous MG instance, so the UE would have to way for a whole PRS period (or MG period, which ever is larger). The minimum MGRP in NR rel-16 is 20 msec. So, even if the UE can produce a report using one occasion, the best-case latency would be 20 msec (assuming all required PRS resources are unmuted within the single PRS occasion). 
Typically more than one occasions are needed for accurate measurement (see e.g. RAN4 discussions in NR Rel-16). As an example, we assume that at least 4 occasions are needed and a typical PRS periodicity and MGRP would be of the order of 160 msec. 

	Step 8: UE finishes the processing T-N time after the end of the last PRS occasion where (N,T) is the reported capability of processing N msec of PRS every T
	2
	140
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before a new PRS occasion is received. A more conservative estimate would be a UE reporting (N,T)=(20,160) msec, in which case a UE may require 140 msec to complete the processing (UE receives 20 msec worth of PRS, and then kick-offs the processing after the end of the PRS, before a new PRS occasion is received). 

	Step 9: UE reports the measurements  and are decoded successfully by the gNB. NAS container is ready to be forwarded to the AMF 
	[2]
	[5]
	Large UL payload needed. Even with cap-2 UE in FDD, 1 msec would not be possible. Note: Does not involve any required time for the gNB processing to have the NAS container ready to be forwarded  to the AMF.

	[bookmark: _Hlk53769050]Total PHY-layer Latency (msec)
	[57]
	[823]
	Latency needed from the time applies the location request up to the decoding of the PUSCH carrying the Positionign report. 


3.2 [bookmark: _Hlk47368340]UE-based DL-only Positioning, RRC Inactive State, External Client 

	Steps
	“Best-case” Estimate of Duration (msec) in NR Rel-16 
	“Conservative” Estimate of the Duration (msec) in NR Rel-16
	Short Explanation

	Step 1: UE receives at least one occasion of the PRS
	20 
	4*160 = 640

	A UE may have applied the MG configuration at the end of a previous MG instance, so the UE would have to way for a whole PRS period (or MG period, which ever is larger). The minimum MGRP in NR rel-16 is 20 msec. So, even if the UE can produce a report using one occasion, the best-case latency would be 20 msec (assuming all required PRS resources are unmuted within the single PRS occasion). 
Typically more than one occasions are needed for accurate measurement (see e.g. RAN4 discussions in NR Rel-16). As an example, we assume that at least 4 occasions are needed and a typical PRS periodicity and MGRP would be of the order of 160 msec. 

	Step 2: UE finishes the processing T-N time after the end of the last PRS occasion where (N,T) is the reported capability of processing N msec of PRS every T
	2
	140
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before a new PRS occasion is received. A more conservative estimate would be a UE reporting (N,T)=(20,160) msec, in which case a UE may require 140 msec to complete the processing (UE receives 20 msec worth of PRS, and then kick-offs the processing after the end of the PRS, before a new PRS occasion is received). 

	Step 4: UE transisitions to RRC Connected state
	11.3
	18.5
	Transition from RRC Inactive to Connected state. 11.3 ms – 18.5 ms dependent on configuration/deployment (TR 37.910 [8]). Assume an "average" value.

	Step 5: UE reports the measurements and are decoded successfully by the gNB. NAS container is ready to be forwarded to the AMF 
	[2]
	[5]
	Large UL payload needed. Even with cap-2 UE in FDD, 1 msec would not be possible. Note: Does not involve any required time for the gNB processing to have the NAS container ready to be forwarded  to the AMF.

	[bookmark: _Hlk53769056]Total PHY-layer Latency (msec)
	[35.3]
	[803.5]
	Latency needed from the time applies the location request up to the decoding of the PUSCH carrying the Positionign report. 


3.3 UE-based DL-only Positioning, RRC Connected State, UE Internal-client

	Steps
	“Best-case” Estimate of Duration (msec) in NR Rel-16 
	“Conservative” Estimate of the Duration (msec) in NR Rel-16
	Short Explanation

	Step 1: Request of Location Information  has be received  at the UE. UE transmits in PUSCH an MG-request through an RRC message
	[1]
	[4]
	Transmission of a small package that includes an RRC message with an MG-request could be as low as 1 msec in FDD with SCS 30 KHz and Cap-2. However, for Cap-1 UEs, in TDD, where there can be fewer occasions for PUSCH transmission, it may be required longer period of time for the package to be transmitted through the air interface

	Step 2: Serving gNB successfully decodes and interprets the PHY-layer message that contains the MG-request
	10
	10
	There are no RRC processing times for gNBs in the specification. We assume the same processing time as for the UE which are captured in 38.331 Section 12. 

	Step 3: Serving gNB transmits the RRC configuration of the MG request
	[1]
	[2]
	“Best-case” corresponds to the case of cap-2 UE with 30 KHz SCS and FDD. 

	Step 4: UE receives the message, interprets and applies the MG configuration
	10
	10
	RRC Processing time are captured in 38.331 Section 12.

