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1 Introduction
The study on expanded and improved NR positioning introduces sidelink positioning as an objective [1]:
	· Study solutions for sidelink positioning considering the following: [RAN1, RAN2] 
· Scenario/requirements 
· Coverage scenarios to cover: in-coverage, partial-coverage and out-of-coverage
· Requirements: Based on requirements identified in TR38.845 and TS22.261 and TS22.104
· Use cases: V2X (TR38.845), public safety (TR38.845), commercial (TS22.261), IIOT (TS22.104)
· Spectrum: ITS, licensed
· Identify specific target performance requirements to be considered for the evaluation based on existing 3GPP work and inputs from industry forums [RAN1]
· Define evaluation methodology with which to evaluate SL positioning for the uses cases and coverage scenarios, reusing existing methodologies from sidelink communication and from positioning as much as possible [RAN1]. 
· Study and evaluate performance and feasibility of potential solutions for SL positioning, considering relative positioning, ranging and absolute positioning: [RAN1, RAN2]
· Evaluate bandwidth requirement needed to meet the identified accuracy requirements [RAN1]
· Study of positioning methods (e.g. TDOA, RTT, AOA/D, etc) including combination of SL positioning measurements with other RAT dependent positioning measurements (e.g. Uu based measurements) [RAN1]
· Study of sidelink reference signals for positioning purposes from physical layer perspective, including signal design, resource allocation, measurements, associated procedures, etc, reusing existing reference signals, procedures, etc from sidelink communication and from positioning as much as possible [RAN1]
· Study of positioning architecture and signalling procedures (e.g. configuration, measurement reporting, etc) to enable sidelink positioning covering both UE based and network based positioning [RAN2, including coordination and alignment with RAN3 and SA2 as required]
Note: When the bandwidth requirements have been determined and the study of sidelink communication in unlicensed spectrum has progressed, it can be reviewed whether unlicensed spectrum can be considered in further work. Checkpoint at RAN#97 to see if sufficient information is available for this review.



In this contribution, we provide evaluation results for the different use cases and scenarios.
2 [bookmark: _Ref101883272]Evaluation Results
2.1 V2X Scenarios
This section captures the evaluation assumptions used in the V2X evaluations and the results. Figure 1 and Figure 2 illustrate the achievable accuracy of ranging distance and absolute positioning for the highway and urban scenarios, respectively.
	Parameter
	V2X Simulation Assumptions

	Carrier frequency
	5.9 MHz

	Subcarrier spacing
	30 KHz SCS

	Reference Signal Transmission Bandwidth
	40, 100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern)
	Comb-4/4-symbols without interference across the devices

	Reference signal including PRS, SRS and SL-PRS
	QPSK sequence, 1 port

	Number of symbols used per occasion
	4

	number of occasions used per positioning estimate
	1

	Power-boosting level
	0 dB

	Uplink power control (applied/not applied)
	N/A

	interference modelling (ideal muting, or other)
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Threshold-based IFFT TOA Estimation 

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	Least square

	Synchronization assumptions
	Ideal

	UE/gNB RX and TX timing error assumption
	Ideal

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	2x2



	Parameters
	Case 1
	Case 2
	Case 3
	Case 4

	BS/RSU deployment for relative positioning/ranging 
	N/A
	Parallel
	N/A
	RSUs only

	Positioning method
	RTT
	Multi-RTT
	RTT
	Multi-RTT

	Scenario
	Highway
	Highway
	Urban
	Urban

	X (m)
	200
	N/A
	30
	N/A
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[bookmark: _Ref101882992]Figure 1 Ranging distance error and absolute positioning error in the V2X highway scenario.
[image: ] [image: ]
[bookmark: _Ref118475023]Figure 2 Ranging distance error and absolute positioning error in the V2X urban scenario.
The V2X results are summarized in the following tables.
Table 1 Evaluation results for V2X highway scenario
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement of set A
	Whether meet the requirement of set B

	Case #1, 100MHz, RTT 
(Ranging distance accuracy)
	0.71
	0.95
	1.1
	1.3
	Yes
	No (36th-%ile)

	Case #1, 40MHz, RTT
(Ranging distance accuracy)
	1.8
	2.5
	3.0
	3.6
	No (44th-%ile)
	No (18th-%ile)

	Case #2, 100MHz, Multi-RTT
(Absolute positioning accuracy)
	1.1
	1.9
	2.3
	3.1
	No (55th-%ile)
	No (25th-%ile)

	Case #2, 40MHz, Multi-RTT
Absolute positioning accuracy)
	3.2
	3.8
	5.7
	7.4
	No (14th-%ile)
	No



Table 2 Evaluation results for V2X urban scenario
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement of set A
	Whether meet the requirement of set B

