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At the RAN#98e meeting, the WID on expanded and improved NR positioning RP-223549 [1] was approved including the following objective related to RedCap positioning:
	· Specify support of positioning for UEs with Reduced Capabilities (RedCap UEs)
· Specify support of Frequency Hopping (FH) beyond maximum RedCap UE bandwidth for reception of DL PRS and transmission of UL SRS for positioning [RAN1, RAN2].
· NOTE: The complexity of the corresponding capabilities for RedCap UEs should be addressed for the introduction of appropriate capabilities for RedCap UEs.
· Specify RRM requirements for positioning including RRM measurements and procedures for RedCap UEs for both with and without frequency hopping [RAN4].


And at the RAN1#111 meeting [2], some agreements below for RedCap positioning were achieved.
	Agreement
Capture the following in the TR conclusions:
· From RAN1 perspective, for positioning of RedCap UEs, support of PRS frequency hopping and SRS frequency hopping is recommended for normative work.
· During the normative phase, the complexity of the corresponding capabilities for RedCap UEs should be addressed for the introduction of appropriate capabilities for RedCap UEs.
Agreement
Capture the following in section 6.5.3 of the TR:
The following has been identified for potential specification impact of NR positioning for RedCap UEs:
· Maximum tolerable phase error, timing gap, and timing error between hops
· Considerations for IIoT, commercial, Public Safety and V2X scenarios, and UE capabilities
· Details on the Tx or Rx hopping pattern(s), including frequency overlapping between hops, if supported.


In this contribution, we will present our views on RedCap positioning.
Common issues for frequency hopping
Considering limited bandwidth of RedCap UEs, frequency hopping is proposed by companies as one of potential solutions to improve positioning accuracy. Taking DL positioning as an example, the UE measures multiple PRS subbands by frequency hopping operation, wherein the bandwidth of each subband doesn’t exceed the maximum RF bandwidth supported by the UE; then, the UE ‘stitches/aggregates’ these PRS subbands (or coherent combines multi-hops) and obtains higher measurement accuracy than a single subband. In order to hop among different PRS subbands, the UE needs to perform RF retuning operation, so the time gap between adjacent hops should not be less than the RF retuning time (e.g., 0.5ms for FR1; 0.25ms for FR2). In addition, to overcome the problem of ‘phase inconsistency’ of different hops caused by RF switching, partial bandwidth overlapping is considered in adjacent hops for estimating and compensating the phase error between each hop. An example of frequency hopping is shown below.



Figure 1 Example of frequency hopping
In this section, some common issues based on the following agreement regarding maximum tolerable errors, time gap and UE capabilities are discussed and evaluated. 
	Agreement
Capture the following in section 6.5.3 of the TR:
The following has been identified for potential specification impact of NR positioning for RedCap UEs:
· Maximum tolerable phase error, timing gap, and timing error between hops
· Considerations for IIoT, commercial, Public Safety and V2X scenarios, and UE capabilities
· Details on the Tx or Rx hopping pattern(s), including frequency overlapping between hops, if supported.


It should be noted that in our contribution, all of simulation results are based on the simulation assumptions in the Appendix and more specific simulation assumptions can refer to our previous contribution [3]. 
Maximum tolerable phase error, timing error, timing gap
Phase error and timing error
In this sub-section, the impact of phase error with different sizes is evaluated. The corresponding results are shown in the Appendix with the following observation.
Observation 1: 
· In InF-SH scenario, the accuracy requirement for IIoT use cases can be met if the random phase error is set to be equal or smaller than 0.15pi, otherwise the accuracy requirement cannot be met. 
Then, the overlapping bandwidth between adjacent hops is considered for phase error compensation. It is observed that even with the maximum phase error of [-pi, pi], after phase error compensation based on the measurements on overlapping bandwidth, the positioning accuracy increases from 3.1m to 0.14m, and the accuracy requirement for IIoT use cases can be met.
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Figure 2 Frequency hopping performance with phase error compensation
Table 1 Evaluation results for frequency hopping with phase error compensation
	Method
	50%
	67%
	80%
	90%

	Hopping without phase error compensation
	0.83
	1.39
	2.01
	3.11

	Hopping with phase error compensation 
	0.05
	0.06
	0.07
	0.14



Observation 2: 
· InF-SH scenario, with a phase error larger than 0.15pi, the accuracy requirement for IIoT use cases can be met with compensation of phase error based on the measurements on overlapping bandwidth between hops.  
Proposal 1: 
· For RedCap frequency hopping, bandwidth overlapping between hops can be supported for phase error mitigating.
In addition, the impact of timing error between hops with different sizes is also evaluated. The corresponding results are shown in the Appendix with the following observation.
Observation 3: 
· In InF-SH scenario, the accuracy requirement for IIoT use cases can be met if the timing error is set to be equal or smaller than 3ns, otherwise, the accuracy requirement cannot be met.
Regarding the maximum tolerable phase error and timing error between hops, we think they will have more impact on RAN4 RRM requirement. For example, when designing the performance requirement of frequency hopping, the impact of maximum tolerable phase error and timing error between hops should be considered. Therefore, an LS to RAN4 is needed to further consider the maximum tolerable phase error and timing error between hops for RRM requirement design.
Timing gap
For RedCap positioning, the impact of timing gap on frequency hopping performance should also be considered. So, we evaluated the impact of timing gap at speeds of 3km/h and the evaluation results with different timing gaps between hops are shown. The corresponding figure is shown in the Appendix
Table 2 Evaluation results for frequency hopping with different timing gaps between hops at 3km/h
	Method
	Timing gap between hops
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
(3km/h)
	4 symbols (140us)
	0.05
	0.06
	0.07
	0.11