	Step 5: UE receives at least one occasion of the PRS within the MG.
	20 
	4*160 = 640

	A UE may have applied the MG configuration at the end of a previous MG instance, so the UE would have to way for a whole PRS period (or MG period, which ever is larger). The minimum MGRP in NR rel-16 is 20 msec. So, even if the UE can produce a report using one occasion, the best-case latency would be 20 msec (assuming all required PRS resources are unmuted within the single PRS occasion). 
Typically more than one occasions are needed for accurate measurement (see e.g. RAN4 discussions in NR Rel-16). As an example, we assume that at least 4 occasions are needed and a typical PRS periodicity and MGRP would be of the order of 160 msec. 

	Step 6: UE finishes the processing T-N time after the end of the last PRS occasion where (N,T) is the reported capability of processing N msec of PRS every T
	2
	140
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before a new PRS occasion is received. A more conservative estimate would be a UE reporting (N,T)=(20,160) msec, in which case a UE may require 140 msec to complete the processing (UE receives 20 msec worth of PRS, and then kick-offs the processing after the end of the PRS, before a new PRS occasion is received). 

	Step 7: UE reports the measurements  and are decoded successfully by the gNB. NAS container is ready to be forwarded to the AMF 
	[2]
	[5]
	Large UL payload needed. Even with cap-2 UE in FDD, 1 msec would not be possible. Note: Does not involve any required time for the gNB processing to have the NAS container ready to be forwarded  to the AMF.

	[bookmark: _Hlk53769061]Total PHY-layer Latency (msec)
	46
	811
	



3.4 UE-based DL-only Positioning, RRC Inactive State, UE internal-client 

	Steps
	“Best-case” Estimate of Duration (msec) in NR Rel-16 
	“Conservative” Estimate of the Duration (msec) in NR Rel-16
	Short Explanation

	Step 1: UE receives at least one occasion of the PRS
	6
	4*160 = 640

	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (N,8), with N<8. We assume that a reasonable PRS instance in NR Rel-16 FR1 is 6 msec. 
Typically more than one occasions are needed for accurate measurement (see e.g. RAN4 discussions in NR Rel-16). As an example, we assume that at least 4 occasions are needed and a typical PRS periodicity and MGRP would be of the order of 160 msec. 

	Step 2: UE finishes the processing T-N time after the end of the last PRS occasion where (N,T) is the reported capability of processing N msec of PRS every T
	2
	140
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before a new PRS occasion is received. A more conservative estimate would be a UE reporting (N,T)=(20,160) msec, in which case a UE may require 140 msec to complete the processing (UE receives 20 msec worth of PRS, and then kick-offs the processing after the end of the PRS, before a new PRS occasion is received). 

	[bookmark: _Hlk53769066]Total PHY-layer Latency (msec)
	[8]
	[780]
	Latency needed from the time applies the location request up to the decoding of the PUSCH carrying the Positionign report. 



3.5 UE-Assisted MRTT Positioning, RRC Connected State
	Steps
	“Best-case” Estimate of Duration (msec) in NR Rel-16 
	“Conservative” Estimate of the Duration (msec) in NR Rel-16
	Short Explanation

	Step 1: Serving gNB sends PDSCH that contains the Location Information Request and is successfully decoded in physical layer by the UE
	[1]
	[2]
	“Best-case” corresponds to the case of cap-2 UE with 30 KHz SCS and FDD. 

	Step 2: UE interprets and applies the LPP message (Location Request)
	10
	10
	RRC Processing time are captured in 38.331 Section 12

	Step 3: Request of Location Information  has be received  at the UE. UE transmits in PUSCH an MG-request through an RRC message
	[1]
	[4]
	Transmission of a small package that includes an RRC message with an MG-request could be as low as 1 msec in FDD with SCS 30 KHz and Cap-2. However, for Cap-1 UEs, in TDD, where there can be fewer occasions for PUSCH transmission, it may be required longer period of time for the package to be transmitted through the air interface

	Step 4: Serving gNB successfully decodes and interprets the PHY-layer message that contains the MG-request
	10
	10
	There are no RRC processing times for gNBs in the specification. We assume the same processing time as for the UE which are captured in 38.331 Section 12. 

	Step 5: Serving gNB transmits the RRC configuration of the MG request
	[1]
	[2]
	“Best-case” corresponds to the case of cap-2 UE with 30 KHz SCS and FDD. 

	Step 6: UE receives the message, interprets and applies the MG configuration
	10
	10
	RRC Processing time are captured in 38.331 Section 12.

	Step 7: UE receives at least one occasion of the PRS within the MG.
	20 
	4*160 = 640

	A UE may have applied the MG configuration at the end of a previous MG instance, so the UE would have to way for a whole PRS period (or MG period, which ever is larger). The minimum MGRP in NR rel-16 is 20 msec. So, even if the UE can produce a report using one occasion, the best-case latency would be 20 msec (assuming all required PRS resources are unmuted within the single PRS occasion). 
Typically more than one occasions are needed for accurate measurement (see e.g. RAN4 discussions in NR Rel-16). As an example, we assume that at least 4 occasions are needed and a typical PRS periodicity and MGRP would be of the order of 160 msec. 

