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[bookmark: _Ref506539118]Introduction
At the RAN1#112b-e meeting, the following agreements and conclusion were made regarding enhancements for positioning support of RedCap UEs [1]:
Agreement
For RedCap UEs, SRS for positioning Tx frequency hopping is configured (select one alternative):
· Alt 1: within one SRS for positioning resource
· Alt 2: across resources, within one SRS for positioning resource set
· Alt 3: across resource sets, with all resources in a set corresponding to the same hop sub-bandwidth
Conclusion
For the positioning of redcap UEs, for the DL PRS reception and UL SRS transmission, the maximum hopping bandwidth for a single hop is 20MHz for FR1 and 100MHz with FR2.
Agreement
For RedCap UEs, SRS for positioning Tx frequency hopping is configured within one SRS for positioning resource.
Agreement
For DL Rx hopping or UL Tx hopping, support the UE or gNB to report the following:
· A single measurement based on receiving multiple hops of the DL PRS or UL SRS for positioning
· One [or more] measurements where each measurement is associated with one received hop
· FFS: indication of how many received hops / which received hops where used in the measurement report.
· Note: no new measurement definition is introduced in RAN1
· FFS: conditions when the above measurements are reported, and whether the above measurements can be reported together
Agreement
For UL SRS Tx hopping, the frequency hopping pattern is configured with overlapping or non-overlapping hops.
· FFS: exact patterns to be supported 
· FFS: whether the overlapping hops may or may not be adjacent in the time domain
· Note: RAN1 assumes that no additional UE requirements shall be specified for the case of Tx hopping with non-overlapping hops compared to the case of Tx hopping with overlapping hops, e.g., a UE is not responsible for keeping phase continuity across the hops in either case of overlapping or non-overlapping hops.
Agreement
For RedCap UEs positioning transmitting the UL SRS with frequency hopping, regarding the collisions between other UL and DL signals/channels and the UL SRS with frequency hopping, study whether to support one or both of the following options, according to UE capabilities:
· Option 1: UL time window where the UE is not expected to receive/transmit other signals/channels and is only expected to transmit FH SRS for positioning.
· FFS details of an UL time window
· Note: it implies that UE drops the transmission of other signals/channels and transmits SRS for positioning
· Option 2: additional collision rules between the UL SRS with frequency hopping and other UL and DL signals/channels 
· FFS: details on the collision rules
In the contribution, we present our views on frequency hopping mechanisms for reception of DL PRS and transmission of UL SRS for positioning to improve positioning performance for RedCap UEs. 
Frequency hopping for DL-PRS for RedCap UEs
Configuration of Rx frequency hopping pattern
The basic principle of frequency hopping mechanism for RedCap positioning relies on the bandwidth stitching technique for the positioning reference signals, wherein a wideband channel is effectively realized based on multiple channel observations to enhance the time resolution of the DL-TDOA, UL-TDOA, and Multi-RTT positioning methods. In this regard, this wideband channel realization based on frequency hopping in conjunction with bandwidth stitching techniques would result in a sample time duration reduction and the discrete Fourier size extension. 
Figure 1 illustrates frequency hopping for reception of DL PRS for RedCap UEs. To support frequency hopping for DL PRS reception, the gNB can transmit a wideband DL PRS sequence in the allocated resource, while RedCap UEs perform frequency hopping at different time instances. However, the gNB needs to ensure an appropriate timing gap between adjacent DL PRS transmissions or repetitions to allow sufficient time for RedCap UEs to perform frequency hopping. This can be achieved by properly configuring DL PRS resources with repetitions and a timing gap between repetitions.
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[bookmark: _Ref124926500]Figure 1. Frequency hopping for reception of DL PRS for RedCap UEs 
With wideband DL PRS transmission from gNB side, it is evident that efficient multiplexing of DL PRS transmission for RedCap and non-RedCap UEs can be achieved, which is more beneficial from the perspective of system operation. However, in some scenarios, e.g., when DL PRS transmissions are only targeting for RedCap UEs in the network, it may be more appropriate to support a mode of operation such that gNB may only transmit the DL PRS in the resources according to the Rx frequency hopping pattern. In this case, the remaining resources which are not used for the DL PRS transmission can be allocated for data transmission for non-RedCap UEs, which can further improve the system level spectrum efficiency. 
In this case, the assumption by a RedCap UE on DL PRS transmission bandwidth can be decoupled from the actual transmission bandwidth of DL PRS as long as DL PRS reception is based on the frequency hopping pattern indicated to a RedCap UE. This allows a gNB to transparently choose between the option of transmitting a single common DL PRS that may be received by RedCap and non-RedCap UEs and the option of transmitting DL PRS for RedCap UEs separate from that for non-RedCap UEs.
Toward this direction, detailed frequency hopping pattern for DL PRS transmission across different subbands can be defined. Further, existing DL PRS sequence generation mechanism may be reused, while only relevant part of the sequence may be mapped to the subbands or frequency resource according to the frequency hopping pattern when gNB decides to only transmit the DL PRS for RedCap UEs. 
For RedCap UEs, the starting positioning of DL PRS can be determined based on some predefined rule or the configuration from Rx frequency hopping pattern. To provide accurate estimation of the phase difference between different hops at the receiver, appropriate amount of frequency resources needs to be considered within the overlapped regions between two frequency hops for DL PRS reception.
Proposal 1
· For DL PRS for RedCap UEs, frequency hopping pattern for the reception of DL PRS across different subbands is defined.  
· gNB may choose between the option of transmitting a single common DL PRS that may be received by RedCap and non-RedCap UEs and the option of transmitting DL PRS for RedCap UEs separate from that for non-RedCap UEs.

