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Introduction
Study item on NR Positioning Enhancements was approved in [1]. The SID document has the following objectives:
	b.	Evaluate the achievable positioning accuracy and latency with the Rel-16 positioning solutions in (I)IoT scenarios and identify any performance gaps. [RAN1]	


In this document, we provide evaluation results for Rel.16 NR positioning technology and analyze potential enhancements of NR Positioning framework. Our views on other Rel.17 NR positioning design aspects are provided in the companion contributions [2]-[3].
Potential Enhancements of NR Positioning
In this section, we provide a list of potential NR Positioning enhancements evaluated in this document in terms of positioning accuracy and/or physical layer latency. Further details on recommended NR positioning enhancements are provided in our companion contribution [3]. In this document, we analyse accuracy and latency performance of the selected Rel.16 NR positioning solutions and benefits of the following potential design enhancements:
LOS/NLOS classification
Aggregation of NR positioning frequency layers (intra and inter-frequency)
Compensation of network synchronization and gNB/UE TX and RX timing calibration errors
Latency reductions for NR Positioning protocols
NR Positioning support for UEs in RRC_IDLE/RRC_INACTIVE states

NR Positioning - Evaluation of Positioning Accuracy 
Rel-16 Baseline NR Positioning
In this section, we provide a performance analysis for the distance error in horizontal and vertical plane by example of the Rel.16 positioning techniques and agreed RAN1 evaluation scenarios and assumptions. The DL-TDOA, UL-TDOA, and the multi-RTT positioning estimation methods are considered in application to the InF-SH and InF-DH baseline scenarios. The performance results are provided for both FR1 and FR2 frequency bands.
Figure 1 shows performance results for the case of the DL-TDOA positioning technique. Figure on the left shows CDF curve of the horizonal error and figure of the right shows CDF curve for the altitude (vertical) error. The upper row represents the results for the FR1 band, and the bottom row represents the results for the FR2 band. 
The solid curves describe the case when both LOS and NLOS links are utilized for the distance estimation. The dashed curves describe the case when the only LOS links are used and the NLOS links are completely discarded. The classification of the LOS and NLOS links is performed based on the ideal knowledge without any practical algorithm consideration.
	DL-TDOA Analysis for FR1 
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	DL-TDOA Analysis for FR2

	[image: ]
	[image: ]


[bookmark: _Ref53764569]Figure 1: Performance of DL-TDOA based positioning for InF scenarios

As follows from Figure 1, the utilization of the NLOS links in the estimation degrades the algorithm performance significantly. The InF-SH model provides the better percentage of the LOS links compared to the rest of the scenarios, and therefore has better performance characteristics.
Figure 2 shows performance results for the case of the UL-TDOA positioning technique. The same notations are used as for the case shown in Figure 1.
	UL-TDOA Analysis for FR1
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	UL-TDOA Analysis for FR2
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[bookmark: _Ref53764669]Figure 2: Performance of UL-TDOA based positioning for InF scenarios

Similar qualitative conclusions can be done compared to the DL-TDOA results shown in Figure 1.
Figure 3 shows performance results for the case of the Multi-RTT positioning technique. The same notations are used as for the case shown in Figure 1 and Figure 2.

	Multi-RTT Analysis for FR1
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	Multi-RTT Analysis for FR2
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[bookmark: _Ref53764722]Figure 3: Performance of Multi-RTT based positioning for InF scenarios

In general, we have the following key observations based on the presented results for the IIoT scenarios:

Performance of the Rel.16 positioning techniques highly depends on the measurement data set used in the estimation
Usage of the LOS links only provides better performance compared to the case when both LOS and NLOS links are utilized
The target performance can be achieved in InF-SH scenario, with high probability of LOS links
The target performance cannot be achieved in InF-DH scenario, with high probability of NLOS links
LOS/NLOS Classification
Figure 4 shows performance results for the case of the DL-TDOA positioning technique. The performance of the practical algorithm for LOS/NLOS classification with hard decision is compared to the outlier rejection RAIM algorithm, the description for these two methods is provided in [3].
	DL-TDOA Analysis for FR1 
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	DL-TDOA Analysis for FR2
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[bookmark: _Ref53764799]Figure 4: Performance of DL-TDOA based positioning for InF scenarios

As follows from Figure 4, the algorithm based on the LOS/NLOS classification exhibits better performance compared to the outlier rejection algorithm, known in the literature. 
Figure 5 shows performance results for the case of the UL-TDOA positioning technique. The same notations are used as for the case shown in Figure 4.

	UL-TDOA Analysis for FR1
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	UL-TDOA Analysis for FR2
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[bookmark: _Ref53764871]Figure 5: Performance of UL-TDOA based positioning for InF scenarios
Similar qualitative conclusions can be done compared to the DL-TDOA results shown in Figure 4.
Figure 6 shows performance results for the case of the Multi-RTT positioning technique. The same notations are used as for the case shown in Figure 4 and Figure 5

	Multi-RTT Analysis for FR1
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	Multi-RTT Analysis for FR2
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[bookmark: _Ref53764916]Figure 6: Performance of Multi-RTT based positioning for InF scenarios

In general, we have the following key observations based on the presented results for the IIoT scenarios:


The algorithm for LOS/NLOS classification provides better performance results compared to the conventional outlier rejection RAIM algorithm known in the literature

Performance of Multi-RTT + AoA (Hybrid Positioning)
In this section, we provide a performance analysis for the distance error in horizontal and vertical plane by example of the Multi-RTT positioning technique. We introduce a vertical Angle of Arrival (vAoA) measurements at the gNB side in addition to the Multi-RTT estimation, which forms a hybrid positioning approach. The practical algorithm for LOS/NLOS links classification is used to improve the baseline performance.
Figure 7 shows the performance results for the case of the Multi-RTT + vAoA positioning technique. Figure on the left shows CDF curve of the horizonal error and figure of the right shows CDF curve for the altitude error. The upper row represents the results for the FR1 band, and the bottom row represents the results for the FR2 band.