	Case #3, 100MHz, RTT 
(Ranging distance accuracy)
	0.75
	1.1
	1.3
	1.4
	Yes
	No (36th-%ile)

	Case #3, 40MHz, RTT
(Ranging distance accuracy)
	2.4
	3.2
	3.8
	4.7
	No (31st-%ile)
	No (11th-%ile)

	Case #4, 100MHz, Multi-RTT
(Absolute positioning accuracy)
	0.67
	0.80
	0.96
	1.1
	Yes
	No (29th-%ile)

	Case #4, 40MHz, Multi-RTT
Absolute positioning accuracy)
	2.8
	3.3
	3.7
	4.1
	No (6th-%ile)
	No



[bookmark: _Toc118475250]Observation 1: Set A and Set B requirements for ranging distance in the V2X highway and urban scenarios cannot be met by the bandwidth available for ITS bands, i.e. 40 MHz.
2.2 Public Safety Scenarios
The following simulation assumptions are used for evaluation of public safety scenarios: 
	Parameter
	Public Safety Simulation Assumptions

	Carrier frequency
	700 MHz (FDD)

	Subcarrier spacing
	15 KHz SCS

	Reference Signal Transmission Bandwidth
	10, 20, 40 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern)
	Comb-4/4-symbols without interference across the devices

	Reference signal including PRS, SRS and SL-PRS
	QPSK sequence, 1 port

	Number of symbols used per occasion
	4

	number of occasions used per positioning estimate
	1

	Power-boosting level
	0 dB

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Threshold-based IFFT TOA Estimation 

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	RANSAC with a cost function minimization

	Synchronization assumptions
	Ideal

	UE/gNB RX and TX timing error assumption
	Ideal

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single Antenna used for transmission at a UE

	Additional notes, if any
	Channel model from TS 36.843 A.2.1.2



Table p-1 Assumptions for public safety if they are different from or not specified in the agreements
	Parameters
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6
	
	

	Bandwidth
	10MHz
	20 MHz
	40 MHz
	10MHz
	20 MHz
	40 MHz
	
	

	UE Antenna model
	(1,1,2)

	TRP antenna model
	(2,2,2)

	BS/RSU deployment for absolute positioning
	UMI 200m 19-site Hexagonal grid

	BS/RSU deployment for relative positioning/ranging 
	UMI 200m 19-site Hexagonal grid

	Selected values of X (relative positioning or ranging is performed between two UEs within X m)
	20 outdoor UEs per sector uniformly dropped in the xy plane. Each device is trying to do ranging with the closest 10 devices.

	Positioning method
	RTT 
	RTT
	RTT
	AoA
	AoA
	AoA
	
	



Table p-2 Simulation results for public safety for absolute positioning - horizontal accuracy
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement

	Case 1, 10 MHz, RTT+AoA
	2 m
	2.6 m
	3.1 m
	4.6 m
	No (20% meets < 1m)

	Case 2, 20 MHz, RTT+AoA
	1.6 m
	2 m
	2.3 m
	2.8 m
	No (25% meets < 1m)

	Case 3, 40 MHz, RTT+AoA
	0.3 m
	0.4 m
	0.7m
	1.1m
	No (87.5% meets < 1m)

	Case 1, 10 MHz, RTT
	2.4 m
	3 m
	4.1 m
	5.8 m
	No (12% meets < 1m)

	Case 2, 20 MHz, RTT
	1.9 m
	2.5 m
	2.8 m
	3.7 m
	No (15% meets < 1m)

	Case 3, 40 MHz, RTT
	0.4 m
	0.5 m
	0.9 m
	1.8m
	No (80% meets < 1m)



Table p-6 Simulation results for public safety for ranging - distance accuracy
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement 

	Case 1, 10 MHz, RTT
	3.3 m
	4.6 m
	8.1
	>50 m
	No (5% meets <1m)

	Case 2, 20 MHz, RTT
	1.4 m
	2.1 m
	3.3 m
	9.5 m
	No (15% meets <1m)

	Case 3, 40 MHz, RTT
	0.7 m
	1.1 m
	4.7 m
	13.5 m
	No (25% meets <1m)



Table p-7 Simulation results for public safety for ranging positioning - angle accuracy
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement

	Case 4, 10 MHz, AoA
	4.7 deg
	8.0 deg
	11.6 deg
	16.1 deg
	Set A: No (86.5% meets < 15 deg)
Set B: No (67.5% meets < 8 deg)

	Case 5, 20 MHz, AoA
	2.7 deg
	5.1 deg
	7.3 deg
	11.0 deg
	Set A: Yes
Set B: No (83% meets < 8 deg)

	Case 6, 40 MHz, AoA
	2.7 deg
	4.4 deg
	6.4 deg
	10.5 deg
	Set A: Yes
Set B: No (86% meets < 8 deg)