	Step 8: UE finishes the processing T-N time after the end of the last PRS occasion where (N,T) is the reported capability of processing N msec of PRS every T
	2
	140
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before a new PRS occasion is received. A more conservative estimate would be a UE reporting (N,T)=(20,160) msec, in which case a UE may require 140 msec to complete the processing (UE receives 20 msec worth of PRS, and then kick-offs the processing after the end of the PRS, before a new PRS occasion is received). 

	Step 9: UE reports the measurements  and are decoded successfully by the gNB. NAS container is ready to be forwarded to the AMF 
	[2]
	[5]
	Large UL payload needed. Even with cap-2 UE in FDD, 1 msec would not be possible. Note: Does not involve any required time for the gNB processing to have the NAS container ready to be forwarded  to the AMF.

	Step 10: All gNBs processes the transmitted SRS in parallel. 
	2
	2
	Assumption: SRS configuration is received before Step 1, and SRS can be triggered with DCI.  

	[bookmark: _Hlk53769073]Total PHY-layer Latency (msec)
	[59]
	[823]
	Latency needed from the time applies the location request up to the decoding of the PUSCH carrying the Positionign report. 



3.6 Summary of NR Rel-16 L1-layer Latency
Overall we have the following Table:
	NR Rel-16 Scenario
	L1-layer Latency Expected Range (ms)

	UE-Assisted DL-only Positioning, RRC Connected State
	[57 - 823]

	UE-based DL-only Positioning, RRC Inactive State, External Client

	[35.3 - 803.5]

	UE-based DL-only Positioning, RRC Connected State, UE Internal-client
	[46 - 811]

	UE-based DL-only Positioning, RRC Inactive State, UE internal-client
	[8 - 780]

	UE-Assisted MRTT Positioning, RRC Connected State
	[59 - 823]



4. Phy-layer Enhancements – Latency Analysis

In the [2] paper we make the following proposals to enhance the PHY-layer Latency. In this section, we summarize the amount of savings that can be achieved in msec by these proposals, along with an explanation

	Proposal
	L1 Latency
	Potential Gains from the “best-case” estimate of NR rel-16 
	Explanation

	Support Low-layer (e.g., unicast/group-common DCI, MAC-CE) triggering of DL/UL PRS transmission/muting/Location-Request for DL-only and DL/UL methods.

	· < 1 slot (for DCI-based)
· 3 msec (for DL MAC-CE)
	10 msec
	Instead of the UE receiving through a PDSCH carrying an RRC message the Location Information Request, a DCI-based triggering may be interpreted by the UE, depending on the scenario within the same slot that the PDCCH is received. A MAC-CE Request may be interested within 3 msec. 


	Support DCI/MAC-CE triggering of Measurement gaps (MG) for the purpose of positioning measurements 

	· < 1 slot (for DCI-based)
· 3 msec (for DL MAC-CE)
	At least to 10 + 20 = 30 msec
	Instead of the gNB transmitting an RRC configuration that includes the MG request, a DCI-based triggering may be interpreted by the UE, depending on the scenario within the same slot that the PDCCH is received. A MAC-CE Request may be interested within 3 msec. 

The smallest MG periodicity currently is 20 msec, so a UE may have to wait, after it has interpreted the RRC message, an additional 20 msec before receiving the MG in NR Rel-16. If the MG is triggered by DCI or MAC-CE, the UE would not have to wait for a long period of time for the first occasion of the MG. 


	Fast/real-time processing of short PRS instances:
· Support Enhanced PRS processing capabilities
· Support partially-staggered or no-staggered DL-PRS transmissions

	[1] slot
	· At least 1.5 msec
	The highest UE capability in NR Rel-16 is to process 6 msec PRS every 8 msec, (N,T) = (6,8), so, after the end of a PRS occasion that is 6 msec long, a UE requires at least 2 msec of processing before it is ready to report. Furthermore, the maximum capability with respect to the number of PRS resources within a slot that is currently supported is 64 resources. If we want the UE to process, e.g. 18 TRPs, each one with at least 4 beams, with single-symbol comb-6 PRS, we would need UEs that can process 72 resources per slot. 


	Support Low-layer (e.g. UL MAC-CE or UCI) Measurement Reporting towards the serving gNB

	· < 1 slot (for UCI)
· 3 msec (form UL MAC-CE)
	2 msec
	Instead of the UE reporting the measurements as part of RRC in a NAS container (2-5 msec), a UCI-based would require < 1 slot, whereas a MAC-CE alternative would require 3 msec. 