	
	1 slot
	0.05
	0.06
	0.07
	0.14

	
	4 slots
	0.06
	0.09
	0.14
	0.22

	
	8 slots
	0.05
	0.06
	0.14
	0.29

	
	15 slots
	0.06
	0.08
	0.14
	0.69


Observation 4: 
· In InF-SH scenario, at the speed of 3km/h, even with larger timing gaps, the accuracy requirement for IIoT use cases can be met, and the maximum tolerable timing gap between hops can be larger than 15 slots.
Considering the impact of UE speed on time-domain channel correlation, it may further affect the performance of coherent combination and phase error compensation of frequency hopping. Therefore, the impact of timing gap may be different from that of 3km/h UE speed. The evaluation results with different timing gaps between hops are shown below, and the corresponding figures are shown in the Appendix.
Table 3 Evaluation results for frequency hopping with different timing gaps at 30km/h and 60km/h
	[bookmark: _Hlk126675280]Method
	UE speed
	Timing gap
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
	30km/h
	1 slot
	0.07
	0.11
	0.19
	0.49

	
	
	4 slots
	0.09
	0.16
	0.31
	0.74

	
	
	8 slots
	0.14
	0.23
	0.49
	0.93

	
	
	9 slots
	0.14
	0.23
	0.5
	1.04

	
	60km/h
	1 slot
	0.11
	0.27
	0.39
	0.73

	
	
	2 slots
	0.09
	0.16
	0.33
	0.89

	
	
	3 slots
	0.1
	0.15
	0.35
	1.02

	
	
	4 slots
	0.12
	0.19
	0.44
	1.22


It is observed that even at larger UE speeds, the maximum tolerable timing gap between hops can still be larger than a slot. Therefore, compared with symbol-level frequency hopping, slot-level frequency hopping can provide sufficient accuracy to meet the requirement.
Observation 5: 
· With the increase of UE speed, the maximum tolerable timing gap between hops will decrease.
· In InF-SH scenario, at the speed of 30km/h, the maximum tolerable timing gap between hops is about 8 slots.
· In InF-SH scenario, at the speed of 60km/h, the maximum tolerable timing gap between hops is about 2 slots.
· Even at larger UE speeds (e.g.,60km/h), slot-level frequency hopping can provide sufficient accuracy to meet the requirement for IIoT use cases.
Regarding the maximum tolerable timing gap between hops, in addition to the impact on the intra/inter frequency hopping design of RAN1, we think it will also have an impact on RAN4 RRM requirement, which is similar to the maximum tolerable phase error and timing error between hops. For example, when designing the performance requirement of frequency hopping, the impact of maximum tolerable timing gap between hops should be considered. Therefore, an LS to RAN4 is needed to further consider the maximum tolerable timing gap between hops for RRM requirement design. Then, combined with the relevant description of the maximum tolerable phase error and timing error, we propose
Proposal 2: 
· Send an LS to RAN4 to consider the maximum tolerable phase error, timing error, timing gap between hops, when designing the RRM requirement of frequency hopping.
Moreover, considering UE performs frequency hopping via RF retuning, the timing gap between adjacent hops should be greater than the RF retuning time. The potential issue regarding RF retuning time is whether fast RF retuning (or symbol-level hopping) can be conducted for frequency hopping of RedCap UEs. 
As far as we know, fast RF retuning (or symbol-level hopping) is not supported for communication function of RedCap UE, since NCD-SSB based measurements in RRC-configured DL BWP is eventually supported by RedCap UE, while fast RF retuning is one of solutions for the same purpose that are excluded. In our view, for a RedCap UE, the support of ‘fast RF retuning’ for positioning is better to be consistent with the support of ‘fast RF retuning’ for communication function, rather than excessively exceeding UE capabilities. 
In addition, based on current descriptions in TS38.133 [4] of PRS measurement in RRC_INACTIVE outside the initial DL BWP, the values of RF retuning time are implicitly supported. It can be seen that when determining that PRS collides with other channels/signals, X symbols are additionally considered before and after the PRS instance, which can be regarded as the RF retuning time. For FR1, the RF retuning time is 0.5ms; while for FR2, the RF retuning time is 0.25ms. Only at 15kHz SCS, the RF retuning time can reach 7 symbols (0.5 slot); at other SCSs, the RF retuning time is at least 1 slot. It can be seen that at least currently fast RF retuning is not supported by RAN4.
	If a PRS resource is outside the intitial DL BWP, a PRS resource instance collides with another DL signals/channels if any portion of the other DL signal/channel overlaps with the time interval starting X symbols before the PRS instance and ending X symbols after the PRS instance, taking into account nr-DL- PRS-ExpectedRSTD-Uncertainty and nr-DL-PRS-ExpectedRSTD. Where X is defined in Table 5.6.1-1.
Table 5.6.1-1: Value of X number of symbols
	FR
	[image: ]
	NR Slot 
length (ms)
	X symbols

	
	
	
	

	FR1
	0
	1
	7

	
	1
	0.5
	14

	
	2
	0.25
	28

	FR2
	2
	0.25
	14

	
	3
	0.125
	28

	Note 1:	The FR1 value applies if one or both of the serving cell and the positioning frequency layer are in FR1. FR2 value applies both of the serving cell and the positioning frequency layer are in FR2.