	Multi-RTT Analysis for FR1
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	Multi-RTT Analysis for FR2
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[bookmark: _Ref53764990]Figure 7: Performance of Multi-RTT + vertical AoA based positioning for InF scenarios
As follows from Figure 7, the introduction of the AoA measurements at the gNB side in addition to the Multi-RTT approach improves the positioning performance. 
We have the following observations based on the presented results for the IIoT scenarios:


Combination of the Multi-RTT and vertical AoA measurements further improves positioning performance in the InF scenarios

Aggregation of NR Positioning Frequency Layers
In this section, we provide a performance analysis for the distance error in horizontal and vertical plane by example of the Multi-RTT positioning technique. We introduce an aggregation of the multiple NR positioning frequency layers. An ideal LOS/NLOS links classification is used to improve the baseline performance. In FR1 band, the estimation performance with a 100 MHz bandwidth is compared to the performance with a 400 MHz (aggregated) bandwidth. In case of FR2 band, the estimation performance with a 400 MHz bandwidth is compared to the performance with a 800 MHz (aggregated) bandwidth.

	Multi-RTT Analysis for FR1
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	Multi-RTT Analysis for FR2
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Figure 8: Performance of Multi-RTT based positioning for InF scenarios

We have the following observations based on the presented results for the IIoT scenarios:

Usage of the larger aggregated bandwidth allows to improve performance significantly and achieve target performance requirements 

Compensation of gNB/UE Synchronization and Calibration Errors
In this section, we provide a performance analysis for the distance error in horizontal and vertical plane by example of the Multi-RTT positioning technique. We introduce TX/RX timing errors at the gNB and UE sides. An ideal LOS/NLOS links classification is used to improve the baseline performance. The TX/RX timing errors are compensated applying the method proposed in [3].
In the provided simulation results, the timing errors at the TX and RX sides were modeled as independent identically distributed random variables, using truncated Gaussian distribution in the range [-2×X, +2×X]. At the gNB side, the X value was assigned equal to 5 ns and at the UE side it was equal to 10 ns.
We assume ideal estimation and compensation of the timing error (with no residual error) at the gNB side for the case, when compensation is applied. Therefore, the performance degradation is mainly caused by the residual timing error impact at the UE side. 
In case, if no compensation is applied, both gNB and UE timing errors deteriorate the performance. 

	Multi-RTT Analysis for FR1
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	Multi-RTT Analysis for FR2
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Figure 9: Performance of Multi-RTT based positioning for InF scenarios

We have the following observations based on the presented results for the IIoT scenarios:

The TX/RX timing errors can significantly deteriorate the positioning performance
Usage of compensation method for TX/RX timing errors substantially improves the performance
There is still a margin for improvement between the practical and ideal performance and other timing errors compensation techniques can be potentially considered.

NR Positioning - Evaluation of Physical Layer Latency
Latency Analysis of Rel.16 NR Positioning Solutions
The following agreement was made by RAN1 WG to perform analysis of the physical layer latency for NR positioning solutions:
	· 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
 






Reference System Configuration for Latency Analysis
In order to provide NR positioning physical layer latency analysis, we use the following reference system configuration which is in favor of low latency positioning and were used in NR URLLC studies [7].
● Spectrum – FDD / FR1
● SCS – 30 kHz
● PDCCH
○ Monitoring occasions – 7 per slot [1,0,1,0,1,0,1,0,1,0,1,0,1,0]
○ Duration – 1 symbol
● PDSCH 
○ One symbol overlap with PDCCH
○ Duration – 2, 4, 7 symbols (Type B mapping)
○ Slot boundary is respected (i.e. transmission does not cross slot boundary)
● PUSCH
○ Any symbol, subject to slot boundary constraint (i.e. transmission does not cross slot boundary)
○ Duration – 2, 4, 7 symbols (Type B mapping w/ front loaded DMRS)
● PUCCH 
○ 7 occasions per slot [1,0,1,0,1,0,1,0,1,0,1,0,1,0] for SR and HARQ feedback
○ Duration – 1 symbol
○ No HARQ – initial transmission is successful
● SRS for positioning
○ Single resource, 1 symbol duration
○ Periodicity – each slot
● DL PRS
○ 18 resources / 4 symbols per resource / 12 Comb-6 symbols per period
○ Periodicity – 20 ms
○ UE DL PRS processing capability – N = 0.5 ms (~12 symbols @30kHz), T = 8 ms
● UE capability for Tproc,1 Tproc,2
○ Capability # 2 (for low latency)
● Measurement gap
○ Type 1: BWP switching = 2 slots @ 30kHz
○ MGL = 5.5 ms, MGRP = 20ms 
♦ 2 BWP switching times per occasion (from and to active DL BWP) + DL PRS duration => 5 slots 
○ Nsample = 4 (RAN4 core measurements requirements)
♦ UE is expected to perform measurements on DL PRS resource 4 times (i.e. across 4 periods) 

Latency Analysis of the Rel.16 DL-TDOA / DL-AoD
The latency analysis for the Rel.16 DL-TDOA or DL-AoD positioning methods is summarized in Table 1 and is based on procedure and signalling shown in Figure 14 (please refer to corresponding section in Annex B).
[bookmark: _Ref53234599]Table 1: Rel.16 DL TDOA/AoD Latency Analysis
	Case 1, InF, FR1, R.16 DL-TDOA/DL-AoD

Source NW / Destination NW – (RAN procedure is transparent to source/destination)
Positioning technique: DL-TDOA/DL-AoD, type DL only, mode: UE-A,
Initial and Final RRC States: CONNECTED


	Latency Components
	Value Range, ms
	Description of Latency Component

	Start trigger
	
	