Support of PPW for PRS with Rx frequency hopping
At the RAN1#112 meeting, it was agreed that measurements on DL PRS with Rx frequency hopping using a measurement gap are supported for RedCap UEs. It is for further study whether PPW can be applied for DL PRS with frequency hopping for RedCap UEs [2]. 
In Rel-17, PPW was introduced to facilitate low latency positioning applications, where UE measures DL PRS within an active BWP. However, for DL PRS with Rx frequency hopping, the primary objective is to enable higher positioning accuracy rather than optimizing for positioning latency. As RedCap UEs may need to perform frequency hopping outside of the active BWP for positioning measurement, it is unclear whether considering PPW for PRS measurement for RedCap UEs would be beneficial. Further, it was agreed at the RAN#112 meeting to decouple BWP switching from DL PRS Rx or UL positioning SRS Tx frequency hopping. 
Considering that PPW is designed based on the BWP principle, it may not be appropriate to support PPW-based measurement for DL PRS with Rx frequency hopping for RedCap UEs. 
Proposal 2
· For DL PRS with Rx frequency hopping for RedCap UEs, only MG-based measurement is supported.  

Measurement report
At the RAN1#112b-e meeting, it was agreed that a single measurement based on receiving multiple hops of the DL PRS or UL SRS for positioning, and one measurement where the measurement is associated with one received hop are supported. It is FFS on whether more measurements can be supported for PRS and positioning SRS with frequency hopping [1]. 
The main motivation of supporting a single measurement based on receiving multiple hops of the DL PRS or UL SRS for positioning is to achieve accurate positioning measurement through coherent processing of an equivalent wideband reference signal. If multiple measurements associated with different hops are reported from either the gNB or UE, the measurement report overhead can be significantly increased. This is particularly true for DL PRS Rx frequency hopping, where the UE may need to report detailed frequency resource information for multiple hops. At the same time, when all the hops are received/transmitted, reporting the measurements separately and processing them non-coherently would be suboptimal to the option of coherent processing of the DL PRS or SRS for positioning across the different frequency hops.
Proposal 3
· More than one measurement where each measurement is associated with one received hop is not supported for DL PRS or UL SRS for positioning with frequency hopping.

