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Introduction
One Rel-18 work item on expanded and improved NR positioning has been approved in RAN#98 [1], and its objective on reduced capability (RedCap) positioning is as follows:
	· 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].




In this contribution, we further discuss the remaining issues initially discussed during RAN1#112. 

DL-PRS Frequency Hopping
During RAN1#112, it was agreed to support Rx hopping for DL PRS receptions for RedCap UEs. Below we describe our views on the specification impact of Rx hopping, considering inter-slot hopping and intra-slot hopping. 

Inter-slot Rx PRS frequency hopping
In the inter-slot PRS frequency hopping, one RedCap UE scans whole wideband within multiple slots and one hop covers one or more slots as shown in Fig. 1. This kind of PRS transmission and reception is good for deep coverage (i.e. if the network signal is weak for some target UEs). Inter-slot frequency hopping can be realised using the PRS repetition framework, by configuring sufficient repetitions to cover the number of required hops for the UE. The specification impact is only to define the requirement for UEs using the repetition for hopping based on its retuning time and overlap need, which is a RAN4 issue. 

[bookmark: _Toc131755539]Inter-slot PRS frequency hopping can be implemented without RAN1 specification impact. 

[image: A picture containing text, clock

Description automatically generated]
Figure 1 Example for inter-slot PRS frequency hopping
Intra-slot Rx PRS frequency hopping
Inter-slot Rx PRS frequency hopping is a simple enhancement but comes at a cost in overhead and latency. For a single PRS sample (i.e. M=1) inter-slot Rx PRS hopping may require at least 6 slots of PRS transmission, even with short retuning time. Intra-slot hopping refers to PRS Rx hopping where some or all of the hops may be contained within a slot. Such configuration is beneficial from the latency and resource utilization perspective. To implement intra-slot Rx hopping, the system requires short durations for each hop (in the order of 1 or 2 symbols), a short retuning time and rely on good SNR conditions. In previous releases indoor positioning use case has been shown to be such a use case with high SNR and relatively short range where partial staggering / 1 symbol transmission would be feasible. We note that single-symbol PRS transmission has now been specified for release 18 [16].

For indoor cases, it is thus possible for a UE to be configured with a relatively short hopping sequence. Such short hopping sequences are desirable both from the network side and UE side. For the network, the footprint of PRS is optimized and thus resource utilization is improved. For the UE, the amount of PRS buffering is reduced, which simplifies processing.

[bookmark: _Toc131755529]Support of inter-slot PRS Rx frequency hopping is costly in network resources and for some cases unnecessarily increases PRS processing for multiple slots.
[bookmark: _Toc131755530]Short transmission in the order of 1 or 2 symbol is feasible at least for indoor positioning use cases.
[bookmark: _Toc131755531]Intra-slot PRS frequency hopping requires a short RF retuning time.

One example of intra-slot Rx hopping is shown in Fig. 2. The full bandwidth is parsed in 6 consecutive transmissions, each with a partial overlap to the previous transmission, spaced with 1 symbol to allow for RF retuning.  In the next sections, we show how intra-slot Rx hopping could be implemented with existing PRS configurations, and a potential enhancement to improve resource utilization. 

[image: ]
(a)
Figure 2 Examples for intra-slot frequency hopping within a slot (14 symbols). The full bandwidth is parsed in 6 hops, requiring 11 symbols in total

Intra-slot PRS frequency hopping using existing PRS configurations
To realize intra-slot hopping, it is necessary for the UE to receive a copy of the PRS for each hop. We note that some of the PRS configurations include repetitions of the staggered patterns. For example, comb-2 12 symbols PRS contain 6 copies of the PRS patterns. For indoor scenarios, reception of only a single comb “tooth” is enough to resolve the time of arrival, i.e. the UE does not require to receive all the resource element of the combed pattern. This means that the UE could drop some of the PRS pattern symbols to retune.  Hence, the PRS hopping spanning 100MHz in six hops could be realized using comb-2 and hopping during every second symbol of the 12-symbol resource. 

[bookmark: _Toc131755532] 100MHz intra-slot PRS frequency hopping can be implemented for indoor scenarios with comb-2, 12 symbols PRS, assuming a retuning time less than 1 OFDM symbol. 
From the specification perspective, the impact to support intra-slot hopping using the existing PRS configurations is thus only on the retuning time, currently being discussed by RAN4. 