5. Summary of Results of Accuracy Evaluations
In this document, we presented our evaluation results across a variety of scenarios including InF, UMI, InH, UMA, in FR1 and FR2. A total of 40 cases were simulated with the following results:
	
	
	50%
	67%
	80%
	90%

	Case 1, InF FR1 DH ISD20, 100MHz, Link Quality, DL TDOA
	Convex UEs
	0.55m
	6.42m
	15.35m
	31.66m

	
	(Optional) All UEs
	0.67m
	6.51m
	13.37m
	26.8m

	Case 1, InF FR1 DH ISD20, 100MHz, RANSAC, DL TDOA
	Convex UEs
	0.071m
	0.37m
	1.32m
	6.92m

	
	(Optional) All UEs
	0.085m
	0.52m
	2.17m
	8.25m



	
	
	50%
	67%
	80%
	90%

	Case 2, InF FR1 SH ISD50, 100MHz, Link Quality, DL TDOA
	Convex UEs
	0.035m
	0.06m
	0.25m
	2.92m

	
	(Optional) All UEs
	0.04m
	0.09m
	0.49m
	4.16m

	Case 2, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA
	Convex UEs
	0.03m
	0.065
	0.16m
	0.28m

	
	(Optional) All UEs
	0.05m
	0.11m
	0.17m
	0.54m



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Variable UE heights
	Convex UEs
	0.96m
	2.18m
	4.48m
	12.66m

	
	(Optional) All UEs
	1.67m
	5.39m
	12.11m
	30.9m

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Fixed UE heights
	Convex UEs
	1.33m
	3.56m
	5.32m
	13.1m

	
	(Optional) All UEs
	1.89m
	3.99m
	7.67m
	17.62m



	Vertical Positioning error
	
	50%
	67%
	80%
	90%

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Variable UE heights
	Convex UEs
	2.75m
	6.79m
	10.12m
	20.6m

	
	(Optional) All UEs
	4.6m
	8.91m
	17.21m
	38.9m

	Case 3, InF FR1 DH ISD20, 100MHz, RANSAC,  DL TDOA, Fixed UE heights
	Convex UEs
	2.35m
	6.78m
	12.5m
	18.44m

	
	(Optional) All UEs
	3.07m
	7.34m
	13.92m
	22.98m



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC,  DL TDOA, Unequal gNBs heights, Variable UE heights
	Convex UEs
	0.03m
	0.05m
	0.1m
	0.22m

	
	(Optional) All UEs
	0.04m
	0.09m
	0.17m
	0.47m

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC,  DL TDOA, Unequal gNBs heights, Fixed UE heights
	Convex UEs
	0.03m
	0.05m
	0.08m
	0.12m

	
	(Optional) All UEs
	0.046m
	0.08m
	0.16m
	0.36m



	Vertical Positioning error
	
	50%
	67%
	80%
	90%

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, DL TDOA, , Unequal gNBs heights, Variable UE heights
	Convex UEs
	0.183m
	0.33m
	0.75m
	1.89m

	
	(Optional) All UEs
	0.162m
	0.37m
	0.78m
	2.63m

	Case 4, InF FR1 SH ISD50, 100MHz, RANSAC, Unequal gNBs heights, DL TDOA, Unequal gNBs heights, Fixed UE heights
	Convex UEs
	0.178m
	0.298m
	0.41m
	0.9m

	
	(Optional) All UEs
	0.19m
	0.34m
	0.64m
	1.34m



	Horizontal Positioning Error (all UEs)
	Beam Pair
	50%
	67%
	80%
	90%

	Case 5 
InF-SH FR2 DL-TDOA
	Earliest
	0.0058
	0.0077
	0.011
	0.019

	
	Strongest
	0.0074
	0.010
	0.017
	0.027

	Case 6
InF-SH FR2 3d mRTT
	Earliest
	0.0061
	0.0085
	0.011
	0.015

	Case 7
InF-DH FR2 DL-TDOA
	Earliest
	0.0054
	0.0082
	0.013
	0.025

	
	Strongest
	0.0084
	0.0132
	0.0287
	9.40

	Case 8
InF-DH FR2 3d mRTT
	Earliest
	0.0061
	0.0088
	0.013
	0.020



	Horizontal Positioning Error (convex Hull)
	Beam Pair
	50%
	67%
	80%
	90%

	Case 5 
InF-SH FR2 DL-TDOA
	Earliest
	0.0043
	0.0059
	0.0071
	0.0087

	
	Strongest
	0.0057
	0.0080
	0.0104
	0.0170

	Case 7
InF-DH FR2 DL-TDOA
	Earliest
	0.0039
	0.0054
	0.0070
	0.0096

	
	Strongest
	0.0058
	0.0098
	0.0138
	1.6767



	Vertical (Across All UEs)
	Beam Pair
	50%
	67%
	80%
	90%

	Case 6
InF-SH FR2 3d mRTT
	Earliest
	0.037    
	0.048    
	0.061    
	0.084

	Case 8
InF-SH FR2 3d mRTT
	Earliest
	0.010
	0.015
	0.023
	0.041



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 9, UMI, FR1, DL-TDOA, Without ,  Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.23
	0.31
	0.4
	0.6