Frequency hopping for SRS for positioning for RedCap UEs
Support of SP/A-SRS for positioning with Tx frequency hopping
At the RAN1#112b-e meeting, it was agreed that for RedCap UEs, SRS for positioning Tx frequency hopping is configured within one SRS for positioning resource [1]. The design concept is similar to SRS for MIMO, where intra-slot and inter-slot frequency hopping can be configured within an SRS resource. 
In Rel-16, periodic, semi-persistent and aperiodic SRS transmission for positioning were defined, which can be applied in various use cases and scenarios. By following the same design principle, periodic, semi-persistent and aperiodic SRS transmission can be supported for SRS for positioning with frequency hopping for RedCap. Given that SRS for positioning with Tx frequency hopping is configured within an SRS resource, existing signalling mechanism for activation/deactivation and triggering of SRS for positioning with frequency hopping can be largely reused. 
Proposal 4
· Semi-persistent and aperiodic SRS transmission are supported for SRS for positioning with Tx frequency hopping for RedCap UEs. 

Configuration of positioning SRS with Tx frequency hopping
As mentioned above, intra-slot or inter-slot frequency hopping was supported for SRS transmission for MIMO. In particular, for each SRS resource, certain parameters including subband size, frequency hopping configuration, and frequency domain position can be configured for SRS frequency hopping. 
It should be noted that the SRS bandwidth configuration table defined in TS38.211 may not be directly applicable for SRS for positioning with frequency hopping for RedCap UEs. During the RAN1#112b-e meeting, it was agreed that the frequency hopping pattern should be configured with either overlapping or non-overlapping hops for SRS for positioning with frequency hopping [1]. In this case, assuming a 100MHz channel bandwidth and 20MHz bandwidth for RedCap UEs in FR1, at least 5 hops, each with 20MHz BW are needed for SRS transmission with frequency hopping. Further, if frequency hopping with overlapping PRBs is configured, more than 5 hops would be necessary for SRS for positioning with frequency hopping. However, the configuration for this typical scenario for SRS with frequency hopping for RedCap UEs is not included in the SRS bandwidth configuration table.
Further, as indicated in the reply LS from RAN4, switching time of {70us, 140us} for FR1 and {35us, 70us, 140us} for FR2 are considered as starting point for DL PRS Rx and UL SRS Tx frequency hopping [3]. If subcarrier spacing of 30kHz is used for DL PRS and UL SRS in FR1, this would correspond to 2 or 4 symbols for switching period. In this case, current frequency hopping mechanism for SRS MIMO may not be applied for positioning SRS with Tx frequency hopping, when switching gap is inserted between hops. 
To avoid the update on the SRS bandwidth configuration table and thereby minimize the specification effort, it would be more desirable to configure multiple subbands within the channel bandwidth for SRS for positioning with frequency hopping, wherein subband size in each hop is less than or equal to maximum BW supported by RedCap UEs. Based on the configuration, UE can directly determine the time and frequency resource for SRS transmission for positioning with Tx frequency hopping. 
To enable SRS transmission for positioning for RedCap UEs, two frequency hopping patterns can be considered: a staircase or a non-staircase pattern, as illustrated in Figure 2. In the case of a staircase-like frequency hopping pattern, UE switches the subbands in an ascending or descending order for SRS transmission for positioning. For this option, gNB may simply perform coherent combining of the estimated channels between adjacent hops. However, if the gap between two hops with overlapping PRBs is relatively large, the gNB may need to wait for additional hops for coherent combining, which could complicate implementation and potentially degrade performance.
In the case of a non-staircase-like frequency hopping pattern, the gNB has full flexibility to configure the frequency hopping for RedCap UEs, which may provide better multiplexing capacity than the staircase-like frequency hopping pattern. However, this option may need explicit configuration of the starting PRB of subsequent subbands for positioning SRS transmission, which may complicate the frequency hopping pattern configuration.
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[bookmark: _Ref133784842]Figure 2. Tx frequency hopping for positioning SRS transmission
Considering the discussions above and the need to simplify configuration and minimize implementation effort, it is more desirable to at least support a staircase-like frequency hopping pattern for SRS for positioning for RedCap UEs. More specifically, in the time domain, the starting symbol of the first hop, number of symbols for SRS transmission and switching period between adjacent hops can be configured. In the frequency domain, the starting PRB of the first hop, number of overlapping PRBs, size of subband for each hop can be configured within an SRS resource. 
Proposal 5
· For SRS for positioning with frequency hopping for RedCap UEs,  
· At least a staircase-like frequency hopping pattern is supported.
· In the time domain, the starting symbol of the first hop, number of symbols for SRS transmission and switching period between adjacent hops can be configured.
· In the frequency domain, the starting PRB of the first hop, number of overlapping PRBs, size of subband for each hop can be configured.