Observation 6: 
· Fast RF retuning is not supported for current RedCap UE communication function.
· Fast RF retuning is not supported based on current RAN4 specification. 
Then, considering that slot-level frequency hopping brings enough accuracy and fast RF retuning is not yet supported, slot-level frequency hopping should be supported for RedCap positioning rather than symbol-level frequency hopping.
Proposal 3: 
· For RedCap frequency hopping, slot-level frequency hopping should be supported rather than symbol-level frequency hopping.
Considerations on UE capability and complexity 
Frequency hopping may also require RedCap UEs to have greater capabilities. For example, for DL frequency hopping, UE is required to be able to coherent combine the measurement results of multiple hops in baseband, e.g., stronger FFT/IFFT capability. It is not clear whether such an operation can be supported by RedCap UE. In contrast, UL frequency hopping doesn’t require UE to have such coherent processing capability, which is more RedCap device friendly. Then, in order to ensure the performance of frequency hopping, it may also be necessary for the RedCap UE to have a very strong calibration capability, so that the errors are within an acceptable range(e.g., Rx/Tx timing errors<3ns), which may instead require the RedCap UE to have stronger capabilities than the normal UE.
Observation 7: 
· Frequency hopping requires RedCap UE to have greater capabilities, such as
· Capabilities of coherent processing multiple hops for DL frequency hopping
· Capabilities of error calibration to ensure errors with an acceptable range
· Compared with DL frequency hopping, UL frequency hopping is more RedCap device friendly, since it doesn’t require UE to have coherent processing capability.
Moreover, frequency hopping brings more complexity and power consumption. For example, in FR1, in order to achieve the performance of 100MHz bandwidth, the UE needs to complete 5~6 times of RF retuning in a short period of time. This is not friendly to RedCap UE’s low complexity and power consumption requirements. It should be known that in Rel-17 RedCap WI, in order to reduce the frequency of SSB measurement via RF retuning, the mandatory UE feature, UE-specific RRC configured DL BWP with CD-SSB or NCD-SSB, was finally introduced for RedCap UE. 
Observation 8: 
· Frequency hopping requires UE to frequently perform RF retuning in a short period of time, which is not friendly to low complexity and power consumption requirement for RedCap UE. 
In our understanding, an LS to RAN4 is needed to confirm whether the actual RedCap UEs can have the error (e.g., Rx/Tx timing error) calibration capability and processing capability required by frequency hopping, and can support the increased complexity brought by frequency hopping.
Proposal 4: 
· Send an LS to RAN4 to confirm whether the actual RedCap UEs can have the error (e.g., Rx/Tx timing error, phase error) calibration capability within a certain range and processing capability required by frequency hopping, and whether the actual RedCap UEs can support the increased complexity brought by frequency hopping.
Potential design of DL and UL frequency hopping
In this section, we present our views on potential design of DL and UL frequency hopping.
Common considerations on frequency hopping design
Diagonal hop pattern vs staggered hop pattern
Regarding frequency hopping design, the hopping pattern should be determined. Similar to the discussion of DL PRS patterns, there may also be 2 types of hop patterns. One is diagonal pattern, that is, different hops are distributed diagonally, and adjacent hops in the time domain are also adjacent in the frequency domain and have overlapping bandwidths. Another is staggered pattern which similar to the design of the current PRS pattern, that is, the adjacent hops in the time domain may not be adjacent in the frequency domain and the adjacent hops in the frequency domain may also not be adjacent in the time domain. The figure below is a set of examples. 



Figure 3 Diagonal hop pattern (left)  vs an example of staggered hop pattern (right)
For the staggered pattern on the right, we did not find that it has additional application scenarios compared to the diagonal pattern; moreover, the frequency hopping performance is also weaker than that of the diagonal pattern. This may be caused by the fact that the adjacent hops in the frequency domain are too far apart in the time domain, since we need to estimate and compensate the phase error through the overlapping bandwidth of adjacent hops in the frequency domain, and as the gap in the time domain increases, the estimation and compensation performance of the phase error will decrease. Further, we evaluate the performance of these two patterns in Figure 3. 
[image: ]
Figure 4 Frequency hopping performance of diagonal hop pattern vs staggered hop pattern
Table 4 Evaluation results for frequency hopping with diagonal hop pattern vs staggered hop pattern
	Method
	Pattern
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
	Diagonal pattern
(1 slot gap)
	0.04
	0.06
	0.07
	0.14

	
	Staggered pattern
(1 slot gap)
	0.07
	0.09
	0.11
	0.16

	
	Diagonal pattern
(4 slot gap)
	0.06
	0.1
	0.14
	0.22

	
	Staggered pattern
(4 slot gap)
	0.12
	0.15
	0.18
	0.26



It can be observed that:
Observation 9: 
· The diagonal hopping pattern has better phase error compensation performance than the staggered pattern. 
· With 1 slot time gap between adjacent hops, the diagonal hopping pattern has a slight advantage over the staggered hopping pattern; and as the time gap increases, this advantage will become larger.
Proposal 5: 
· Regarding frequency hopping pattern for RedCap positioning, the diagonal hopping pattern is supported.