	Case 9, UMI, FR1, DL-TDOA, Without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	(Optional) All UEs
	0.64
	1.2
	2
	3.2

	Case 9, UMI, FR1, RTT, Without , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.16
	0.22
	0.3
	0.4



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.4
	5
	6.2
	8

	Case 10, UMI, FR1,RTT, with , Perfect Sync, No Timing Errors, Likelihood Fusion Algorithm
	(Optional) All UEs
	4
	4.2
	6.9
	9.4

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, RANSAC Algorithm
	(Optional) All UEs
	5.7
	8.1
	9.9
	17.3

	Case 10, UMI, FR1,DL-TDOA, with , Perfect Sync, No Timing Errors, LQ Algorithm
	(Optional) All UEs
	7.9
	11.5
	14.3
	20.1



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 11, UMA, FR1, DL-TDOA, without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	Outdoor UEs
	0.31
	0.5
	0.8
	1.5

	Case 11, UMA, FR1, RTT, without , Perfect Sync, No Timing Errors, RANSAC Algorithm
	Indoor UEs
	1.7
	6.9
	0.8
	96



	Horizontal Error (All UEs)
	
	50%
	67%
	80%
	90%

	Case 12
UMi FR2 DL-TDOA
	Earliest
	0.011
	0.018
	0.025
	0.040

	
	Strongest
	0.13
	0.80
	2.63
	6.32

	Case 13
InH FR2 DL-TDOA
	Earliest
	0.0058
	0.0093
	0.015
	0.024

	
	Strongest
	0.0092
	0.016
	0.028
	0.053



	Horizontal Error (convex Hull UEs)
	
	50%
	67%
	80%
	90%

	Case 12
UMi FR2 DL-TDOA
	Earliest
	0.0106
	0.0178
	0.0251
	0.0403

	
	Strongest
	0.1333
	0.7972
	2.6315
	6.3233

	Case 13
InH FR2 DL-TDOA
	Earliest
	0.0035
	0.0053
	0.0069
	0.0113

	
	Strongest
	0.0066
	0.0101
	0.0160
	0.0279



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 1 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.4
	4.8
	6
	7.3

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.5
	4.8
	6
	7.4

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 5 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.6
	4.8
	6
	7.6

	Case 14, UMI, FR1, RTT, With ,  Perfect Sync, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	3.7
	4.8
	6
	7.9



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 15, UMI, FR1,DL-TDOA, With Δ𝜏,  Sync Error = 10, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With Δ𝜏,  Sync Error = 20, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With Δ𝜏,  Sync Error = 50, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With Δ𝜏,  Sync Error = 10, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With Δ𝜏,  Sync Error = 20, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With Δ𝜏,  Sync Error = 50, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With Δ𝜏,  Sync Error = 10, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1, DL-TDOA, With Δ𝜏,  Sync Error = 20, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.4
	5.8
	7.2
	9.3

	Case 15, UMI, FR1, DL-TDOA, With Δ𝜏,  Sync Error = 50, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 10, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 20, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 50, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 10, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 20, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1,DL-TDOA, With ,  Sync Error = 50, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 10, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.1
	5.4
	6.9
	9.3

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 20, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	4.4
	5.8
	7.2
	9.3

	Case 15, UMI, FR1, DL-TDOA, With ,  Sync Error = 50, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	6.5
	8.4
	10.4
	12.5



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 16, UMI, FR1, RTT, Without Δ𝜏,  Perfect Sync, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.38
	0.52
	0.66
	0.87

	Case 16, UMI, FR1, RTT, Without Δ𝜏,  Perfect Sync, Timing Error = 5 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.68
	0.89
	1.1
	1.37

	Case 16, UMI, FR1, RTT, Without Δ𝜏,  Perfect Sync, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.11
	1.45
	1.75
	2.22

	Case 16, UMI, FR1,RTT, Without ,  Perfect Sync, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.38
	0.52
	0.66
	0.87

	Case 16, UMI, FR1,RTT, Without ,  Perfect Sync, Timing Error = 5 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.68
	0.89
	1.1
	1.37

	Case 16, UMI, FR1,RTT, Without ,  Perfect Sync, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.11
	1.45
	1.75
	2.22



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.23
	0.31
	0.41
	0.61

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.46
	0.73
	0.76
	1

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.2
	1.55
	1.89
	2.3



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 0 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.23
	0.31
	0.41
	0.61

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 2 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	0.46
	0.73
	0.76
	1

	Case 17, UMI, FR1, DL-TDOA, Without ,  Sync Error = 0, Timing Error = 10 ns, Likelihood Fusion Algorithm
	(Optional) All UEs
	1.2
	1.55
	1.89
	2.3



	 Case ID
	Beam Pair 
	Tx T1
	50%
	67%
	80%
	90%

	


Case 18
InF-SH, FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.01

	
	
	0.1ns
	0.02
	0.03
	0.04
	0.06

	
	
	0.2ns
	0.05
	0.07
	0.09
	0.13

	
	