Collison handling for RedCap UEs
Collision handling of positioning SRS with frequency hopping
As defined in NR, when SRS overlaps with DL in semi-static TDD configuration or other uplink transmission with higher priority, SRS transmission is dropped or cancelled. In case of positioning SRS with frequency hopping, special collision handling may need to be considered to ensure good positioning performance. At the RAN1#112b-e meeting, two options on the collision handling between SRS with frequency hopping and other UL/DL signals/channels for RedCap UEs were agreed to for further study [1]: 
· Option 1: UL time window where the UE is not expected to receive/transmit other signals/channels and is only expected to transmit FH SRS for positioning.
· Option 2: additional collision rules between the UL SRS with frequency hopping and other UL and DL signals/channels
In Option 1, a UL time window is introduced so as to allow UE to transmit only the SRS for positioning with frequency hopping, while cancelling the transmission or reception of other signals/channels. With proper configuration of UL time window, all the hops of positioning SRS have higher priority than other DL/UL channels/signals, which can help ensure good positioning performance. It should be noted that the time span of UL time window may need to cover the durations of all the hops including the switching gap between hops, as well as the switching gap before the first hop and after the last hop. Figure 3 illustrates UL time window for collision handling of positioning SRS with frequency hopping. 
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[bookmark: _Ref133826685]Figure 3. UL time window for collision handling of positioning SRS with frequency hopping
In Option 2, additional collision handling may need to be defined on top of existing collision handling rule. If SRS transmission in one of the hops has lower priority than other DL/UL channels or signals or collides with semi-static DL symbols, the SRS transmission in the corresponding hop is dropped. Given that gNB may need to perform coherent processing of multiple hops for positioning measurement, UE may not need to continue to transmit SRS in the remaining hops. In addition, special collision handling may also need to be introduced when switching period of associated SRS transmission overlaps with other uplink transmission with higher priority. However, this approach may not protect SRS transmission with frequency hopping, so the positioning performance may not be guaranteed compared to Option 1. 
To ensure precise positioning measurement, it is more appropriate to support Option 1, i.e., the introduction of UL time window where the UE is not expected to receive/transmit other signals/channels and is only expected to transmit FH SRS for positioning. 
Proposal 6
· For collision handling of positioning SRS with frequency hopping, at least Option 1 (UL time window where the UE is not expected to receive/transmit other signals/channels and is only expected to transmit FH SRS for positioning) is supported.

Collision handling of PRS for HD-FDD RedCap UEs
In Rel-17, a class of RedCap device was introduced to limit device complexity and reduce power consumption. In addition, HD-FDD RedCap UE was specified to further reduce device complexity by replacing a duplexer with a switch. However, due to the fact that the HD-FDD RedCap UE cannot receive and transmit simultaneously in the DL and UL carriers, collision handling rule was defined for DL PRS and SRS when overlapping with other UL or DL channels/signals. For instance, when DL PRS overlaps with dynamically scheduled UL transmission, a HD-FDD RedCap UE does not receive DL PRS. 
Note that collision handling was also specified in Rel-17 for scenarios where DL PRS overlaps with other DL channels/signals within a configured positioning processing window (PPW) outside of the measurement gap. For HD-FDD RedCap UE, it would be necessary to address scenarios involving time-overlaps between DL PRS and UL signals and channels within a PPW outside the measurement gap. To simplify the specification effort, a similar collision handling rule between DL PRS and other DL channels/signals may be applied. 
It should be noted that even if DL PRS reception using frequency hopping is restricted to within MGs, the handling of collisions when receiving DL PRS within a PPW would need to be addressed at least for the case where DL PRS is configured without Rx frequency hopping. 
Proposal 7
· For HD-FDD RedCap UE, collision handling between DL PRS and UL channels/signals within a configured PPW needs to be addressed at least for the case where DL PRS is configured without Rx frequency hopping.

