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1. [bookmark: OLE_LINK1][bookmark: OLE_LINK2]Introduction 
In RAN1#110bis-e [1], some agreements related to the accuracy requirement and evaluation methodology of RedCap UE positioning were made:
	Agreement
For the evaluation of TX/RX frequency hopping for positioning of redcap UEs, the value of the gap between two consecutive hops includes at least from 100us to 5ms.
· Companies should indicate if other smaller values are used in their evaluations, and justify the feasibility of smaller values

Agreement
Study the potential enhancement of the UL SRS for positioning to enable Tx frequency hopping, including but not limited to partial overlapping between hops, hopping bandwidth, time gap between frequency hopping.

Agreement
Study the potential enhancement of the DL PRS to enable Tx or Rx frequency hopping, including but not limited to impact on processing capability, hopping bandwidth in the positioning frequency layer, time gap between frequency hopping, measurement period, partial overlapping between hops.

Agreement
For the evaluation of TX/RX frequency hopping for positioning of redcap UEs, the value of UE speed includes 3 km/h, 30 km/h, 60km/h.
· Other values are not precluded




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 a 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 extend 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][bookmark: _Toc118714150]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 shows 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 signal/transmission?. 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][bookmark: _Toc118714151]Observation 2: Bandwidth stitching requires RedCap UE to measure PRSs on multiple frequency bands. This can be achieved by frequency hopping.
However, phase offset (PO) becomes an issue in practice. Since the frequency synthesizer is basically a phase locked loop (PLL), every time it switches or hops into a new carrier frequency it introduces a random phase offset relative to the previous carrier. The phase offset may degrade the performance if stitching two carriers with large phase offset. In section 2.3 of this contribution, we further investigate and present our simulation results regarding the effect of phase offset in bandwidth stitching.
[bookmark: _Toc118714152]Observation 3: Frequency hopping between two carriers would introduce a random phase offset (PO) due to the nature of PLL. The frequency offset may degrade the performance gain from bandwidth stitching.
The phase offsets can be estimated and calibrated if two adjacent bands have overlapping frequency tones. The frequency hopping with overlapping tones is also illustrated in figure 1. In this example, two adjacent PRS resource sets share a few overlapping PRBs in frequency domain. The overlapping PRBs (overlap region) can be utilized to estimate the frequency offset of these two adjacent hops, which may potentially help to mitigate the performance loss. 
[bookmark: _Toc118714153]Observation 4: Phase offset can be calibrated if two adjacent frequency bands have overlapping region.
[bookmark: _Toc118714445]Proposal 1: Support overlapping between two adjacent frequency hops to compensate the performance loss due to the phase offset.  

2.2 Simulation Assumptions 
For RedCap UE positioning evaluation, we mainly performed simulation in these 2 indoor factory scenarios:
· InF-SH (Sparsen – High)
· InF-DH (Dense – High)
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)
	3 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



To investigate the impact from phase offset, we set up 3 more test cases as shown in Table B-2 below. In each test cases, the phase offset is modelled as truncated random distribution with different truncation level. For example, Case 7 used phase offset with margin 0.2π (), while Case 9 used margin 1π, meaning a stronger phase offset effect applied in Case 9 than in Case 7.
Table B-2: NR RedCap positioning – evaluation of impact of phase offset 
	Parameter
	Case 7
	Case 8
	Case 9

	Frequency range
	FR1
	FR1
	FR1

	Scenario
	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)

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

	Carrier frequency
	3.5GHz
	3.5GHz
	3.5GHz

	Subcarrier spacing
	30kHz
	30kHz
	30kHz

	Reference Signal Transmission Bandwidth
	3 X 20MHz
(Band stitching)
	3 X 20MHz
(Band stitching)
	3 X 20MHz
(Band stitching)

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

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

	Number of sites
	18 sites 

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

	number of occasions used per positioning estimate
	1
	1
	1

	Power-boosting level
	0dB
	0dB
	0dB

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

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

	Description of Measurement Algorithm (e.g. super resolution, interference cancellation, ….)
	Super resolution in channel estimation.