	Step 1. Location Request
	24.25 symbols
0.8661 ms
	Value is provided for L1 components only

	1A: PDCCH+PDSCH preparation time
	4.75 symbols
0.1696 ms
	Not specified. For analysis, the assumption from [38.824] is used: UE's N2/2 + X for scheduling the initial PDSCH. X = 2/4/8 symbols for SCS = 30/60/120kHz, respectively.
N2 = 5.5 symbols@30kHz SCS for UE capability 2
5.5/2+2 = 4.75

	1B: PDCCH+PDSCH alignment time
	7 symbols
0.25 ms
	Depends on configuration of PDCCH monitoring occasions, PDSCH transmission duration, time to slot boundary, and TDD configuration
Worst case: 7 symbols@30kHz for selected reference system configuration

	1C: PDCCH+PDSCH transmission time
	7 symbols
0.25 ms
	Depends on PDCCH+PDSCH transmission duration
7 symbols@30kHz for selected reference system configuration

	1D: PDCCH+PDSCH processing time
	5.5 symbols
0.1964 ms
	Specified as UE PDSCH processing Tproc,1. Tproc,1 = N1 + d11+d2, d11 = 1 symbol, d2=0, N1 = 4.5 for 30 kHz SCS and UE capability 2 
5.5 symbols@30kHz for selected reference configuration

	1E:
 [L3 UE LPP processing]
	[~280symbols
~10 ms]
	Not specified.
[The following number is assumed – 5ms DL RRC processing time and 5ms LPP processing time. TBD by RAN WG2]

	Step 2. Measurement Gap Request
	39.75 symbols
1.4196 ms
	Value is provided for L1 components only

	2A: [L3 UE RRC processing delay]
	56-140 symbols
2-5ms
	[Not defined:
2-5ms UE RRC processing delay is assumed in this analysis
TBD by RAN WG2]

	2B: SR preparation time
	0 symbols 0 ms
	0ms is assumed since SR can be prepared in advance based on UE implementation

	2C: SR alignment time
	2 symbols
0.0714 ms
	Depends on configuration of SR monitoring occasions, TDD configuration
Worst case: 2 symbols@30kHz for selected reference system configuration

	2D: SR transmission time
	1 symbol 0.0357 ms
	1 symbol for selected reference system configuration

	2E: SR processing time
	4.5 symbols
0.1607 ms
	Not specified. For analysis, the assumption from [38.824] is used. For SR-based PUSCH, gNB's processing time for SR is UE's N1.


	2F: PDCCH preparation time
	2.25 symbols
0.0804 ms
	Not specified. For analysis, the assumptions from the [38.824] are used to derive PDCCH preparation time equal to N1/2:

gNB's PUSCH-to-PDCCH processing time (PDCCH alignment has to be included separately) is UE's N1 + X; gNB's decoding time for the last PUSCH is UE's N1/2 + X; X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.


	2G: PDCCH alignment time
	2 symbols
0.0714 ms
	Depends on configuration of PDCCH monitoring occasions and TDD configuration


	2H: PDCCH transmission time
	1 symbol 0.0357 ms
	1 symbol for selected reference system configuration

	2I: PUSCH preparation time
	6.5 symbols
0.2321 ms
	Specified as UE PUSCH preparation time Tproc,2 = N2+d21+d2 (if no BWP switch)
N2 = 5.5@30kHz, d21 = 1, d2 = 0.

	2J: PUSCH alignment time
	7 symbols
0.2500 ms
	Worst case:7 symbols for given reference configuration

	2K: PUSCH transmission time
	7 symbols
0.2500 ms
	7 symbols for selected reference system configuration

	2L: PUSCH processing time
	6.5 symbols
0.2321 ms
	Not specified. For analysis, the assumption from the [38.824] is used.  gNB's decoding time for the last PUSCH is UE's N1/2 + X; X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.

	2M: [L3 gNB RRC processing delay]
	[~84 symbols
~3 ms]
	[Not specified. 
3ms are assumed in this analysis for gNB RRC processing delay
TBD by RAN WG2]

	Step 3. Measurement Gap Configuration
	24.25 symbols
0.8661 ms
	Value is provided for L1 components only

	3A: PDCCH+PDSCH preparation time
	4.75 symbols
0.1696 ms
	Same as for 1A

	3B: PDCCH+PDSCH alignment time
	7 symbols
0.2500 ms
	Same as for 1B

	3C: PDCCH+PDSCH transmission time
	7 symbols
0.2500 ms
	Same as for 1C

	3D: PDCCH+PDSCH processing time
	5.5 symbols
0.1964 ms
	Same as for 1D

	3E: [L3 UE RRC processing delay]
	[~280symbols
10 ms]
	[Specified - 10ms
TBD by RAN WG2]

	Step 4. DL PRS Processing
	88,5 ms
	Value is provided for L1 components only

	4A: DL PRS alignment time
	560symbols
20 ms
	Depends on DL PRS periodicity settings
Worst case: 20ms for selected reference system configuration

	4B: DL PRS processing and report delay
	1918 symbols
68.5 ms
	Depends on DL PRS configuration, MG configuration (length and period) and UE DL PRS processing capabilities(N,T). MG should accommodate DL BWP switching.
The report delay is defined by 38.133 in Section 9.9.2.5.
For considered, reference system configuration it is equal to 3*20+8+0.5 = 68.5ms
Note: may be revised by RAN WG4

	Step 5. DL PRS Measurement Report
	39.75 symbols
1.4196 ms
	Value is provided for L1 components only

	5A: [L3: UE RRC + LPP processing delay]
	[56-140 symbols
2-5ms]
	[Not defined 
2-5 ms UE RRC processing time and 5ms UE LPP processing time are assumed
TBD by RAN WG2]

