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Introduction
At the RAN#81 WG meeting, the final version of study item on NR Positioning was approved [1]. One of the study item objectives is to evaluate potential solutions for NR Positioning [1].
	Objective:
Study and evaluate potential solutions of positioning technologies based on the above identified requirements, evaluation scenarios/methodologies [RAN1]
· The solutions should include at least NR-based RAT dependent positioning to operate in both FR1 and FR2 whereas other positioning technologies are not precluded.
· Minimum bandwidth target (e.g. 5MHz) of NR with scalability is supported towards general extension for any applications.


During the RAN1#95 meeting, the following agreements were made by RAN1 WG with respect to RAT-dependent solutions and DL based positioning in particular.
	RAN1#94bis Agreement:
The RAT dependent solutions considered for study include
· Downlink based solutions
· Downlink and uplink based solutions
· Uplink based solutions


In this contribution, we provide summary of initial performance evaluation results for selected NR positioning solutions. Our views on other NR Positioning aspects are provided in companion contributions [3]-[6].
Comparison of NR Positioning Techniques 
In this section, we provide initial comparative analysis of the different NR positioning techniques based on DL only, UL only, DL&UL positioning solutions. The detailed discussion on corresponding techniques can be found in our companion contributions on DL only [4], UL only [5] and DL & UL positioning [6]. 
For full analysis, we consider scenarios with ideal and practical assumptions on network synchronization error.
Summary of System Level Evaluation in FR1
Perfect Network Synchronization
In this section, we provide comparative analysis of D-TDOA, U-TDOA, U-AOA and RTT based positioning techniques in terms of horizontal positioning error. For all techniques the analysis is done under the similar assumptions of single TX port transmission in DL and UL and two port reception in UL and DL respectively. The wideband reference signal transmission was used for analysis. It was also assumed that there is no inter-cell interference in the system during reference signal transmission. The comparative performance analysis of the discussed positioning techniques is shown in Figure 1.
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[bookmark: _Ref534821900]Figure 1: Horizontal Positioning Error in NR Evaluation Scenarios (FR1) w/ Perfect Network Synchronization

Observation 1: 
Under perfect network synchronization assumptions for NR positioning evaluation in FR1:
· DL only D-TDOA positioning technique outperforms U-TDOA and RTT in UMa scenario with ISD = 500m (Scenario 3), where both U-TDOA and RTT based techniques suffer from UL link budget constraints
· RTT positioning technique outperforms or show similar performance in dense deployment scenarios such as Indoor Open Office (Scenario 1) and UMi Street Canyon (Scenario 2)
· UL only AoA positioning technique shows quite accurate performance in Open Office environment (where multiple LOS links exist), although performance is worse comparing to timing based positioning techniques (RTT, U-TDOA, D-TDOA)
· RAT dependent NR positioning techniques operating in FR1 can meet regulation and selected by RAN1 commercial requirements in agreed evaluation scenarios
· Performance of RAT-dependent positioning techniques can be further improved if received signal waveform reporting is supported [4]

Sensitivity to Network Synchronization
In this section, we provide comparative analysis of D-TDOA, U-TDOA, U-AOA and RTT based positioning techniques in terms of horizontal positioning error for the case of practical network synchronization assumptions as were agreed for NR positioning evaluations [2].
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[bookmark: _Ref534988777]Figure 2: Horizontal Positioning Error - NR Evaluation Scenarios (FR1) w/ Network Synchronization Error
Analyzing evaluation results shown in Figure 2, we have following observations:

Observation 2: 
Under agreed network synchronization error assumptions for NR positioning evaluation in FR1:
· D-TDOA and U-TDOA positioning techniques are sensitive to network synchronization errors, especially in case of wideband signal transmission (100MHz)
· RTT and U-AoA techniques are not sensitive to network synchronization error, however their performance in sparse scenarios may suffer from link budget constraints
· Regulatory requirements on horizontal positioning error can be met even if network synchronization error is modelled in considered NR positioning evaluation scenarios
· In order to meet commercial requirements for certain NR positioning techniques (D-TDOA/U-TDOA), the more stringent requirements on network synchronization error need to be imposed

Summary of System Level Evaluation in FR2
Perfect Network Synchronization
In this section, we provide comparative analysis of D-TDOA, U-TDOA, RTT based positioning techniques in terms of horizontal positioning error for FR2. For all techniques, the analysis is done under the similar assumptions of gNB TX/RX beam sweeping in DL and UL and UE Quasi-Omni two port reception in DL and single port transmission in UL respectively. The wideband PRS signal transmission (with all REs utilized) was used for analysis. It was also assumed that there is no inter-cell interference in the system during reference signal transmission. The comparative performance analysis of the discussed positioning techniques is shown in Figure 3.
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[bookmark: _Ref534824379]Figure 3: Horizontal Positioning Error in NR Evaluation Scenarios (FR2) w/ Perfect Network Synchronization