	0.5ns
	0.14
	0.19
	0.27
	0.40

	
	
	1.0ns
	0.28
	0.40
	0.55
	0.96

	
	
	2.0ns
	0.55
	0.75
	1.08
	1.59

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.02

	
	
	0.1ns
	0.03
	0.05
	0.07
	0.11

	
	
	0.2ns
	0.06
	0.10
	0.14
	0.25

	
	
	0.5ns
	0.19
	0.29
	0.47
	0.94

	
	
	1.0ns
	0.40
	0.63
	1.08
	2.30

	
	
	2.0ns
	0.82
	1.22
	1.87
	5.19

	



Case 19
InF-DH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.01
	0.02

	
	
	0.1ns
	0.03
	0.04
	0.06
	0.10

	
	
	0.2ns
	0.06
	0.08
	0.12
	0.24

	
	
	0.5ns
	0.16
	0.24
	0.40
	0.76

	
	
	1.0ns
	0.34
	0.47
	0.78
	2.10

	
	
	2.0ns
	0.74
	1.17
	2.15
	6.31

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.05
	43.94

	
	
	0.1ns
	0.05
	0.08
	3.61
	36.56

	
	
	0.2ns
	0.10
	0.21
	7.91
	35.28

	
	
	0.5ns
	0.29
	0.73
	18.49
	44.16

	
	
	1.0ns
	0.74
	1.96
	18.90
	40.33

	
	
	2.0ns
	1.73
	6.42
	20.03
	46.31

	



Case 20
InH,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.02
	0.03

	
	
	0.1ns
	0.05
	0.08
	0.13
	0.31

	
	
	0.2ns
	0.11
	0.17
	0.28
	0.47

	
	
	0.5ns
	0.23
	0.40
	0.60
	1.16

	
	
	1.0ns
	0.51
	0.71
	1.19
	2.04

	
	
	2.0ns
	0.97
	1.49
	2.23
	4.11

	
	Strongest beam pair

	0.0ns
	0.01
	0.01
	0.03
	0.21

	
	
	0.1ns
	0.10
	0.22
	0.76
	7.44

	
	
	0.2ns
	0.22
	0.48
	1.94
	8.22

	
	
	0.5ns
	0.70
	2.42
	5.24
	11.37

	
	
	1.0ns
	1.26
	3.45
	6.88
	14.94

	
	
	2.0ns
	2.08
	4.38
	8.21
	18.87

	



Case 21
UMi,
FR2,
DL-TDOA
	Earliest beam pair

	0.0ns
	0.01
	0.01
	0.02
	0.03

	
	
	0.1ns
	0.04
	0.05
	0.08
	0.13

	
	
	0.2ns
	0.07
	0.10
	0.13
	0.20

	
	
	0.5ns
	0.15
	0.20
	0.26
	0.38

	
	
	1.0ns
	0.32
	0.42
	0.54
	0.73

	
	
	2.0ns
	0.63
	0.82
	1.02
	1.38

	
	Strongest beam pair

	0.0ns
	0.47
	3.08
	7.73
	16.21

	
	
	0.1ns
	2.10
	6.20
	12.72
	23.54

	
	
	0.2ns
	1.20
	4.23
	9.16
	16.59

	
	
	0.5ns
	1.69
	3.81
	7.18
	19.30

	
	
	1.0ns
	2.08
	4.00
	7.50
	14.27

	
	
	2.0ns
	2.95
	6.52
	12.89
	21.65



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 22, InH, FR1, Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 2 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.3
	0.8
	1
	1.5

	Case 22, InH, FR1, Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	1.1
	1.4
	2.5

	Case 22, InH, FR1, Phase offset = 10 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.5
	1.2
	1.4
	2.5



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 23, InH, FR1, Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.12
	0.3
	0.5
	0.9

	Case 23, InH, FR1, Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.15
	0.35
	0.9
	2

	Case 23, InH, FR1, Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.2
	0.4
	1.1
	2.4

	Case 23, InH, FR1, Phase offset = 10 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	1
	1.2
	2.5



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 24, InH, FR1, Channel Spacing = 0 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.35
	0.8
	1.5
	3

	Case 24, InH, FR1, Channel Spacing = 7.2 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.4
	0.9
	1.7
	4

	Case 24, InH, FR1, Channel Spacing = 14.4 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.5
	1.8
	2.3
	5

	Case 24, InH, FR1, Channel Spacing = 36 MHz, Frequency-domain Stitching
	(Optional) All UEs
	0.8
	1.9
	2.8
	5.5



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 25, UMI, FR1,Phase offset = 0 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.6 m
	1 m

	Case 25, UMI, FR1,Phase offset = 4 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.7 m
	1.2 m

	Case 25, UMI, FR1,Phase offset = 8 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.4 m
	0.55 m
	0.7 m
	1.5 m

	Case 25, UMI, FR1,Phase offset = 12 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.5 m
	0.7 m
	1.2 m
	2.2 m