	5B: SR preparation time
	0 symbols 0 ms
	Same as for 2B

	5C: SR alignment time
	2 symbols
0.0714 ms
	Same as for 2C

	5D: SR transmission time
	1 symbol 0.0357 ms
	Same as for 2D

	5E: SR processing time
	4.5 symbols
0.1607 ms
	Same as for 2E

	5F: PDCCH preparation time
	2.25 symbols
0.0804 ms
	Same as for 2F

	5G: PDCCH alignment time
	2 symbols
0.0714 ms
	Same as for 2G

	5H: PDCCH transmission time
	1 symbol 0.0357 ms
	Same as for 2H

	5I: PUSCH preparation time
	6.5 symbols
0.2321 ms
	Same as for 2I

	5J: PUSCH alignment time
	7 symbol
0.2500 ms
	Same as for 2J

	5K: PUSCH transmission time
	7 symbols
0.2500 ms
	Same as for 2K

	5L: PUSCH processing time
	6.5 symbols
0.2321 ms
	Same as for 2L

	5M: [L3 gNB LPP processing time]
	[84 symbols
3 ms]
	[Not defined. 
3 ms are assumed for gNB LPP processing time TBD by RAN WG2]


Note: All L2/L3 components are under discussion and to be determined by RAN WG2
Based on analysis provided above, we have following observations on DL-TDOA, DL-AoD physical layer latency:
Summary of latency components: 
· Sum of L1 components (except DL PRS alignment time and DL PRS report delay): 4,5714 ms
· Sum of L2+L3 components: [36 ms TBD by RAN WG2]
· DL PRS alignment time: 20 ms
· DL PRS report delay: 68.5 ms
If only L1 latency components are considered (except DL PRS alignment time and DL PRS report delay), it is feasible to meet 10ms target requirements for DL-TDOA/DL-AOD
DL-TDOA / DL-AoD physical layer latency is dominated by the following latency components
· Higher layer (LPP/RRC) processing/configuration time
· Multiple DL/UL transactions before actual DL PRS processing, including
· Location request, measurement gap request/configuration and measurement report
· DL PRS alignment time
· Rel.16 Measurement Gap (MG) design has certain limitations in terms of MG periodicity, length, RRC configuration time. Therefore, it is difficult to reduce latency even if DL PRS are allocated at minimum period = 4ms.
· Periodic DL PRS allocation with low periodicity (min of 4ms). Although it is beneficial for positioning latency, such DL PRS resource utilization is very high 
· DL PRS report delay 
· According to the latest draft of core requirements in TS 38.133 for NR positioning RSTD measurements, UE is expected to measure DL PRS-RSTD on four consecutive DL PRS resource periods, that imposes significant delay and thus need to be reconsidered in Rel.17.

Latency Analysis of the Rel.16 UL-TDOA / UL-AoA
[bookmark: _Hlk53236274]The latency analysis for the Rel.16 UL-TDOA or UL-AoA positioning methods is summarized in Table 2 and based on procedure and signalling shown in Figure 15 (please refer to corresponding section in Annex B).
[bookmark: _Ref53234648]Table 2: Rel.16 UL-TDOA/AoA Latency Analysis
	Case 2, InF, FR1, R.16 UL-TDOA/UL-AoA

Source NW / Destination NW – (RAN procedure is transparent to source/destination)
Positioning technique: UL-TDOA/UL-AoA, type UL only, mode: UE-A,
Initial and Final RRC States: CONNECTED


	Latency Components
	Value Range, ms
	Description of Latency Component

	Start trigger
	
	Reception by the gNB of the NRPPa measurement request message

	Step 1. Configuration of SRS for positioning
	24.25 symbols
0.8661 ms
	
Value is provided for L1 components only

	1A: PDCCH+PDSCH preparation time
	4.75 symbols
0.1696 ms
	Not specified. For analysis, the assumption from [7] is used: UE's N2/2 + X for scheduling the initial PDSCH. X = 2/4/8 symbols for SCS = 30/60/120kHz, respectively.
N2 = 5.5 symbols@30kHz SCS for UE capability 2
5.5/2+2 = 4.75

	1B: PDCCH+PDSCH alignment time
	7 symbols
0.2500 ms
	Depends on configuration of PDCCH monitoring occasions, PDSCH transmission duration, time to slot boundary, and TDD configuration
Worst case: 7 symbols@30kHz for selected reference system configuration

	1C: PDCCH+PDSCH transmission time
	7 symbols
0.2500 ms
	Depends on PDCCH+PDSCH transmission duration
7 symbols@30kHz for selected reference system configuration

	1D: PDCCH+PDSCH processing time
	5.5 symbols
0.1964 ms
	Specified as UE PDSCH processing Tproc,g1. Tproc,1 = N1 + d11+d2, d11 = 1 symbol, d2=0, N1 = 4.5 for 30 kHz SCS and UE capability 2 
5.5 symbols@30kHz for selected reference configuration

	1E: 
[L3 UE RRC configuration delay]
	[280 symbols
10ms]
	[Specified - 10ms
TBD by RAN WG2]

	Step 2 (Alt.1): Activation of SRS for positioning (DCI)
	8.5 symbols
0.3036 ms
	Value is provided for L1 components only

	2A: PDCCH preparation time
	2.25 symbols
0.0804 ms
	Not specified. For analysis, the assumptions from the [7] are used to derive PDCCH preparation time equal to N1/2:

gNB's PUSCH-to-PDCCH processing time (PDCCH alignment has to be included separately) is UE's N1 + X; gNB's decoding time for the last PUSCH is UE's N1/2 + X; X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.


	2B: PDCCH alignment time
	2 symbols
0.0714 ms
	Depends on configuration of PDCCH monitoring occasions and TDD configuration


	2C: PDCCH transmission time
	1 symbol 0.0357 ms
	1 symbol for selected reference system configuration

	2D: PDCCH processing time
	3.25 symbols
0.1161 ms
	Not specified:
For analysis, it is assumed to be equal to ½ of UE PUSCH preparation time Tproc,2 = N2+d21+d2 (if no BWP switch) i.e. Tproc,2/2
N2 = 5.5@30kHz, d21 = 1, d2 = 0.