[image: Chart, line chart

Description automatically generated]
[image: Chart, line chart

Description automatically generated]
[image: Chart

Description automatically generated]
[image: Chart, line chart

Description automatically generated]
[image: Chart

Description automatically generated]

[bookmark: _Toc118475251]Observation 2: AoA measurements provide incemental accuracy gains over RTT-only positioning mainly for scenarios with smaller bandwidths.
[bookmark: _Toc118475252]Observation 3: For the simulated public safety scenario, achieving 1m accuracy at 90% requires more than 20 MHz of SL bandwidth.
2.3 Commercial Scenarios
The following simulation assumptions are used for evaluation of commercial scenarios: 
	Parameter
	Commercial Simulation Assumptions

	Carrier frequency
	3.5 GHz (TDD)

	Subcarrier spacing
	30 KHz SCS

	Reference Signal Transmission Bandwidth
	100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern)
	Comb-4/4-symbols without interference across the devices

	Reference signal including PRS, SRS and SL-PRS
	QPSK sequence, 1 port

	Number of symbols used per occasion
	4

	number of occasions used per positioning estimate
	1

	Power-boosting level
	0 dB

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Threshold-based IFFT TOA Estimation 

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	RANSAC with a cost function minimization

	Synchronization assumptions
	Ideal

	UE/gNB RX and TX timing error assumption
	Ideal

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single Antenna used for transmission at a UE

	Additional notes, if any
	Channel model from TS 36.843 A.2.1.2




	Parameter
	Value

	Cellular Deployment layout Assumption and Channel model
	UMI FR1, 200m ISD, 3.5 GHz, 30 KHz SCS, according to the simulation assumptions of TS 38.855

	D2D Channel model
	Channel model from TS 36.843 A.2.1.2

	UE drop
	10 outdoor UEs per sector uniformly dropped in the xy plane. All UEs are outdoors, and no buildings are dropped.

	Anchor UE selection for absolute positioning
	Closest 10 devices are being simulated for ranging and Angle of Arrival (AoA) Estimation

	SL PRS configuration
	Comb-2/2-symbols without interference across the devices



Table c-1 Assumptions for commercial use case if they are different from or not specified in the agreements
	Parameters
	Case 1
	Case 2
	Case 3

	Scenario
	100 MHz, 3 SL UEs, SL/Uu-Positioning
	100 MHz, 3 SL UEs, SL-Only
	100 MHz, 3 SL UEs, SL-Only

	UE Antenna model
	(1,2,2)
	(1,2,2)
	(1,2,2)

	TRP antenna model
	(2,16,2)
	(2,16,2)
	(2,16,2)

	BS/RSU deployment for absolute positioning
	UMI 200m 19-site Hexagonal grid

	BS/RSU deployment for relative positioning/ranging 
	UMI 200m 19-site Hexagonal grid

	Selected values of X (relative positioning or ranging is performed between two UEs within X m)
	10 outdoor UEs per sector uniformly dropped in the xy plane. Each device is trying to do ranging with the closest 10 devices.

	Positioning method
	RTT+AoA
	RTT+AoA
	RTT



Table c-2 Simulation results for commercial for absolute positioning - horizontal accuracy
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement

	Case 1, 100 MHz, FR1, SL/Uu-Positioning, 3 SL Anchors, Uu RTT+AoA & SL RTT+AoA
	0.3 m
	0.4 m
	0.5 m
	0.6 m
	Yes

	Case 2, 100 MHz, FR1, SL-Only, 3 SL Anchors, SL RTT+AoA
	0.3 m
	0.4 m
	0.5 m
	0.7 m
	Yes

	Case 3, 100 MHz, FR1, SL-Only, 3 SL Anchors, SL RTT
	0.35 m
	0.38 m
	0.75 m
	1.8 m
	No (85% meets <1m)
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[bookmark: _Toc118475253]Observation 4: For the simulated commercial scenario, significant gains are observed even when a small number of SL anchors are being employed  in the positioning engine. 
[bookmark: _Toc118475254]Observation 5: For absolute positioning in the commercial scenario, having 3 or more SL anchors achieves sub-meter performance even without Uu measurements. 
[bookmark: _Toc118475255]Observation 6: For absolute positioning in the commercial scenario, RTT+AoA shows significant gains over RTT-only Positioning, especially at the tail (e.g. 90% 95% CDF point). 
2.4 IIoT Scenarios
In the next table we summarize the main parameters for the evaluation of IIoT scenarios:
	Parameter
	IIoT Simulation Assumptions

	Carrier frequency
	3.5 GHz (TDD)

	Subcarrier spacing
	30 KHz SCS

	Reference Signal Transmission Bandwidth
	100 MHz

	Reference Signal Physical Structure and Resource Allocation (RE pattern)
	Comb-4/4-symbols without interference across the devices