Observation 3: 
Under perfect network synchronization assumptions for NR positioning evaluation in FR2:
· RTT positioning technique outperforms U-TDOA and D-TDOA in Open Office scenario, where both U-TDOA and D-TDOA based techniques have similar positioning performance
· D-TDOA positioning technique outperforms U-TDOA and RTT in UMi scenario (Scenario 2), where both U-TDOA and RTT based techniques start to suffer from UL link budget constraints
· NR positioning performance in FR1 (with 100 MHz BW) is comparable with NR positioning performance in FR2 under the same bandwidth (with 100 MHz BW). At the same time positioning in FR2 has higher complexity and require more resources to compensate link budget loss, however it can further benefit from wider bandwidth.

Sensitivity to Network Synchronization
In this section, we provide comparative analysis of D-TDOA, U-TDOA, RTT based positioning techniques in terms of horizontal positioning error for FR2. In order to check sensitivity to network synchronization error, we use the same network synchronization model but reduce the value of parameter T1 to 10ns. 
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[bookmark: _Ref534992782]Figure 4: Horizontal Positioning Performance in NR Evaluation Scenarios (FR2) – Network Synchronization Error, T1 = 10ns 

The system level evaluation results shown in Figure 4 lead us to the following observations:

Observation 4: 
Under agreed network synchronization error assumptions for NR positioning evaluation in FR2:
· D-TDOA and U-TDOA positioning techniques are sensitive to network synchronization error and more strict synchronization requirements are needed to extract more benefits from TDOA based positioning
· RTT based positioning technique is not sensitive to network synchronization error, however the performance in FR2 is limited by UL coverage and number of reference cells that can be used for positioning

Conclusion
In this contribution, we provided performance analysis of NR system for DL, UL and DL&UL based positioning techniques. We have shown the impact of gNB synchronization error on positioning error. Based on extensive performance evaluation and comparative analysis of different RAT dependent positioning solutions we draw the following observations:

Observation 1: 
Under perfect network synchronization assumptions for NR positioning evaluation in FR1:
· DL only D-TDOA positioning technique outperforms U-TDOA and RTT in UMa scenario with ISD = 500m (Scenario 3), where both U-TDOA and RTT based techniques suffer from UL link budget constraints
· RTT positioning technique outperforms or show similar performance in dense deployment scenarios such as Indoor Open Office (Scenario 1) and UMi Street Canyon (Scenario 2)
· UL only AoA positioning technique shows quite accurate performance in Open Office environment (where multiple LOS links exist), although performance is worse comparing to timing based positioning techniques (RTT, U-TDOA, D-TDOA)
· RAT dependent NR positioning techniques operating in FR1 can meet regulation and selected by RAN1 commercial requirements in agreed evaluation scenarios
· Performance of RAT-dependent positioning techniques can be further improved if received signal waveform reporting is supported [4]
Observation 2: 
Under agreed network synchronization error assumptions for NR positioning evaluation in FR1:
· D-TDOA and U-TDOA positioning techniques are sensitive to network synchronization errors, especially in case of wideband signal transmission (100MHz)
· RTT and U-AoA techniques are not sensitive to network synchronization error, however their performance in sparse scenarios may suffer from link budget constraints
· Regulatory requirements on horizontal positioning error can be met even if network synchronization error is modelled in considered NR positioning evaluation scenarios
· In order to meet commercial requirements for certain NR positioning techniques (D-TDOA/U-TDOA), the more stringent requirements on network synchronization error need to be imposed
Observation 3: 
Under perfect network synchronization assumptions for NR positioning evaluation in FR2:
· RTT positioning technique outperforms U-TDOA and D-TDOA in Open Office scenario, where both U-TDOA and D-TDOA based techniques have similar positioning performance
· D-TDOA positioning technique outperforms U-TDOA and RTT in UMi scenario (Scenario 2), where both U-TDOA and RTT based techniques start to suffer from UL link budget constraints
· NR positioning performance in FR1 (with 100 MHz BW) is comparable with NR positioning performance in FR2 under the same bandwidth (with 100 MHz BW). At the same time positioning in FR2 has higher complexity and require more resources to compensate link budget loss, however it can further benefit from wider bandwidth.
Observation 4: 
Under agreed network synchronization error assumptions for NR positioning evaluation in FR2:
· D-TDOA and U-TDOA positioning techniques are sensitive to network synchronization error and more strict synchronization requirements are needed to extract more benefits from TDOA based positioning
· RTT based positioning technique is not sensitive to network synchronization error, however the performance in FR2 is limited by UL coverage and number of reference cells that can be used for positioning