Overlapping bandwidth sizes between hops
In this subsection, different bandwidths of overlapping bandwidth between hops are evaluated with the assumption of  the same RS overhead for 5 hops. 
[image: ]
Figure 5 Frequency hopping performance with different overlapping bandwidth
Table 5 Evaluation results for frequency hopping with different overlapping bandwidths
	Method
	Pattern
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
	1PRB
	0.07
	0.1
	0.12
	0.19

	
	4PRB
	0.04
	0.06
	0.07
	0.14

	
	8PRB
	0.05
	0.06
	0.07
	0.1

	
	12PRB
	0.06
	0.07
	0.09
	0.13

	
	16PRB
	0.07
	0.09
	0.11
	0.17


Based on the evaluation results, we observe that
Observation 10: 
· In InF-SH scenario, with a small overlapping bandwidth of 1 PRB or 4 PRBs, the performance of frequency hopping is sufficient to meet the requirement of RedCap positioning.
· Under the assumption of same RS overhead, as the overlapping bandwidth increases, the accuracy will increase within a certain range (e.g., 8 PRBs) because of the increased performance of phase error compensation; but beyond this range (e.g., 8 PRBs), the accuracy will decrease due to the decrease in the bandwidth span of frequency hopping.
Proposal 6: 
· For the sizes of overlapping bandwidth for different hops, the balance between phase error compensation performance and bandwidth span of frequency hopping should be considered.
· A size smaller than 8 PRBs can be considered 

Same RE offset vs different RE offsets between different hops
Frequency hopping enables UE or TRP to perform channel stitching from multiple hops to extend the effective bandwidth. After the channel stitching of different hops is completed, the frequency domain channel can be further processed by IFFT to obtain the time domain channel to estimate the arrival time of the paths. Therefore, the estimation of stitched channel from multiple hops may have impact on the accuracy of the path arrival time. 
In our view, the stitched channel from hops preferably has a uniform RE distribution for more accurate path arrival time. Therefore, for PRSs from different hops for channel stitching, they should have the same comb size and the same RE offset on the symbols used for stitching. The same limit is also used for SRS Tx hopping. The figure below shows an example where PRSs corresponding to different hops are associated with the same and different RE offsets for comb-2.



Figure 6 Same RE offset (left) vs different RE offsets (right) for different hops
Then, we provide the performance comparision of the same RE offset vs different RE offsets with the assumption of different RE offsets for comb-2 between adjacent hops and the same phase error compensation. 
[image: ]
Figure 7 Frequency hopping performance of the same RE offset vs different RE offsets

Table 8 Evaluation results for frequency hopping with same RE offset vs different RE offsets
	Method
	Pattern
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
	Same RE offset
	0.04
	0.06
	0.07
	0.14

	
	Different RE offsets
	0.09
	0.12
	0.16
	0.26


Observation 11: 
· For channel stitching of the symbols from different hops, the case with the same comb size and RE offset can provide better accuracy than that with the same comb size and different RE offsets.
Proposal 7: 
· For channel stitching of the symbols from different hops, the same comb size and RE offset should be supported.

DL PRS frequency hopping
PRS Rx hopping or Tx hopping
Regarding PRS frequency hopping, there may be 2 potential types of PRS frequency hopping proposed by companies.
· Type 1: Wideband PRS transmission (legacy manner) and narrowband Rx frequency hopping
For this type of PRS frequency hopping, the TRP transmits PRS in a ‘wideband’ manner (e.g., 100MHz), while the RedCap UE measures different ‘PRS narrowbands’ (e.g., 20MHz) within the PRS wideband at different times by Rx frequency hopping. And from the perspective of the time domain, different hops may correspond to repeated wideband PRS transmissions, such as repeated PRS symbols, slots or periods. This type of frequency hopping basically has no impact on current PRS transmission, and can ensure the coexistence of RedCap UE and normal UE when measuring PRS. 


Figure 8 wideband PRS Tx and narrowband Rx frequency hopping (Type 1)
· Type 2: Narrowband PRS Tx frequency hopping and narrowband PRS Rx frequency hopping
For this type of PRS frequency hopping, the TRP transmits PRS in a ‘frequecny hopping’ manner, correspondingly, the RedCap UE also performs Rx frequency hopping for PRS measurement. Compared with type 1, PRS Tx frequency hopping additionally has greater impact on the specification related to PRS Tx. In addition, it can only be able to be used in scenario with only RedCap UEs. In our understanding, this scenario is not clear. In actual application scenarios, we don’t think ‘RedCap UE only’ is a typical scenario; and then, from the perspective of network frequency resource allocation, it is debatable that network devices allocate large bandwidth such as 100MHz specifically for ‘RedCap UE only’ scenario.