	Reference signal including PRS, SRS and SL-PRS
	QPSK sequence, 1 port

	Number of symbols used per occasion
	4

	number of occasions used per positioning estimate
	1

	Power-boosting level
	0 dB

	Uplink power control (applied/not applied)
	Not applied

	interference modelling (ideal muting, or other)
	Ideal muting

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Threshold-based IFFT TOA Estimation 

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	RANSAC with a cost function minimization

	Synchronization assumptions
	Ideal

	UE/gNB RX and TX timing error assumption
	Ideal

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Single Antenna used for transmission at a UE

	Additional notes, if any
	Channel model from TS 36.843 A.2.1.2



Table i-1 Assumptions for IIOT if they are different from or not specified in the agreements
	Parameters
	Case 1
	Case 2

	UE Antenna model
	(1,2,2)
	(1,2,2)

	TRP antenna model
	(4,4,2)
	(4,4,2)

	BS/RSU deployment for absolute positioning
	InF-SH, 18 TRPs
	InF-SH, 18 TRPs

	BS/RSU deployment for relative positioning/ranging 
	InF-SH, 18 TRPs
	InF-SH, 18 TRPs

	Selected values of X (relative positioning or ranging is performed between two UEs within X m)
	Closest 10 devices are being simulated for ranging and Angle of Arrival (AoA) Estimation

	Positioning method
	RTT+AoA
	RTT+AoA



Table i-2 Simulation results for IIOT for absolute positioning - horizontal accuracy
	Case ID and brief description
	50%
	67%
	80%
	90%
	Whether meet the requirement of set A
	Whether meet the requirement of set B

	Case 1, 100 MHz, InF-SH, 3 SL Anchors, RTT+AoA
	0.1 m
	0.18 m
	0.25 m
	0.45 m
	Yes
	No (70% meet <0.2m)

	Case 2, 100 MHz, InF-SH, 5 SL Anchors, RTT+AoA
	0.1 m
	0.18 m
	0.3 m
	0.7 m
	Yes
	No (70% meet <0.2m)
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[bookmark: _Toc118475256]Observation 7: For absolute positioning in the InF-DH scenario, having 3 or more SL anchors achieves sub-meter performance even without Uu measurements (e.g. 90% 95% CDF point).
3 Conclusions
Observation 1: Set A and Set B requirements for ranging distance in the V2X highway and urban scenarios cannot be met by the bandwidth available for ITS bands, i.e. 40 MHz.
Observation 2: AoA measurements provide incemental accuracy gains over RTT-only positioning mainly for scenarios with smaller bandwidths.
Observation 3: For the simulated public safety scenario, achieving 1m accuracy at 90% requires more than 20 MHz of SL bandwidth.
Observation 4: For the simulated commercial scenario, significant gains are observed even when a small number of SL anchors are being employed  in the positioning engine.
Observation 5: For absolute positioning in the commercial scenario, having 3 or more SL anchors achieves sub-meter performance even without Uu measurements.
Observation 6: For absolute positioning in the commercial scenario, RTT+AoA shows significant gains over RTT-only Positioning, especially at the tail (e.g. 90% 95% CDF point).
Observation 7: For absolute positioning in the InF-DH scenario, having 3 or more SL anchors achieves sub-meter performance even without Uu measurements (e.g. 90% 95% CDF point).
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5 Appendix 
5.1 Simulation Assumptions
This section includes the simulation assumptions used for the V2X evaluations in Section 2.
	UE drop
	Highway

	Lanes
	6, 3 in each direction.

	Number of UEs
	42

	UE speed
	140 km/h

	Ranging method
	SL-RTT, single-shot, genie calibration.

	Antenna configuration
	2x2



5.2 Bounds on Accuracy
This sections presents the theoretical analysis based on the Cramer-Rao bound. Assuming a peak-finding algorithm for estimating the time of arrival (ToA), the variance of such and estimator is lower-bounded by:

Where
·  is the number of antennas, assumed to be 2 in this ranging evaluation.
·  is the signal energy of the direct path over the noise spectral density.
· Assumed uniform PSD for the SL-PRS signal, then  with 20, 40, 100 MHz in the evaluations.
For SL-RTT, the time uncertainty is twice as much as ToA.
Using the above bound, we obtain the lower bound on range uncertainty in an AWGN setting shown in Figure 3. We note that the simulations in Figure 1 used a fading channel model and using that a more realistic channel model instead of AWGN for the lower bound analysis would further increase the lower bound.
[image: ]
[bookmark: _Ref102057311]Figure 3 Theoretical lower bound SL-RTT range uncertainty in AWGN with for SL-PRS bandwidths 20, 40, and 100 MHz
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