Reference
1. [bookmark: _Ref534970956]RP-183155, “Revised SID: Study on NR positioning support”, Intel Corporation, Ericsson, Gold Coast, Australia, September 2018 
1. [bookmark: _Ref534995450][bookmark: _Ref534970184]3GPP TR 38.855, " Study on NR positioning support"
1. [bookmark: _Ref535015119]R1-1900511, “Discussion on Template for Collection of NR Positioning Evaluation Results”, Intel Corporation, Taipei, Taiwan, January, 2019
1. [bookmark: _Ref534970217]R1-1900512, “Analysis of Techniques for NR DL Positioning”, Intel Corporation, Taipei, Taiwan, January, 2019
1. [bookmark: _Ref534970272]R1-1900513, “Analysis of Techniques for NR UL Positioning”, Intel Corporation, Taipei, Taiwan, January, 2019
1. [bookmark: _Ref534970190]R1-1900514, “Analysis of Techniques for NR DL and UL Positioning”, Intel Corporation, Taipei, Taiwan, January, 2019

Annex A
In this section, we provide additional description of the evaluation assumptions for NR UL and DL positioning studies that were conducted according to the agreed evaluation methodology for NR Positioning.
Table 1: NR DL Positioning Evaluation Assumptions
	Parameters
	FR1/FR2 specific values

	Signal bandwidth
	System bandwidth, according to NR positioning evaluation methodology
FR1: 5 and 100 MHz 
FR2: 100 MHz

	PRS Signals 
	Evaluated candidate physical structures for PRS transmission

	DL PRS Physical Structure
	1. Single port
1. Density (number of occupied subcarriers per symbol): 12
1. Boosting = 0dB
1. IBE – Not applicable

	TX/RX Settings 
	TX/RX Beamforming Assumptions in FR1 and FR2

	FR1
	1. PRS structure w/ all REs used for transmission
1. TX: No TX beam sweeping, Single TX Port, Quasi-Omni Pattern
1. RX: Two X-pol RX Ports, Quasi-Omni Pattern
1. Evaluation Scenarios: Open Office/UMa/UMi

	 FR2
	1. PRS structure w/ all REs used for transmission
1. TX: TX beam sweeping, 16 TX analogue pre-coder states (one OFDM symbol per TX beam), Single TX Port
1. RX: No RX beam sweeping, 4 RX BB chains with independent processing per port (2 panels & X-pol),  Quasi-Omni Pattern
1. Evaluation Scenario: Open Office, Umi

	BS beam forming
	1. Indoor gNBs:
14. FR2 – 8 TX analogue beams: [-52.2 : … : 52.5], beam width 15o, DFT vectors to scan in horizontal plane
1. UMi gNBs:
15. FR2 – 16 TX analogue beams: [-56.25 : … : 56.25], beam width 7.5o, DFT vectors to scan in horizontal plane

	RX Processing
	

	BS synchronization error
	FR1: 0, 50 ns
FR2: 0, 10 ns

	Measurement selection procedure
	Earliest timing measured across TX-RX beam pairs for given link

	First Arrival Path (FAP) Timing Estimation
	FAP timing estimation based on adaptive threshold for CIR processing



Table 2. Simulation assumptions for UL based NR positioning:
	Parameters
	FR1/FR2 Specific Values

	Signal bandwidth
	System bandwidth, according to NR positioning evaluation methodology
FR1: 5 and 100 MHz 
FR2: 100 MHz

	PRS Signals 
	Evaluated candidate physical structures for PRS transmission

	UL PRS Physical Structure (Example)
	Single port
Density (number of occupied subcarriers per symbol): 12
Boosting = 0dB
IBE – Not applicable

	TX/RX Settings 
	TX/RX Beamforming Assumptions in FR1 and FR2

	FR1
	PRS structure w/ all REs used for transmission
TX: No TX beam sweeping, Single TX Port, Quasi-Omni Pattern
RX: Two X-pol RX Ports, Quasi-Omni Pattern
Evaluation Scenarios: Open Office/UMa/UMi

	FR2
	1. PRS structure w/ all REs used for transmission
1. TX: No TX beam sweeping, Single TX Port, Quasi-Omni Pattern
1. RX: Rx beam sweeping, 16 RX analogue pre-coder states (one OFDM symbol per RX beam), Two X-pol RX Ports
1. Evaluation Scenario: Open Office, Umi

	gNB beam forming
	Indoor gNBs:
· FR2 – 8 TX analogue beams: [-52.2 : … : 52.5], beam width 15o, DFT vectors to scan in horizontal plane
UMi gNBs:
· FR2 – 16 TX analogue beams: [-56.25 : … : 56.25], beam width 7.5o, DFT vectors to scan in horizontal plane

	RX Processing
	

	BS synchronization error
	FR1: 0, 50 ns
FR2: 0, 10 ns

	Measurement selection procedure
	Earliest timing measured across TX-RX beam pairs for given link

	First Arrival Path (FAP) Timing Estimation
	FAP timing estimation based on adaptive threshold for CIR processing
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