Figure 9 narrowband PRS Tx frequency hopping and narrowband Rx frequency hopping (Type 2)
From the WID scope description ‘Specify support of Frequency Hopping (FH) beyond maximum RedCap UE bandwidth for reception of DL PRS and transmission of UL SRS for positioning’, it does not make requirement for DL PRS Tx hopping. Then, combined with the above analysis for type 1 and type 2 PRS frequency hopping alternatives, for DL PRS frequency hopping, we should focus on wideband PRS transmission and narrowband Rx frequency hopping.
Proposal 8: 
· For DL PRS frequency hopping, focus on wideband PRS transmission and narrowband PRS Rx frequency hopping.
MG-based or PPW-based Rx frequency hopping
In NR positioning, UE can perform PRS measurement through MG or PPW
	· MG-based PRS measurement
The UE is expected to measure the DL PRS resource outside the active DL BWP or with a numerology different from the numerology of the active DL BWP if the measurement is made during a configured measurement gap. 
· PPW-based PRS measurement
The UE is expected to measure the DL PRS outside the measurement gap, subject to UE capability, if the DL PRS is inside the active DL BWP and has the same numerology as the active DL BWP and is within the DL PRS processing window indicated by higher layer parameter DL-PPW-PreConfig.


For DL PRS Rx hopping, whether and how to perform PRS measurement through MG or PPW should be discussed.
MG-based Rx frequency hopping
For MG-based Rx frequency hopping, a straightforward alternative is to perform multiple times of Rx hopping within a MG instance as the following figure. At the beginning and end of the MG, there is still possible to have a switch time of 0.5ms or 0.25ms, which is the same as regular MG. But different from regular MG operation, within the MG for Rx frequency hopping, UE needs to perform multiple times of RF retuning for multiple Rx hops at different frequencies. Considering the maximum MG length can be 20ms, we think it is enough to cover multiple hops together with corresponding switching time, that is, a round of Rx frequency hopping.


Figure 10 One MG instance for multiple hops
Another alternative to use MG is one Rx hop corresponding to a MG instance, which needs multiple MG instances to complete a round of Rx frequency hopping, as shown in the following figure. However, the current minimum MG repetition period is 20ms, which will make the timing gap between two adjacent hops unacceptable. 


Figure 11 One MG instance for one hop
In our view, no matter whether one MG instance for multiple hops or one MG instances for one hop, it seems to be the work of RAN4. In addition, regarding the detailed Rx hopping pattern within a MG instance or across multiple MG instances for Rx frequency hopping within a wideband PRS, we think this is related to the RRM requirement of RedCap positioning defined by RAN4. For example, as long as the RAN4 RRM requirement under various conditions for RedCap positioning can be met, there should be no restrictions on the Rx hopping pattern of UE.
Therefore, we propose
Proposal 9: 
· For MG-based Rx frequency hopping, send an LS to RAN4 to determine one of the following methods and study detailed MG design
· One MG instance for multiple hops
· One MG instance for one hop
Proposal 10: 
· For MG-based Rx frequency hopping within a wideband PRS, detailed Rx hopping pattern depends on RAN4 RRM requirement, which can be up to UE implementation.

PPW-based Rx frequency hopping
PPW-based PRS measurement is limited to the case where the DL PRS is inside the active DL BWP and has the same numerology as the active DL BWP and is within the PPW. PPW is pre-configured per BWP, and can be activated by the gNB when needed. Therefore, for PPW-based Rx frequency hopping, a potential solution is that PPW is still configured per BWP, and UE performs Rx frequency hopping through BWP switching. Each Rx hop is associated with a BWP and corresponding PPW. The following figure is shown as an example.


Figure 12 PPW-based Rx frequency hopping 
In our understanding, compared with MG-based Rx hopping, PPW-based Rx frequency hopping is not preferred with the following reasons.
· PPW-based method requires potential BWP switching, however, the current BWP switching mechanism cannot be used directly. For example, for DCI-based BWP switching, UE can switch to a new BWP based on the field ‘BWP indicator’ in DCI 1-1, and at the same time perform data scheduling at the new BWP. For RRC-based BWP switching, UE can switch to a new BWP after RRC reconfiguration or scell activation. For timer-based BWP switching, when the UE has no data scheduling for a period of time, it can automatically switch to the default BWP. The current BWP switching mechanism is mainly used for data transmission, and cannot be used for Rx hopping for pure positioning purposes. In addition, even if the signaling-based BWP switching can be applied between adjacent hops, the BWP switching latency and complexity are also unacceptable. Perhaps the most suitable ‘BWP switching mechanism’ for Rx hopping is the ‘automatic continuous’ BWP switching, that is, after one reception is completed, it is automatically switched to another BWP to complete another reception until a round of Rx hopping is completed. However, such ‘automatic continuous’ BWP switching will bring huge specification impact.
· For PRS Rx frequency hopping, it is sufficient to only apply MG-based method, no need to extend to PPW-based method. In Rel-17, PPW was introduced for low-latency purpose. If the DL PRS is inside the active DL BWP and has the same numerology as the active DL BWP, PPW can be applied without additional procedures of MG request and configuration, so that physical layer latency is reduced. But when Rx frequency hopping is needed, the DL PRS is always outside the active BWP, compared with MG-based method, we don’t find the need to use PPW-based method.
Proposal 11: 
· For PRS Rx frequency hopping, PPW-based method is not supported.

