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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#110 [1], some agreements related to the accuracy requirement and evaluation methodology of RedCap UE positioning were made:
	Agreement
For the purpose of the Rel-18 study 
· The target accuracy requirements for RedCap UEs for commercial use cases are defined as follows:
· Indoor and outdoor
· Horizontal position accuracy (< 3 m) for 90% of UEs
· Vertical position accuracy (< 3 m) for 90% of UEs 
· The target accuracy requirements for RedCap UEs for IIoT use cases are defined as follows:
· Horizontal position accuracy (<1 m) for 90% of UEs 
· Vertical position accuracy (< 3 m) for 90% of UEs  
· Note: the requirements may not be met in all scenarios and use cases

CDF values for evaluations of Redcap UE Positioning scenarios are derived based on:
· The reported CDF points used as performance metrics in the evaluation include at least the 50%, 67%, 80%, 90% percentiles.
· For indoor scenarios 
· (Required): The UEs inside the convex hull of the horizontal BS deployment area.
· (Optional): All the UEs

The following table is endorsed to capture the evaluation scenarios and parameters in the evaluation results section of the TR:
Table 3.2-2 evaluation scenarios and parameters template
	Parameter
	Case XYZ (channel model, FRx)

	Scenario (baseline, otherwise state any modifications)
	

	Carrier frequency
	

	Subcarrier spacing
	

	Reference Signal Transmission Bandwidth
	

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

	Reference signal
(type of sequence, number of ports, …)
	

	Number of sites
	

	Number of symbols used per occasion
	

	number of occasions used per positioning estimate
	

	Power-boosting level
	

	Uplink power control (applied/not applied)
	

	interference modelling (ideal muting, or other)
	

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	

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

	Network synchronization assumptions
	

	UE/gNB RX and TX timing error
	

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

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

	UE antenna configuration
	

	Number of UE branches
	

	Description of enhancement solutions, if any
	

	gNB antenna configuration 
	

	UE noise figure  
	

	UE antenna height
	

	gNB antenna height
	

	Additional notes, if any
	



For the evaluation of redcap UEs in the RMa scenarios, companies should report their evaluations parameters with their results. 
The potential benefits and performance gains of frequency hopping of the DL PRS and UL SRS can be investigated in release 18, which may take into account at least the following:
· The impact of Doppler, phase offset, timing offset, power imbalance among hops
· RedCap UE capability and complexity considerations
· Impact of RF retuning during frequency hopping
· Details of frequency hopping (including Tx hopping and/or Rx hopping, BWP switching) for the study are FFS




In this contribution, we discuss the potential usages of frequency hopping with bandwidth stitching in RedCap positioning. Then we present our simulation results, adopting the format defined in the last meeting.
2. Discussion 
2.1 Discussion on bandwidth stitching in RedCap positioning 
In our previous contribution [2], we discussed the impact of bandwidth and concluded that RedCap UE may have degraded positioning performance due to the bandwidth limitation. In order to compensate the performance loss, we consider using bandwidth stitching to extent the bandwidth for positioning. This requires gNB to transmit multiple bandlimited PRSs at different frequency and RedCap UE to receive these bandlimited PRSs individually and stitch them into one virtual wideband bandwidth for the PRS measurement. This method may alleviate the performance loss of RedCap UE due to the bandwidth limitation.
[bookmark: _Toc115434006]Observation 1: Bandwidth stitching operation in RedCap positioning may help to alleviate the performance loss due to bandwidth limitation.
Bandwidth stitching requires RedCap UE to measure PRSs on multiple frequency sub-bands. These sub-bands can be transmitted and received in a hopping manner (frequency hopping). It requires RedCap UE to receive and measure different frequency hops in different time windows. Figure 1 below is an illustration of frequency hopping operation for RedCap positioning. In this example, RedCap UE receives and measures 5 different frequency hops individually. One hop contains 1 PRS resource set in this case. By stitching 5 different 20MHz bandwidth PRSs, the RedCap UE can obtain a virtual wideband PRS. The positioning measurement based this virtual wideband BW is expected to achieve a comparable performance as a native 100MHz bandwidth PRS. 
[image: ]
Figure 1. Illustration of frequency hopping and bandwidth stitching for RedCap positioning.
[bookmark: _Toc115434007]Observation 2: Bandwidth stitching requires RedCap UE to measure PRSs on multiple frequency bands. This can be achieved by frequency hopping.