	Case 25, UMI, FR1,Phase offset = 18 degrees, Frequency-domain Stitching
	(Optional) All UEs
	0.6 m
	1 m
	1.8 m
	4 m



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 26, UMI, FR1,Time offset = 0 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.37 m
	0.5 m
	0.6 m
	1 m

	Case 26, UMI, FR1,Time offset = 0.5 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.38 m
	0.52 m
	0.7 m
	1 m

	Case 26, UMI, FR1,Time offset = 1 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.38 m
	0.55 m
	0.7m
	1 m

	Case 26, UMI, FR1,Time offset = 2 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.4 m
	0.58 m
	0.6 m
	1.5 m

	Case 26, UMI, FR1,Time offset = 5 ns, Frequency-domain Stitching
	(Optional) All UEs
	0.5 m
	0.8 m
	1 m
	1.5 m



	Horizontal Positioning Error
	50%
	67%
	80%
	90%

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 0
	0.117m
	4.9m
	13.2m
	24.4m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 45
	0.108m
	5.3m
	13.3m
	25.6m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 90
	0.126m
	6.09m
	13.8m
	25.5m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 0
	0.067m
	4.47m
	14.26m
	25.7m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 45
	0.09m
	3.79m
	13.1m
	25.46m

	Case 27, InF FR1 DH ISD20, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 90
	1.04m
	7.02m
	15.1m
	28.9m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 0
	0.04m
	0.07m
	0.17m
	3.4m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 45
	0.04m
	0.07m
	0.17m
	2.9m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 1.8MHz Gap, Phase Offset = 90
	0.04m
	0.08m
	0.22m
	3.4m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 0
	0.02m
	0.06m
	0.14m
	4.25m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 45
	0.03m
	0.06m
	0.21m
	4.26m

	Case 27, InF FR1 SH ISD50, Link Quality, Freq. Agg. Of two 100MHz CCs with 100MHz Gap, Phase Offset = 90
	0.03m
	0.06m
	0.83m
	4.43m



	 Case ID
	Phase Shift

	Time offset
t
	50%
	67%
	80%
	90%

	
Case 28 InF-SH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	0.01
	0.03
	0.14

	
	10
	0.0ns
	0.01
	0.01
	0.03
	0.15

	
	20
	0.0ns
	0.01
	0.01
	0.03
	0.12

	
	40
	0.0ns
	0.01
	0.02
	0.08
	1.37

	
	60
	0.0ns
	0.01
	0.02
	0.18
	1.14

	
	80
	0.0ns
	0.01
	0.02
	0.07
	0.96

	Case 29 InF-DH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	2.72
	12.41
	28.39

	
	10
	0.0ns
	0.01
	2.82
	12.43
	29.53

	
	20
	0.0ns
	0.01
	2.82
	12.41
	28.39

	
	40
	0.0ns
	0.01
	2.88
	12.42
	28.33

	
	60
	0.0ns
	0.02
	3.95
	13.62
	30.92

	
	80
	0.0ns
	0.02
	3.65
	13.60
	29.54

	Case 30 UMi, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.01
	0.01
	0.02
	0.05

	
	10
	0.0ns
	0.01
	0.01
	0.02
	0.05

	
	20
	0.0ns
	0.01
	0.01
	0.02
	0.04

	
	40
	0.0ns
	0.01
	0.01
	0.03
	0.25

	
	60
	0.0ns
	0.01
	0.01
	0.03
	0.11

	
	80
	0.0ns
	0.01
	0.01
	0.02
	0.07

	Case 31 InH, FR2, DL-TDOA, LQ-based
	0
	0.0ns
	0.04
	0.08
	0.17
	0.42

	
	10
	0.0ns
	0.04
	0.09
	0.20
	0.53

	
	20
	0.0ns
	0.04
	0.09
	0.20
	0.56

	
	40
	0.0ns
	0.05
	0.12
	0.35
	0.72

	
	60
	0.0ns
	0.06
	0.21
	0.52
	0.94

	
	80
	0.0ns
	0.07
	0.28
	0.53
	0.97

	Case 32
UMi, FR2, DL-TDOA, RANSAC
	0
	0.0ns
	0.011
	0.018
	0.025
	0.040

	
	0
	0.1ns
	0.011
	0.018
	0.026
	0.043

	
	0
	0.5ns
	0.011
	0.018
	0.029
	0.046

	
	0
	1.0ns
	0.012
	0.022
	0.032
	0.052

	
	0
	5.0ns
	0.016
	0.030
	0.050
	0.120

	
	0
	10.0ns
	0.021
	0.038
	0.066
	0.220

	
	0
	20.0ns
	0.035
	0.059
	0.111
	0.269

	Case 33 InH, FR2, DL-TDOA, RANSAC
	0
	0.0ns
	0.006
	0.009
	0.015
	0.024

	
	0
	0.1ns
	0.006
	0.009
	0.015
	0.027

	
	0
	0.5ns
	0.006
	0.009
	0.014
	0.027

	
	0
	1.0ns
	0.006
	0.011
	0.017
	0.027

	
	0
	5.0ns
	0.008
	0.013
	0.028
	0.066

	
	0
	10.0ns
	0.008
	0.014
	0.027
	0.057

	
	0
	20.0ns
	0.009
	0.015
	0.031
	0.070



	Case ID
	Kinematic constraint condition
	50%
	80%
	90%

	Case 34 
InF-SH, FR2, 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.024
	0.033
	0.049