Discussion on response to RAN4 LS
RAN1 received a reply LS from RAN4, which includes the following questions [3]:
	RAN4 also thinks additional switch time may be needed for SRS transmission between the initial/active BWP to the first hop and last hop to initial/active BWP, and therefore, has below question:
· Is the additional switch time for SRS transmission between the initial/active BWP to first hop and switch time between last hop to the initial/active BWP relevant for RedCap frequency hopping and should it be discussed in RAN4?



In general, the additional switching time would highly depend on whether the SRS transmissions in the first or last hops are confined within initial or active UL BWP. If the SRS transmission in the first or last hops is already contained within the initial or active UL BWP, there is no need for additional switching time. However, if the SRS transmission in either the first or last hops extends beyond the boundaries of the initial or active UL BWP, then additional switching time might be necessary. In this case, BWP switching time may need to be taken into account, especially when different subcarrier spacings are configured for positioning SRS with frequency hopping and the initial/active BWP.
In our view, this additional switch time for SRS transmission between the initial/active BWP to first hop and switch time between last hop to the initial/active BWP is relevant for positioning SRS with frequency hopping and can be discussed in RAN4. 
Proposal 8
· Additional switch time for SRS transmission between the initial/active BWP to first hop and switch time between last hop to the initial/active BWP is relevant for positioning SRS with frequency hopping and can be discussed in RAN4.

[bookmark: _Ref52481833]Conclusions
In this contribution, we presented our views on frequency hopping mechanisms for reception of DL PRS and transmission of UL SRS for positioning to improve positioning performance for RedCap UEs. Further, we summarize the proposals as follows:
Proposal 1
· For DL PRS for RedCap UEs, frequency hopping pattern for the reception of DL PRS across different subbands is defined.  
· gNB may choose between the option of transmitting a single common DL PRS that may be received by RedCap and non-RedCap UEs and the option of transmitting DL PRS for RedCap UEs separate from that for non-RedCap UEs.
Proposal 2
· For DL PRS with Rx frequency hopping for RedCap UEs, only MG-based measurement is supported.  
Proposal 3
· More than one measurement where each measurement is associated with one received hop is not supported for DL PRS or UL SRS for positioning with frequency hopping.
Proposal 4
· Semi-persistent and aperiodic SRS transmission are supported for SRS for positioning with Tx frequency hopping for RedCap UEs. 
Proposal 5
· For SRS for positioning with frequency hopping for RedCap UEs,  
· At least a staircase-like frequency hopping pattern is supported.
· In the time domain, the starting symbol of the first hop, number of symbols for SRS transmission and switching period between adjacent hops can be configured.
· In the frequency domain, the starting PRB of the first hop, number of overlapping PRBs, size of subband for each hop can be configured.
Proposal 6
· For collision handling of positioning SRS with frequency hopping, at least Option 1 (UL time window where the UE is not expected to receive/transmit other signals/channels and is only expected to transmit FH SRS for positioning) is supported.
Proposal 7
· For HD-FDD RedCap UE, collision handling between DL PRS and UL channels/signals within a configured PPW needs to be addressed at least for the case where DL PRS is configured without Rx frequency hopping.
Proposal 8
· Additional switch time for SRS transmission between the initial/active BWP to first hop and switch time between last hop to the initial/active BWP is relevant for positioning SRS with frequency hopping and can be discussed in RAN4.
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