2.2 Simulation Assumptions 
For RedCap positioning evaluation, we mainly performed simulation in 2 scenarios:
· InF-SH
· InF-DH
The geometry layout, channel model, UE drop model of these scenarios follows description in [3]. The main difference between these two scenarios is the NLOS condition. InF-DH is known for its rich (dense) NLOS components in the channel, which leads to a larger NLOS probability than InF-SH.
Table B-1 shown below is a table summarizing the simulation assumptions for RedCap positioning. We defined 6 test cases for simulation. Case 1 and 2 adopt the baseline assumptions defined in RAN1#109e [4]. Besides of the baseline, 4 more test case (Case 4-6) are used, aiming to investigate the impact of BWP stitching. Case 4 and 6 are the cases with frequency hopping in which the RedCap UE stitches multiple hops into one large band (3X20MHz in case 4 and 5X20MHz in case 6). For comparison purpose, we also provided simulation results without frequency hopping and used extended native bandwidth such as 60MHz (Case 3) and 100MHz (Case 5).
Table B-1: NR RedCap positioning - evaluation scenarios and parameters
	Parameter
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5
	Case 6

	Frequency range
	FR1
	FR1
	FR1
	FR1
	FR1
	FR1

	Scenario
	InF-SH
	InF-DH
	InF-SH
	InF-SH
	InF-SH
	InF-SH

	UE antenna model, array configuration (M, N, P, Mg, Ng)
	(1, 1, 1, 1, 1)
	(1, 1, 1, 1, 1)
	(1, 1, 1, 1, 1)
	(1, 1, 1, 1, 1)
	(1, 1, 1, 1, 1)
	(1, 1, 1, 1, 1)

	Channel model (baseline, otherwise state any modifications)
	baseline
	baseline
	baseline
	baseline
	baseline
	baseline

	Carrier frequency
	3.5GHz
	3.5GHz
	3.5GHz
	3.5GHz
	3.5GHz
	3.5GHz

	Subcarrier spacing
	30kHz
	30kHz
	30kHz
	30kHz
	30kHz
	30kHz

	Reference Signal Transmission Bandwidth
	20MHz
	20MHz
	100MHz (Extended bandwidth)
	5 X 20MHz 
(Band stitching) 
	60MHz (Extended bandwidth)
	5 X 20MHz
(Band stitching)

	Reference Signal Physical Structure and Resource Allocation (RE pattern) (reference to figure in contribution)
	Comb-2
	Comb-2
	Comb-2
	Comb-2
	Comb-2
	Comb-2

	Reference signal
(type of sequence, number of ports, …)
	Gold sequence
	Gold sequence
	Gold sequence
	Gold sequence
	Gold sequence
	Gold sequence

	Number of sites
	18 sites 

	Number of symbols used per occasion
	2 symbols
	2 symbols
	2 symbols
	2 symbols
	2 symbols
	2 symbols

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

	Power-boosting level
	0dB
	0dB
	0dB
	0dB
	0dB
	0dB

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

	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, ….)
	Super resolution in channel estimation.
Threshold based first path detection

	Description of positioning technique / applied positioning algorithm (e.g. Least square, Taylor series, etc)
	Maximum likelihood estimator for coordinate calculation

	Network synchronization assumptions
	Ideal synchronization
	Ideal synchronization
	Ideal synchronization
	Ideal synchronization
	Ideal synchronization
	Ideal synchronization

	UE/gNB RX and TX timing error
	Ideal timing error calibration
	Ideal timing error calibration
	Ideal timing error calibration
	Ideal timing error calibration
	Ideal timing error calibration
	Ideal timing error calibration

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

	Precoding assumptions (codebook, nrof antenna elements used, etc)
	Codebook based
	Codebook based
	Codebook based
	Codebook based
	Codebook based
	Codebook based

	Evaluated enhancements
	None
	None
	None
	Frequency hopping, Stitch multiple hops into one
	None
	Frequency hopping, Stitch multiple hops into one

	Additional notes, if any
	
	
	Using extended Bandwidth for comparison with performance by band stitching
	Ideal phase error compensation
	Using extended Bandwidth for comparison with performance by band stitching
	Ideal phase error compensation



2.3 RedCap Positioning Simulation Results
Figure 2 shows the simulation results for RedCap positioning in InF-SH (Case 1) and InF-DH (Case 2) scenarios. Both of the two cases adopted the baseline assumption defined in RAN1#109e, which includes 3.5GHz carrier frequency, 20MHz bandwidth and 1Rx branch. The corresponding positioning error for 50%, 67% ,80% and 90% of the UEs are summarized in Table B-2.
[image: ]
[bookmark: _Ref115431956]Figure 2. Simulation results of RedCap positioning in InF-SH and InF-DH scenarios using baseline assumptions.
Table B-2: Horizontal error given by legacy UE and RedCap UE using DL-TDOA positioning
	Test case assumptions
	Error 50%
	Error 67%
	Error 80%
	Error 90%
	Whether meet the requirement of commercial use cases (<3m)
	Whether meet the requirement of IIoT use cases (<1m)

	Case 1, InF-SH, FR1, DL-TDOA
	0.59
	0.93
	1.41
	2.47
	Yes
	No

	Case 2, InF-DH, FR1, DL-TDOA
	1.35
	2.76
	5.03
	9.52
	No
	No



From the simulation result, we can observe there is a performance gap between these two cases. RedCap UE can achieve 2.47 m accuracy in InF-SH, while in InF-DH it becomes 9.52 m. That may be due to the strong NLOS effect in InF-DH. Additionally, we also observe that in InF-SH, RedCap positioning can meet the commercial use case requirement, but fail to meet the IIoT use case requirement.