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.017
	0.024

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.017
	0.024

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.017
	0.024
	0.031

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.017
	0.026
	0.036

	Case 35 InF-DH, FR2, 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.030
	0.038
	0.058

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.014
	0.021
	0.029

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.016
	0.023
	0.034

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.018
	0.028
	0.038

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.018
	0.029
	0.044

	Case 36 InH,
 FR2 
DL-TDOA, RANSAC
	XY is unknown in the estimation. XY is unknown in the RMS calculation
	0.031
	0.046
	0.071

	
	X is unknown in the estimation. X is unknown in the RMS calculation
	0.012
	0.019
	0.026

	
	XY is unknown in the estimation. X is unknown in the RMS calculation
	0.013
	0.019
	0.028

	
	Y is unknown in the estimation. Y is unknown in the RMS calculation
	0.022
	0.031
	0.044

	
	XY is unknown in the estimation. Y is unknown in the RMS calculation
	0.023
	0.035
	0.053



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 37, UMI, FR1,RTT+AoA, With Delta Tau,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	2.6
	4.4
	5.8
	7.3

	Case 37, UMI, FR1,RTT, With Delta Tau, Perfect Sync, No Timing Errors, AoA & UL PDP Enhancement
	(Optional) All UEs
	1.2
	1.8
	2.7
	3.9



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 38, UMI, FR1,DL-TDOA, With ,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	4.1
	5.2
	6.8
	9

	Case 38, UMI, FR1,DL-TDOA, With , Perfect Sync, No Timing Errors, UL PDP Enhancement
	(Optional) All UEs
	3.6
	4.85
	6
	8



	Horizontal Positioning Error
	
	50%
	67%
	80%
	90%

	Case 39, UMI, FR1, RTT, With Delta Tau,  Perfect Sync, No Timing Errors, NR Rel-16 Baseline
	(Optional) All UEs
	3.38
	4.9
	6.2
	9

	Case 39, UMI, FR1, RTT, With Delta Tau, Perfect Sync, No Timing Errors, UL PDP Enhancement
	(Optional) All UEs
	1.6
	2.4
	3.4
	4.7



	Horizontal Positioning Error
	50%
	67%
	80%
	90%

	Case 40, InF FR1 DH ISD20, 100MHz, LOS Genie + Link Quality
	0.36
	4.08
	10.28
	35.65

	Case 40, InF FR1 DH ISD20, 100MHz, RANSAC
	0.085m
	0.52m
	2.17m
	8.25m



6. Summary of Results of L1-latency Analysis
· NR Rel-16 Expected L1-layer Latency in ms:
	NR Rel-16 Scenario
	L1-layer Latency Expected Range (ms)

	UE-Assisted DL-only Positioning, RRC Connected State
	[57 - 823]

	UE-based DL-only Positioning, RRC Inactive State, External Client

	[35.3 - 803.5]

	UE-based DL-only Positioning, RRC Connected State, UE Internal-client
	[46 - 811]

	UE-based DL-only Positioning, RRC Inactive State, UE internal-client
	[8 - 780]

	UE-Assisted MRTT Positioning, RRC Connected State
	[59 - 823]



· NR Rel-17 L1-Enhancements for L1-layer Latency reduction
	Proposal
	L1 Latency
	Potential Gains from the “best-case” estimate of NR rel-16 

	Support Low-layer (e.g., unicast/group-common DCI, MAC-CE) triggering of DL/UL PRS transmission/muting/Location-Request for DL-only and DL/UL methods.

	· < 1 slot (for DCI-based)
· 3 msec (for DL MAC-CE)
	10 msec

	Support DCI/MAC-CE triggering of Measurement gaps (MG) for the purpose of positioning measurements 

	· < 1 slot (for DCI-based)
· 3 msec (for DL MAC-CE)
	At least to 30 msec

	Fast/real-time processing of short PRS instances:
· Support Enhanced PRS processing capabilities
· Support partially-staggered or no-staggered DL-PRS transmissions

	[1] slot
	At least 1.5 msec

	Support Low-layer (e.g. UL MAC-CE or UCI) Measurement Reporting towards the serving gNB

	· < 1 slot (for UCI)
· 3 msec (form UL MAC-CE)
	2 msec



7. [bookmark: _Ref450583331]References
1. RP-193237, “New SID on NR Positioning Enhancements”, Qualcomm Incorporated, Sitges, Spain, December 9th – 12th, 59.
1. [bookmark: _Ref28426495]3GPP TR 38.901, “Study on channel model for frequencies from 0.5 to 100 GHz”,V16.0.0 (59-10)
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