SRS for positioning frequency hopping
Regarding SRS for positioning frequency hopping, there may be 2 alternatives for Tx hopping.
· Alt 1: reuse MIMO SRS frequency hopping framework as a start point



For NR MIMO SRS, frequency hopping was supported since Rel-15. A SRS resource can be configured with intra-slot and/or inter-slot hopping within a bandwidth part with each hop of the SRS resource mapped to different sets of subcarriers (that is, different SRS subbands) across different sets of R adjacent OFDM symbol(s) of the resource within a slot or across multiples slots, R is the repetition factor given by the field repetitionFactor. From the frequency domain, frequency hopping across different sets of subcarriers is according to the SRS hopping parameters , and ; from the time domain, frequency hopping across different sets of R adjacent OFDM symbol(s) is according to the repetition factor, the number of SRS resource symbol(s), in each slot. 



The following figure is an example for MIMO SRS frequency hopping. A SRS resource is configured within a UL BWP. When the SRS resource is configured with frequency hopping, the frequency position of the SRS subband  corresponding to each hop (e.g., mimoSRS hop in the figure) can be divided based on the frequency domain position of the wideband SRS (e.g., SRS wideband configuration in the figure), and the full bandwidth of the wideband SRS is not actually used for the full bandwidth of the SRS transmission, but more as a reference for determining the frequency location of  SRS subbands. The relationship between the wideband SRS and SRS subbands can be determined in combination with the SRS bandwidth configuration table in TS38.211 (Table 7) and frequency hopping parameters  , and .


Figure 13 An example of mimoSRS frequency hopping 
Table 7 SRS bandwidth configuration (Table 6.4.1.4.3-1 in TS38.211)
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Therefore, considering the existing MIMO SRS frequency hopping framework, we believe that the framework can also be reused for posSRS frequency hopping as much as possible. As shown in the following figure, when the SRS-PosResource is configured with frequency hopping, the frequency position of the posSRS subband  corresponding to each hop  (e.g., actual posSRS hop in the figure) can be divided based on the frequency domain position of the virtual wideband SRS (e.g., virtual SRS wideband configuration in the following figure), and the full bandwidth of the virtual wideband SRS is not actually used for the full bandwidth of the SRS transmission, but more as a reference to determine the frequency location of  SRS subbands. Wherein, the bandwidth of each posSRS subband does not exceed RedCap UE capability (e.g., 20MHz) and adjacent subbands have overlapping bandwidth; the adjacent posSRS hops have the gap large than the hop switch time; the virtual wideband SRS bandwidth can be larger than RedCap UE capability (e.g., 20MHz) and configured within a virtual UL BWP with the bandwidth also large than RedCap UE capability, which can be configured by serving cell and mainly for posSRS hop position determination instead of full bandwidth transmission. 
It should be noted that similar to mimoSRS, posSRS Tx frequency hopping in Alt 1 is also defined within a SRS-PosResource.




Figure 14 current mimoSRS frequency hopping vs posSRS frequency hopping Alt 1

· Alt 2: perform SRS Tx frequency hopping by BWP switching
UE performs SRS Tx frequency hopping by BWP switching as the following figure. A hop is associated with a UL BWP with the SRS configuration of a list of SRS-PosResource and a list of SRS-PosResourceSets. Multiple hops can be associated with multiple UL BWPs with overlapping bandwidth and the same numerology. The SRS-PosResources in different hops used for coherent combination should have many of the same characteristics. For example, in the time domain, they should have the same period, symbol number, etc.; in the frequency domain, they should have the same comb size, comb offset, bandwidth, etc.; in the spatial domain, they should have the same spatial relation, etc.; and for sequence generation, they should have the same sequence ID, cyclic shift, etc.


Figure 15 posSRS frequency hopping (Alt 2)
For Alt 2, how to perform BWP switching is a problem to be solved. In our understanding, a suitable ‘BWP switching mechanism’ for posSRS Tx hopping is the ‘automatic continuous BWP switching’, that is, after one SRS hop transmission in one BWP is completed, it is automatically switched to another BWP for another SRS hop transmission until a round of Tx hopping is completed. One simple way is to reuse the switching mechanism for SRS transmission in RRC_INACTIVE outside the initial BWP as a starting point where UE switches to the ‘SRS-only BWP’ without any triggering or activation signalling. Based on Alt 2, different hops can be defined across different srs-PosResourceSets associated with corresponding ‘SRS-only BWPs’.
	SRS-PosRRC-Inactive-r17 ::= OCTET STRING (CONTAINING SRS-PosRRC-InactiveConfig-r17)