	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

	UE/gNB RX and TX timing error
	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

	Evaluated enhancements
	None
	None
	None

	Additional notes, if any
	With phase offset between two adjacent frequency bands with random distribution truncated at 0.2π,  
	With phase offset between two adjacent frequency bands with random distribution truncated at 0.5π, 
	With phase offset between two adjacent frequency bands with random distribution truncated at 1π, 



2.3 RedCap Positioning Evaluation 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 at CDF 90%, while in InF-DH it becomes 9.52 m. That is mainly 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: _Toc118714154]Observation 5: RedCap UE positioning can achieve 2.47 m accuracy in InF-SH and 9.52 m accuracy in InF-DH scenarios (both at CDF 90%). 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 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 (FH) with BWP stitching (Case 4, 6). For comparison purpose, the results without FH (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 FH, one native 100MHz bandwidth
	0.08
	0.12
	0.18
	0.3
	Yes
	Yes

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

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

	Case 6, InF-DH, FR1, DL-TDOA, with FH 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: _Toc118714155]Observation 6: Frequency hopping with bandwidth stitching operation for RedCap UE 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: _Toc118714156]Observation 7: Simulation result shows that frequency hopping with bandwidth stitching for RedCap UE positioning can fulfils the requirement of IIoT use case.

[bookmark: _Toc118714446]Proposal 2: Support frequency hopping with bandwidth stitching operation in RedCap UE positioning to improve the positioning accuracy.
Figure 4 is the simulation results of the positioning accuracy using bandwidth stitching but with phase offset. As mentioned in the simulation assumption, the phase offset is modelled as truncated random distribution with various margins. The phase offset between two adjacent bands is modelled as truncated random distribution with margin of 0.2π (Case 7), 0.5π (Case 8), 0.6π (Case 9). In comparison, without PO (Case 6) and without bandwidth stitching (Case 1) are also shown here.

[image: ]
Figure 4. Simulation of bandwidth stitching with phase offset (PO). 


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 7, InF-SH, FR1, DL-TDOA, band stitching 3 X 20 MHz with random PO, 
	0.45
	0.66
	0.88
	1.27
	Yes
	No

	Case 8, InF-SH, FR1, DL-TDOA, band stitching 3 X 20 MHz with random PO, 
	1.26
	1.84
	2.67
	3.71
	No
	No

	Case 9, InF-SH, FR1, DL-TDOA, band stitching 3 X 20 MHz with random PO, 
	1.59
	2.32
	3.02
	3.88
	No
	No



From this evaluation, one can observe that the phase offset could degrade the performance gain brought by the bandwidth stitching. When using PO with margin 0.2 π (Case 7), bandwidth stitching can still maintain a small performance gain comparing to Case 1. But if the PO margin become larger the performance gain would be reversed. In Case 8 and 9 with larger margin, stitching 3 20MHz bands results in an even worse performance than using only 1 20 MHz band. Hence, we can conclude that the phase offset is still huge issue when applying bandwidth stitching, especially if the offset is not controllable such as margin > 0.2 π.
[bookmark: _Toc118714157]Observation 8: Simulation shows that phase offset reduces the performance gain of using bandwidth stitching. If phase offset cannot be compensated, the usage of bandwidth stitching may results in a worse positioning performance than not using bandwidth stitching.

Considering the phase offset has a such an impact to bandwidth stitching as shown in the simulation, we think it is important to calibrate the offset. This can be done based on the received PRS located in two different sub-bands at the same frequency (the overlap region). These can be further studied in the normative work.
[bookmark: _Toc118714447]Proposal 3: The details of frequency hopping with bandwidth stitching operation for RedCap UE can be defined during normative phase. It includes, the partial overlapping region between two adjacent bands, such as the size the of the overlapping region, time-gap, and UE capability of compensating the phase offset.
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: Frequency hopping between two carriers would introduce a random phase offset (PO) due to the nature of PLL. The frequency offset may degrade the performance gain from bandwidth stitching.
Observation 4: Phase offset can be calibrated if two adjacent frequency bands have overlapping region.
Observation 5: RedCap UE positioning can achieve 2.47 m accuracy in InF-SH and 9.52 m accuracy in InF-DH scenarios (both at CDF 90%). It meets the requirement of commercial use cases only in InF-SH scenario.
Observation 6: Frequency hopping with bandwidth stitching operation for RedCap UE 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.
Observation 7: Simulation result shows that frequency hopping with bandwidth stitching for RedCap UE positioning can fulfils the requirement of IIoT use case.
Observation 8: Simulation shows that phase offset reduces the performance gain of using bandwidth stitching. If phase offset cannot be compensated, the usage of bandwidth stitching may results in a worse positioning performance than not using bandwidth stitching.
Our proposals are given below:
Proposal 1: Support overlapping between two adjacent frequency hops to compensate the performance loss due to the phase offset.
Proposal 2: Support frequency hopping with bandwidth stitching operation in RedCap UE positioning to improve the positioning accuracy.
Proposal 3: The details of frequency hopping with bandwidth stitching operation for RedCap UE can be defined during normative phase. It includes, the partial overlapping region between two adjacent bands, such as the size the of the overlapping region, time-gap, and UE capability of compensating the phase offset.
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