[bookmark: _Toc115434008]Observation 3: RedCap positioning can achieve 2.47 m accuracy in InF-SH and 9.52 m accuracy in InF-DH scenarios. It meets the requirement of commercial use cases only in InF-SH scenario.

To investigate the impact of BWP stitching, we perform 4 simulations. The results are shown in Figure 3. The corresponding positioning error for 50%, 67% ,80% and 90% of the UEs are summarized in Table B-3.
To perform BWP stitching, the RedCap UEs firstly operate the frequency hopping as described previously in section 2.1. RedCap UE receives multiple hops at different frequency. In order to combine multiple hops, the hops should be contiguous in frequency domain. In the simulation case 4 and 6, RedCap UE receives 5 and 3 hops respectively and each hop has 20MHz bandwidth. A part of the sub-band can be overlapped so that the UE can perform phase error compensation prior to sticth the sub-bands. By stitching multiple hops, RedCap UE is expected to achieve better accuracy. However, stitching multiple hops into one large bandwidth may not be equivalent to using a native large bandwidth directly. For example, stitching three 20MHz BWs may not have the same performance as one 60MHz BW. To compare these two cases, we further define case 3 and 5, which used native large bandwidth without frequency hopping and stitching.
[image: ]
[bookmark: _Ref115432053]Figure 3. Simulation results of RedCap positioning using frequency hopping (FQ) with BWP stitching (Case 4, 6). For comparison purpose, the results without FQ (Case 1, 3, 5) are also provided.
Table B-3: Horizontal error given by legacy UE and RedCap UE using DL-TDOA positioning
	Test case assumptions
	Error 50%
	Error 67%
	Error 80%
	Error 90%
	Whether meet the requirement of commercial use cases(<3m)
	Whether meet the requirement of IIoT use cases(<1m)

	Case 3, InF-SH, FR1, DL-TDOA, no FQ, one native 100MHz bandwidth
	0.08
	0.12
	0.18
	0.3
	Yes
	Yes

	Case 4, InF-DH, FR1, DL-TDOA, with FQ and band stitching 5 X 20MHz
	0.10
	0.17
	0.29
	0.52
	Yes
	Yes

	Case 5, InF-SH, FR1, DL-TDOA, no FQ, one native 60MHz bandwidth
	0.16
	0.23
	0.36
	0.66
	Yes
	Yes

	Case 6, InF-DH, FR1, DL-TDOA, with FQ and band stitching 3 X 20MHz
	0.18
	0.27
	0.43
	0.80
	Yes
	Yes



The simulation results shows that bandwidth stitching can significantly improve the accuracy. In case 1, with 1 single hop the accuracy is 2.47m. But in case 3 with 5 hops, the accuracy is improved to 0.3 m which fulfils both commercial and IIoT use case requirements. Hence, we should consider adopting bandwidth stitching to achieve high accuracy positioning.
[bookmark: _Toc115434009]Observation 4: Bandwidth stitching operation in RedCap positioning can significantly improve the positioning accuracy. The accuracy is improved by 2 m and 1.5 m, with using 5 hops and 3 hops, respectively.  
[bookmark: _Toc115433997]Proposal 1: Support adopting bandwidth stitching operation in RedCap positioning to improve the positioning accuracy.
In our simulation, we have not considered phase error that may occur in different sub-bands. This can be compensated by performing phase error compensation. Phase error compensation can be measured based on the received PRS located in two different sub-bands at the same frequency (the overlap region). These can be further studied.
[bookmark: _Toc115433998]Proposal 2: Further study the details of bandwidth stitching operation in RedCap positioning, including the impact of imperfections, partly overlap sub-bands size, time-gap between sub-bands, etc.

3. Conclusion
We have discussed some aspects on positioning support for RedCap UE. Our observations are given below:
Observation 1: Bandwidth stitching operation in RedCap positioning may help to alleviate the performance loss due to bandwidth limitation.
Observation 2: Bandwidth stitching requires RedCap UE to measure PRSs on multiple frequency bands. This can be achieved by frequency hopping.
Observation 3: RedCap positioning can achieve 2.47 m accuracy in InF-SH and 9.52 m accuracy in InF-DH scenarios. It meets he requirement of commercial use cases only in InF-SH scenario.
Observation 4: Bandwidth stitching operation in RedCap positioning can significantly improve the positioning accuracy. The accuracy is improved by 2 m and 1.5 m, with using 5 hops and 3 hops, respectively.
Our proposals are given below:
Proposal 1: Support adopting bandwidth stitching operation in RedCap positioning to improve the positioning accuracy.
Proposal 2: Further study the details of bandwidth stitching operation in RedCap positioning, including the impact of imperfections, partly overlap sub-bands size, time-gap between sub-bands, etc.
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