SRS-PosRRC-InactiveConfig-r17 ::=       SEQUENCE {
    srs-PosConfigNUL-r17                    SRS-PosConfig-r17                                                   OPTIONAL,    -- Need R
    srs-PosConfigSUL-r17                    SRS-PosConfig-r17                                                   OPTIONAL,    -- Need R
    bwp-NUL-r17                             BWP                                                                 OPTIONAL,    -- Need S
    bwp-SUL-r17                             BWP                                                                 OPTIONAL,    -- Need S
    inactivePosSRS-TimeAlignmentTimer-r17   TimeAlignmentTimer                                                  OPTIONAL,    -- Need M
    inactivePosSRS-RSRP-changeThreshold-r17 RSRP-ChangeThreshold-r17                                            OPTIONAL     -- Need M
}

SRS-PosConfig-r17 ::=               SEQUENCE {
    srs-PosResourceSetToReleaseList-r17 SEQUENCE (SIZE(1..maxNrofSRS-PosResourceSets-r16)) OF SRS-PosResourceSetId-r16 OPTIONAL,-- Need N
    srs-PosResourceSetToAddModList-r17  SEQUENCE (SIZE(1..maxNrofSRS-PosResourceSets-r16)) OF SRS-PosResourceSet-r16  OPTIONAL,-- Need N
    srs-PosResourceToReleaseList-r17    SEQUENCE (SIZE(1..maxNrofSRS-PosResources-r16)) OF SRS-PosResourceId-r16      OPTIONAL,-- Need N
    srs-PosResourceToAddModList-r17     SEQUENCE (SIZE(1..maxNrofSRS-PosResources-r16)) OF SRS-PosResource-r16        OPTIONAL -- Need N



Proposal 12: 
· For SRS for positioning frequency hopping, the following alternatives can be considered.
· Alt 1: reuse MIMO SRS frequency hopping framework as a starting point and define Tx frequency hopping within a a SRS-PosResource
· Alt 2: perform SRS Tx frequency hopping by BWP switching, and reuse the switching mechanism for SRS transmission in RRC_INACTIVE outside the initial BWP as a starting point, and different hops can be defined across different srs-PosResourceSets associated with corresponding ‘SRS-only BWPs’
Conclusion
In this contribution, we discuss RedCap positioning with the following observations and proposals.
Observation 1: 
· In InF-SH scenario, the accuracy requirement for IIoT use cases can be met if the random phase error is set to be equal or smaller than 0.15pi, otherwise the accuracy requirement cannot be met. 
Observation 2: 
· InF-SH scenario, with a phase error larger than 0.15pi, the accuracy requirement for IIoT use cases can be met with compensation of phase error based on the measurements on overlapping bandwidth between hops.  
Observation 3: 
· In InF-SH scenario, the accuracy requirement for IIoT use cases can be met if the timing error is set to be equal or smaller than 3ns, otherwise, the accuracy requirement cannot be met.
Observation 4: 
· In InF-SH scenario, at the speed of 3km/h, even with larger timing gaps, the accuracy requirement for IIoT use cases can be met, and the maximum tolerable timing gap between hops can be larger than 15 slots.
Observation 5: 
· With the increase of UE speed, the maximum tolerable timing gap between hops will decrease.
· In InF-SH scenario, at the speed of 30km/h, the maximum tolerable timing gap between hops is about 8 slots.
· In InF-SH scenario, at the speed of 60km/h, the maximum tolerable timing gap between hops is about 2 slots.
· Even at larger UE speeds (e.g.,60km/h), slot-level frequency hopping can provide sufficient accuracy to meet the requirement for IIoT use cases.
Observation 6: 
· Fast RF retuning is not supported for current RedCap UE communication function.
· Fast RF retuning is not supported based on current RAN4 specification. 
Observation 7: 
· Frequency hopping requires RedCap UE to have greater capabilities, such as
· Capabilities of coherent processing multiple hops for DL frequency hopping
· Capabilities of error calibration to ensure errors with an acceptable range
· Compared with DL frequency hopping, UL frequency hopping is more RedCap device friendly, since it doesn’t require UE to have coherent processing capability.
Observation 8: 
· Frequency hopping requires UE to frequently perform RF retuning in a short period of time, which is not friendly to low complexity and power consumption requirement for RedCap UE. 
Observation 9: 
· The diagonal hopping pattern has better phase error compensation performance than the staggered pattern. 
· With 1 slot time gap between adjacent hops, the diagonal hopping pattern has a slight advantage over the staggered hopping pattern; and as the time gap increases, this advantage will become larger.
Observation 10: 
· In InF-SH scenario, with a small overlapping bandwidth of 1 PRB or 4 PRBs, the performance of frequency hopping is sufficient to meet the requirement of RedCap positioning.
· Under the assumption of same RS overhead, as the overlapping bandwidth increases, the accuracy will increase within a certain range (e.g., 8 PRBs) because of the increased performance of phase error compensation; but beyond this range (e.g., 8 PRBs), the accuracy will decrease due to the decrease in the bandwidth span of frequency hopping.
Observation 11: 
· For channel stitching of the symbols from different hops, the case with the same comb size and RE offset can provide better accuracy than that with the same comb size and different RE offsets.