	Step 2’(Alt.2): Activation of SRS for positioning (MAC CE) 
	24.25 symbols
0.8661 ms
	Value is provided for L1 components only

	2’A: PDCCH+PDSCH preparation time
	4.75 symbols
0.1696 ms
	Same as for 1A

	2’B: PDCCH+PDSCH alignment time
	7 symbols
0.2500 ms
	Same as for 1B

	2’C: PDCCH+PDSCH transmission time
	7 symbols
0.2500 ms
	Same as for 1C

	2’D: PDCCH+PDSCH processing time
	5.5 symbols
0.1964 ms
	Same as for 1D

	2’E: [L2/L3 component: UE MAC processing delay]
	[28-84 symbols
1-3ms]
	[Not defined:
1-3ms are assumed
TBD by RAN WG2]

	Step 3. SRS for positioning Tx & Rx
	29 symbols
1.0357 ms
	Value is provided for L1 components only

	3A: SRS for positioning preparation time
	0 ms
	Not defined.
0ms is assumed for analysis

	3B: SRS for positioning alignment time
	14 symbols
0.5ms
	Depends on SRS resource allocation.
Worst case: 14 symbols for selected reference configuration

	3C: SRS for positioning transmission time
	1 symbol
0.0357
	1 symbol for selected reference configuration

	3D: SRS for positioning processing time by gNB
	[14 symbols 0.5 ms]
	[Not defined:
0.5 ms is assumed. Definition is in scope of RAN WG4]

	Step 4. gNB Measurement Report
	0
	Value is provided for L1 components only

	4A: [L3 gNB NRPPa preparation time]
	[84symbols 3 ms]
	[Not defined:
3 ms is assumed. TBD by RAN WG2]

	End trigger
	
	The transmission by the gNB of the NRPPa measurement response message


Note: All L2/L3 components are under discussion and to be determined by RAN WG2
Based on analysis provided above, we have following observations on UL-TDOA, UL-AoA physical layer latency:
Summary of latency components: 
· Sum of L1 components: 2,7678 ms
· Sum of L2/L3 components: 16 ms
Physical layer latency for UL-TDOA and UL-AoA is dominated by SRS for positioning configuration component (RRC configuration delay) that utilizes 10 out of 16 ms total latency for considered reference system configuration.

Latency Analysis of the Rel.16 Multi-RTT
The latency analysis for the Rel.16 Multi-RTT positioning method is summarized in Table 3 and is based on procedure and signalling shown in Figure 16 (please refer to corresponding section in Annex B).
The latency for Multi-RTT positioning can be estimated as sum of latency components for UL-TDOA and DL -TDOA positioning methods. In the best case, if DL and UL transactions are executed in parallel the latency of multi-RTT can be estimated as max(DL-TDOA, UL-TDOA) latency components. In the worst case, it can be estimated as a sum of DL-TDOA and sum of UL-TDOA latency components assuming that all transactions are performed consecutively. This analysis is presented in Table 3.
[bookmark: _Ref53440319]Table 3: Rel.16 Multi-RTT Latency Analysis
	Case 3, InF, FR1, R.16 Multi-RTT

Source NW / Destination NW – (RAN procedure is transparent to source/destination)
Positioning technique: Multi-RTT, type DL+UL, mode: UE-A,
Initial and Final RRC States: CONNECTED


	Latency Components
	Value Range, ms
	Description of Latency Component

	Start trigger
	
	Reception by the gNB of the NRPPa measurement request message

	Step 1. Configuration of SRS for positioning
	L1: 0.8661
[L3: 10.0]
	L1: gNB signaling to UE to configure SRS for positioning – 0.5088 ms
[L3: UE RRC configuration delay – 10ms - TBD by RAN WG2]

	Step 2: Activation of SRS for positioning (MAC CE)
	L1: 0.8661
[L2: 1.0]
	L1: gNB signaling to UE to activate SRS for positioning transmission – 0.5088 ms
[L2: UE MAC CE processing delay – 1 ms - TBD by RAN WG2]

	Step 3. SRS for positioning TX & RX
	L1: 1.0357
	L1: transmission of SRS for positioning by UE and its reception by gNB – 1.0357 ms

	Step 4. gNB NRPPa preparation time for report to LMF
	 [L3: 3.0]
	[L3: gNB NRPPa preparation time for report to LMF – 3 ms - TBD by RAN WG2]

	Step 5. Location information request
	L1: 0.8661
[L3: 10.0]
	L1: gNB transmits to UE location request - 0.5088 ms
[L3: 5 ms DL RRC processing time and 5ms LPP processing time - TBD by RAN WG2]

	Step 6. MG Request
	L1: 1.4196
[L3: 5-8]
	L1: UE requests gNB to provide MG – 1.0266 ms
[L3: UE RRC processing delay – 2-5 ms and gNB RRC processing delay – 3ms TBD by RAN WG2]

	Step 7. MG Configuration
	L1: 0.8661
[L3: 10.0] 
	L1: gNB provides MG configuration to UE RRC signaling – 0.5088 ms
[L3: UE RRC configuration delay – 10 ms - TBD by RAN WG2]

	Step 8. DL PRS Processing
	L1: 88.5 
	DL PRS alignment time and DL PRS processing and report delay

	Step 9. DL PRS Measurement Report
	L1: 1.4196
[L3: 3.0]
	L1: UE reports measurement results to gNB
[L3: gNB LPP processing time - 3ms; 2-5ms UL RRC processing time; 5ms UE LPP processing time are assumed. TBD by RAN WG2]