Proposal 1: 
· For RedCap frequency hopping, bandwidth overlapping between hops can be supported for phase error mitigating.
Proposal 2: 
· Send an LS to RAN4 to consider the maximum tolerable phase error, timing error, timing gap between hops, when designing the RRM requirement of frequency hopping.
Proposal 3: 
· For RedCap frequency hopping, slot-level frequency hopping should be supported rather than symbol-level frequency hopping.
Proposal 4: 
· Send an LS to RAN4 to confirm whether the actual RedCap UEs can have the error (e.g., Rx/Tx timing error, phase error) calibration capability within a certain range and processing capability required by frequency hopping, and whether the actual RedCap UEs can support the increased complexity brought by frequency hopping.
Proposal 5: 
· Regarding frequency hopping pattern for RedCap positioning, the diagonal hopping pattern is supported.
Proposal 6: 
· For the sizes of overlapping bandwidth for different hops, the balance between phase error compensation performance and bandwidth span of frequency hopping should be considered.
· A size smaller than 8 PRBs can be considered 
Proposal 7: 
· For channel stitching of the symbols from different hops, the same comb size and RE offset should be supported.
Proposal 8: 
· For DL PRS frequency hopping, focus on wideband PRS transmission and narrowband PRS Rx frequency hopping.
Proposal 9: 
· For MG-based Rx frequency hopping, send an LS to RAN4 to determine one of the following methods and study detailed MG design
· One MG instance for multiple hops
· One MG instance for one hop
Proposal 10: 
· For MG-based Rx frequency hopping within a wideband PRS, detailed Rx hopping pattern depends on RAN4 RRM requirement, which can be up to UE implementation.
Proposal 11: 
· For PRS Rx frequency hopping, PPW-based method is not supported.
Proposal 12: 
· For SRS for positioning frequency hopping, the following alternatives can be considered.
· Alt 1: reuse MIMO SRS frequency hopping framework as a starting point and define Tx frequency hopping within a a SRS-PosResource
· Alt 2: perform SRS Tx frequency hopping by BWP switching, and reuse the switching mechanism for SRS transmission in RRC_INACTIVE outside the initial BWP as a starting point, and different hops can be defined across different srs-PosResourceSets associated with corresponding ‘SRS-only BWPs’
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Appendix
Table 8 Evaluation assumptions of frequency hopping
	Parameters
	

	Method and scenario
	DL-TDOA in InF-SH

	Carrier frequency/SCS
	3.5GHz/30kHz

	Hop number
	5

	Hop bandwidth
	20MHz

	Overlapping bandwidth
	Baseline: 4PRB
[bookmark: _GoBack]Optional: 1,8,12,16 PRB


	Hop pattern
	Baseline: diagonal hop pattern
Optional: staggered hop pattern

	Time gap for adjacent hops
	Baseline: 1 slot
Optional: 4 symbols, 2 slots, 3 slots, 4 slots, 8 slots, 9 slots, 15 slots

	UE speed
	Baseline: 3 km/h
Optional: 30km/h, 60km/h

	Rx timing errors between hops
	Baseline: No Rx timing errors between hops
Optional: 1ns, 2ns, 3ns, 4ns, 5ns based on the assumptions in in TR38.857 

	Phase errors between hops
	Baseline: uniformly distribution between [-pi, pi] between hops 
Optional: [-pi/2, pi/2], [-pi/3, pi/3], [-pi/4, pi/4], [-pi/6, pi/6], [-13pi/84, 13pi/84], [-pi/7, pi/7]

	Other assumptions
	Fixed UE location is assumed for channel generation of different hops 



[image: ]
Figure 16 Frequency hopping performance with different sizes of phase error
Table 9 Evaluation results for frequency hopping with different sizes of phase error
	Method
	50%
	67%
	80%
	90%

	Hopping with phase error uniformly distribution between [-pi/7, pi/7]
	0.25
	0.38
	0.54
	0.89

	Hopping with phase error uniformly distribution between [-13pi/84, 13pi/84]
	0.27
	0.4
	0.56
	0.97

	Hopping with phase error uniformly distribution between [-pi/6, pi/6]
	0.3
	0.45
	0.62
	1.11

	Hopping with phase error uniformly distribution between [-pi/4, pi/4]
	0.38
	0.63
	0.96
	1.61

	Hopping with phase error uniformly distribution between [-pi/2, pi/2]
	0.71
	1.06
	1.59
	2.6

	Hopping with phase error uniformly distribution between [-pi, pi]
	0.83
	1.39
	2.01
	3.11
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Figure 17 Frequency hopping performance with Rx timing errors between hops 
Table 10 Evaluation results for frequency hopping with Rx timing errors between hops 
	Method
	Rx timing errors between hops
	50%
	67%
	80%
	90%

	Hopping with phase error compensation
	No timing error
	0.05
	0.06
	0.07
	0.14

	
	1ns
	0.16
	0.19
	0.24
	0.32

	
	2ns
	0.34
	0.41
	0.52
	0.74

	
	3ns
	0.47
	0.59
	0.74
	1.03

	
	5ns
	0.85
	1.16
	1.36
	1.74
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Figure 18 Frequency hopping performance with different time gap between hops at UE speed of 3km/h
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Figure 19 Frequency hopping performance with different time gaps at UE speeds of 30km/h and 60km/h
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