	End trigger
	
	The transmission by the gNB of the NRPPa measurement response message


Note: All L2/L3 components are under discussion and to be determined by RAN WG2
Based on analysis provided above, we have following observations on Multi-RTT physical layer latency:
Summary of latency components: 
· Sum of L1 components (except DL PRS alignment time and DL PRS report delay: 7,3393 ms
· Sum of L2/L3 components: 45 ms (TBD by RAN WG2)
· DL PRS alignment time: 20 ms
· DL PRS report delay: 68.5 ms
Physical layer latency for Multi-RTT is dominated by 
· Higher layer (LPP/RRC) processing/configuration time
· DL PRS alignment time
· DL PRS report delay 

Latency Reductions for NR Positioning Protocols
The following solutions can be considered for physical layer latency reduction of NR positioning solutions
Based on physical layer latency analysis provided in our companion contribution [2], we have following considerations on enhancements to reduce latency of NR positioning protocols:
The following solutions can be considered for physical layer latency reduction of NR positioning solutions
1. Pre-configuration and minimization of DL/UL transactions
a. DL PRS assistance information can be pre-configured to UE. Multiple DL PRS configurations can be associated with DL PRS configuration ID and activated when necessary
b. SRS for positioning configuration information can be pre-configured to UE. Multiple configurations of SRS for positioning can be associated with SRS for positioning configuration ID and activated when necessary
2. BWP switching consideration
a. Operation w/o BWP switching is beneficial for latency reduction and can be achieved by implementation and proper configuration
3. Measurement gaps (MG) optimizations
a. MG-less operation - UE may operate w/o measurement gaps to process DL PRS
b. Support of semi-persistent a-periodic MGs, their pre-configuration and association with MG configuration ID
4.  DL PRS alignment time 
a. Support of semi-persistent a-periodic DL PRS transmissions
5. DL PRS report delay
a. Optimization of MG configurations
b. Support of single shot DL PRS processing on resource (No need to mandate 4 measurements per resource)
c. Low latency DL processing capabilities
6. Dynamic activation of DL PRS and SRS for positioning transmissions by gNB
7. Dynamic scheduling request for DL PRS and/or SRS for positioning transmission
8. Support of NR positioning techniques for UEs in RRC_INACTIVE state w/ and w/o transition to RRC_CONNECTED state including the following enhancements of two-or-four step RACH procedures:
a. Transmission of SRS for positioning following PRACH and MSG-A transmission
b. Transmission of SRS for positioning triggered by signaling from gNB
c. Request of DL PRS allocation by UE and DL PRS activation by gNB
d. UE DL PRS measurement 
e. UE measurement report
Many of listed above enhancements have overlap in terms of scope with RAN WG2 and thus need to be jointly considered with RAN WG1.

	

	

	


	DL-TDOA
	UL-TDOA
	Multi-RTT


Figure 10: Low latency procedures for NR UE-assisted positioning (DL-TDOA, UL-TDOA, Multi-RTT)
In order to perform latency analysis for enhanced NR positioning solutions, we use the following assumptions:
● gNB location request: 2 symbols
○ Provides activation of DL PRS, UL SRS transmission, and scheduling information for UE measurement report (e.g. resources for UE measurement report transmission can be associated with resources of SRS for positioning or directly indicated)
○ DL PRS and UL SRS for positioning transmission are performed sequentially
● No MG configuration and BWP switching considerations
● DL PRS resource: 2 symbols, Comb-6, 4 symbols in total per DL PRS Resource Set
● SRS for positioning configuration – same as in reference system configuration
○ DL PRS processing delay – 2 ms (in scope of RAN WG4)
● UE measurement report
○ 7 symbols PUSCH duration (same as in reference system configuration)
● Other assumptions are the same as in reference system configuration

	Case 3, InF, FR1, R17 NR Positioning techniques

Source NW / Destination NW – (RAN procedure is transparent to source/destination)
Positioning technique: R17 NR Positioning techniques, type DL+UL, mode: UE-A,
Initial and Final RRC States: CONNECTED


	Latency Components
	Value Range, ms
	Description of Latency Component

	Start trigger
	
	Reception by the gNB measurement request message

	Step 1. gNB location request
	24.25 symbols
0.8861 ms
	Value is provided for L1 components only

	1A: PDCCH+PDSCH preparation time
	4.75 symbols
0.1696 ms
	Not specified. For analysis, the assumption from [7] is used: UE's N2/2 + X for scheduling the initial PDSCH. X = 2/4/8 symbols for SCS = 30/60/120kHz, respectively.
N2 = 5.5 symbols@30kHz SCS for UE capability 2
5.5/2+2 = 4.75

	1B: PDCCH+PDSCH alignment time
	7 symbols
0.2500 ms
	Depends on configuration of PDCCH monitoring occasions, PDSCH transmission duration, time to slot boundary, and TDD configuration
Worst case: 7 symbols@30kHz for selected reference system configuration

	1C: PDCCH+PDSCH transmission time
	7 symbols
0.2500 ms
	Depends on PDCCH+PDSCH transmission duration
7 symbols@30kHz for selected reference system configuration

	1D: PDCCH+PDSCH processing time
	5.5 symbols
0.1964 ms
	Specified as UE PDSCH processing Tproc,1. Tproc,1 = N1 + d11+d2, d11 = 1 symbol, d2=0, N1 = 4.5 for 30 kHz SCS and UE capability 2 
5.5 symbols@30kHz for selected reference configuration

	1E: 
[L2 UE MAC CE processing time]
	[~28-84 symbols
1-3 ms]
	[In this analysis MAC CE based on PDCCH+PDSCH is assumed for gNB location request. Other possible option is to use PDCCH only that can further reduce latency
TBD by RAN WG2]

	Step 2: DL PRS transmission
	64 symbols 
2.2858 ms
	Value is provided for L1 components only

	2A. DL PRS alignment time
	4 symbols 0.1429 ms
	Worst case: 4ms for selected reference system configuration to reflect slot boundary

	2B. DL PRS transmission time
	4 symbols 0.1429 ms
	

	2C. DL PRS processing and report delay
	[~56 symbols
2 ms]
	[ Not defined. It is assumed that new UE capabilities for low latency NR positioning are to be introduced. Definition is in scope of RAN WG4]

	Step 3. SRS for positioning transmission
	29 symbols
1.0357ms
	Value is provided for L1 components only

	3A: SRS for positioning preparation time
	0 ms
	Not defined.
0ms is assumed for analysis (can be prepared in advance, e.g. during DL PRS processing or earlier)

	3B: SRS for positioning alignment time
	14 symbols
0.5ms
	Depends on SRS resource allocation.
Worst case: 14 symbols for selected reference configuration

	3C: SRS for positioning transmission time
	1 symbol
0.0357
	1 symbol for selected reference configuration

	3D: SRS for positioning processing time
	[14 symbols
0.5 ms]
	[Not defined:
0.5 ms is assumed. Definition is in scope of RAN WG4]

	Step 4. UE measurement report
	20.5symbols
0.7321ms
	Value is provided for L1 components only

	4A: 
[L2 MAC CE preparation]
	[~28 symbols
1 ms]
	[In this analysis MAC CE based on PUSCH is assumed.
TBD by RAN WG2]

	4B: PUSCH alignment time
	7 symbols
0.2500 ms
	

	4C: PUSCH transmission time
	7 symbols
0.2500 ms
	7 symbols for selected reference system configuration

	4D: PUSCH processing time
	6.5 symbols
0.2321 ms
	Not specified. For analysis, the assumption from the [7] is used.  gNB's decoding time for the last PUSCH is UE's N1/2 + X; X = 2/4/8 symbols for SCS = 30/60/120KHz, respectively.

	End trigger
	
	Transmission by the gNB measurement response message


Based on analysis in table above, we have following observations
● DL-TDOA latency of L1 components = Step 1 + Step 2 + Step 4 = 3.8839 ms
○ Estimated higher layer signaling time is up to 4ms
● UL-TDOA latency of L1 components = Step 1 + Step 3 = 1.9018 ms
○ Estimated higher layer signaling time is up to 3ms
● Multi-RTT latency of L1 components = Step 1 + Step 2 + Step 3 = 4.1875 ms
○ It is assumed that Step 4 is done in parallel with Step 3B,3C,3D
○ Estimated higher layer signaling time is up to 4ms

NR Positioning Latency Reduction for UEs in RRC_IDLE / INACTIVE States
Another promising direction for NR positioning latency reduction is support of low latency positioning for UEs in RRC_IDLE / RRC_INACTIVE states.
Considerations for UEs in RRC_IDLE state
In our view, NR positioning support for UEs in RRC_IDLE state is rather challenging due to various reasons. UEs in this state do not have RRC context and thus anyway multiple transactions are needed over Uu air-interface and at network side to acquire RRC context. Another issue is security for NR Positioning of RRC_IDLE UEs. Overall, multiple transactions over Uu air-interface as well within CN (see Figure 11) are needed to support it and thus required latency characteristics may be challenging to achieve.


[bookmark: _Ref53670523]Figure 11: Transition from RRC_IDLE to RRC_CONNECTED state

Considerations for UEs in RRC_INACTIVE state
[bookmark: _Ref40377280]UEs in RRC_INACTIVE state has valid RRC context and simplified transition to RRC_CONNECTED state that can simplify integration of NR positioning procedures. 


Figure 12: Transition from RRC_INACTIVE to RRC_CONNECTED state
In terms of NR positioning enhancements, the support of the following functionality should be considered:
● Support of NR positioning techniques for UEs in RRC_INACTIVE state w/ and w/o transition to RRC_CONNECTED state including the following enhancements
○ Transmission of SRS for positioning following PRACH and MSG-A transmission
○ Transmission of SRS for positioning triggered by signaling from gNB
○ Request of DL PRS allocation by UE and DL PRS activation by gNB
○ UE DL PRS measurement and report


Figure 13: NR positioning in RRC_INACTIVE state
The latency analysis of transition time from INACTIVE to CONNECTED state was provided in [9]. It is obvious that latency is different for different configurations/deployment:
● The maximum latency = 18.5 ms;
● The minimum latency = 11.3 ms;
The introduction of two step RACH procedure in Rel.16, can further reduce latency on ~2ms relative to 4 step RACH procedure. The support of NR positioning may add additional 2-5 ms delay if transition to CONNECTED state is performed by UE. Otherwise, if UE stays in RRC_INACTIVE state the latency limit in the order of 10ms can be achieved.


Conclusion
In this contribution, we have provided initial analysis of NR positioning performance for IIoT InF scenarios. Our analysis has shown that if enhancements of Rel.16 solutions such as LOS/NLOS classification, DL PRS frequency layer aggregation, and accurate TX/RX timing error calibration and compensation are used then it is feasible to meet the stringent accuracy target requirements in selected IIoT deployment scenarios as well as meet latency targets of NR positioning protocols are optimized.
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[bookmark: _Ref47712079]Annex A – Evaluation Assumptions
In this section, we provide a summary of evaluation assumptions that were used for positioning performance evaluation this contribution. Please refer to Table 1, 2, 3 for evaluation assumptions on InF scenarios, NR DL and UL positioning evaluation assumptions.

Table 4: Indoor factory scenario evaluation assumptions 
	Parameter
	FR1 Specific Values 
	FR2 Specific Values

	Carrier frequency, GHz 
	3.5GHz
	28GHz

	Bandwidth, MHz
	100MHz
	400MHz

	Channel model
	InF-SH, InF-DH (baseline, optional 1, 
[bookmark: _GoBack]optional 2)
	InF-SH, InF-DH (baseline, optional 1, 
optional 2)

	Layout 
	Hall size
	InF-SH: 300x150 m
InF-DH: 120x60 m

	
	BS locations
	18 BSs on a square lattice with spacing D, located D/2 from the walls.
-	for the small hall (L=120m x W=60m): D=20m
-	for the big hall (L=300m x W=150m): D=50m
[image: ]

	
	Room height
	10m

	
	Penetration loss
	0dB

	
	Number of floors
	1

	gNB noise figure, dB
	5dB
	7dB

	Total gNB TX power, dBm
	24dBm
	24dBm
EIRP should not exceed 58 dBm

	gNB antenna configuration
	(M, N, P, Mg, Ng) = (4, 4, 2, 1, 1), dH=dV=0.5λ – Note 1
	(M, N, P, Mg, Ng) = (4, 8, 2, 1, 1), dH=dV=0.5λ – Note 1
One TXRU per polarization per panel is assumed

	gNB antenna radiation pattern
	Single sector – Note 1
	3-sector antenna configuration – Note 1

	UE noise figure, dB
	9dB – Note 1
	13dB – Note 1

	UE max. TX power, dBm
	23dBm – Note 1
	23dBm – Note 1
EIRP should not exceed 43 dBm.

	UE antenna configuration
	Panel model 1 – Note 1
Mg = 1, Ng = 1, P = 2, dH = 0.5λ,
(M, N, P, Mg, Ng) = (1, 2, 2, 1, 1)
	Multi-panel Configuration 1 and Panel Configuration a – Note 1
-	Multi-panel Configuration 1: (Mg, Ng) = (1, 2); Θmg,ng=90°; Ω0,1=Ω0,0+180°; (dg,H, dg,V)=(0,0)
-	Panel Configuration a:
-	Each antenna array has shape dH=dV=0.5λ
-	Config a: (M, N, P) = (2, 4, 2),
-	the polarization angles are 0° and 90°
-	The antenna elements of the same polarization of the same panel is virtualized into one TXRU

	UE antenna radiation pattern 
	Omni, 0dBi
	Antenna model according to Table 6.1.1-2 in TR 38.855

	UE drop procedure
	100% indoor, uniformly distributed over the horizontal area

	UE mobility
	3km/h

	UE antenna height
	1.5m

	Min gNB-UE distance (2D), m
	0m

	gNB antenna height
	Fixed height of 8m

	Clutter density: 
	InF-SH: 60%
InF-DH:
· baseline: 40%
· optional 1: 40%
· optional 2: 60%

	Clutter height: 
	InF-SH: 6m
InF-DH:
· baseline: 2m
· optional 1: 3m
· optional 2: 6m

	Clutter size: 
	InF-SH: 2m
InF-DH:
· baseline: 2m
· optional 1: 5m
· optional 2: 2m

	Note 1:	According to 3GPP TR 38.802



[bookmark: _Ref39762012]Table 5: NR DL positioning evaluation assumptions 
	Parameters
	FR1/FR2 specific values

	Signal bandwidth
	● FR1: 100 MHz 
● FR2: 400 MHz

	PRS Signals 
	Evaluated candidate physical structures for PRS transmission

	DL PRS Physical Structure
	● Single port
● Density: Comb-2
● Number of occupied symbols: 2
● 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

	 FR2
	● PRS structure w/ all REs used for transmission
● TX: TX beam sweeping, 8 TX analogue pre-coder states (one OFDM symbol per TX beam)
● RX: Quasi-Omni Pattern

	BS beam forming
	FR2 – 8 TX analogue beams: [-52.2 : … : 52.5], beam width 15o, DFT vectors to scan in horizontal plane


	
Table 6. NR UL positioning evaluation assumptions
	Parameters
	FR1/FR2 Specific Values

	Signal bandwidth
	FR1: 100 MHz 
FR2: 400 MHz

	PRS Signals 
	Evaluated candidate physical structures for PRS transmission

	UL PRS Physical Structure (Example)
	Single port
Density: Comb-2
Number of occupied symbols: 1
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

	FR2
	● PRS structure w/ all REs used for transmission
● TX: No TX beam sweeping, Single TX Port, Quasi-Omni Pattern
● RX: Rx beam sweeping, 8 RX analogue pre-coder states (one OFDM symbol per RX beam), Two X-pol RX Ports

	gNB beam forming
	FR2 – 8 TX analogue beams: [-52.2 : … : 52.5], beam width 15o, DFT vectors to scan in horizontal plane

	RX Processing
	

	BS synchronization error
	FR1, FR2: 0 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

	Angle Estimation
	Differential based processing based on the detected FAP



Table 7. NR DL/UL positioning RX processing assumptions
	RX Processing
	

	BS synchronization error
	FR1/ FR2: 0 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

	Positioning algorithm assumptions
	UE altitude value is assumed to be below gNBs altitude value



 Annex B – Rel.16 NR Positioning Procedures
DL-TDOA/DL-AOD
Figure 14 shows the possible Rel.16 messaging between the LMF, the gNBs and the UE to perform DL-TDOA/DL-AOD positioning procedure [8].


[bookmark: _Ref53234946][bookmark: _Ref53234937]Figure 14: Rel.16 DL-TDOA positioning procedure (also applicable for DL-AoD)

UL-TDOA/UL-AOA
Figure 15 shows the messaging between the LMF, the gNBs and the UE to perform UL-TDOA NR positioning procedure [8].


[bookmark: _Ref53235002]Figure 15: Rel.16 UL-TDOA positioning procedure (also applicable for UL-AoA)

Multi-RTT
Figure 16 shows the messaging between the LMF, the gNBs and the UE to perform LMF-initiated Location Information Transfer Procedure for Multi-RTT [8].


[bookmark: _Ref53235037]Figure 16: Rel.16 Multi-RTT NR positioning procedure
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