[bookmark: _Toc131755540]Send an LS to RAN4 requesting to consider measurements based on intra-slot hopping for RedCap UEs. 

Intra-slot PRS frequency hopping using enhanced PRS configurations
One issue with using PRS frequency hopping with existing configuration is that the applicable configuration requires to have a low comb offset. The current specification does not allow repetition patterns together with partial staggering. Such configuration would make the deployment of frequency hopping for RedCap UEs much more efficient, and therefore, we propose to discuss the use of partially staggered PRS resources, for example 1 symbol and comb 12, as well as sub-slot repetitions. The current repetition framework is only based on slots, and repeating the PRS within a slot using consecutive symbol is not currently supported. One way to support intra-slot repetition is to introduce a configured symbol offset, instead of a slot offset, between consecutive repetitions. Partially staggered PRS patterns are applicable at least for indoor positioning and would enable resource efficient repetitions compared to existing patterns.

[bookmark: _Toc131755533]Current repetition framework only supports slot-level repetition.
[bookmark: _Toc131755541]Support partially staggered PRS patterns.
[bookmark: _Toc131755542]Support sub-slot (symbol) level repetitions, with resource time gap using symbol resolution.
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Figure 3 example of repetition factor at symbol level. The configuration shown uses a repetition factor of 6 with a resource time gap of 1 symbol.
Use of MG-based and gapless measurements with DL-PRS Rx Frequency Hopping
Support of a single or multiple measurements gaps in a hopping sequence
During RAN1#112, there was a discussion on whether to use one or multiple measurement gaps during Rx hopping [15]. In our view the whole discussion can be left to RAN4. The current measurement gap duration framework supports up to 20ms gap duration. With short retuning time in the order of 1 or 2 symbols, a single gap may be enough for the whole Rx hopping procedure for 6 hops. Alternatively, the duration of MGs may be extended by RAN4. 

[bookmark: _Toc131755534]Gap duration for PRS Rx hopping can be handled by RAN4. 
RF retuning time for UEs in RRC IDLE or RRC INACTIVE
When the UE is in either RRC_IDLE or RRC_INACTIVE, it is possible that it uses a smaller bandwidth than the PRS bandwidth (for example, idle UEs would revert to the default bandwidth part). For this case, it is important to consider retuning time not just between hops but also prior to PRS reception. For UEs in RRC_CONNECTED the UE bandwidth may also be smaller than the PRS bandwidth for power saving reason. In that case the measurement gap should include time for the UE to return to the bandwidth part original settings.  

[bookmark: _Toc131755535]RF retuning time should also be considered prior and after transmission of the PRS with Rx hopping. 
Support of PPW / gapless measurements
When the UE performs Rx hopping with short retuning, outside of the BWP switching framework, only the first hop would be potentially available for PDSCH reception. The remaining hops in the Rx hopping procedure are outside of the active BWP and thus not available to data.  Additionally, support of PPW assumes the rRedCap UE will perform both data processing, PRS reception, and RF retuning during the hopping procedure, which seem unrealistic from the complexity point of view. Finally, scheduling data means a HARQ response is expected by the UE within 15 slots based on the configured DL data to UL HARQ, which means that the PRS reception and processing may need to be interrupted to ensure an UL HARQ opportunity is available.  For these reasons, we think that support of PPW will provide limited benefits. 

[bookmark: _Toc131755543]PPW is not supported with DL PRS Rx hopping.
UL-SRS Frequency Hopping
SRS collisions with other UL transmissions while Tx hopping
As previously discussed, the use of the BWP switching mechanism may be too slow to efficiently transmit a wideband SRS wider than the RedCap UE RF capability. Therefore, we propose to consider a special configuration of the SRS for positioning, with the total bandwidth over all hops exceed the bandwidth of the UL BWP. When the UE is transmitting the SRS for positioning with bandwidth hopping, it is thus operating outside of the BWP framework, and specific parameters to the SRS with bandwidth hopping must be used, independently from the configured BWP bandwidth. Therefore, we propose that when UL SRS for positioning is transmitted with Tx bandwidth hopping in a slot, the other UL transmissions should follow some pre-established collision rules and either be suspended, or UL SRS should be dropped. 

[bookmark: _Toc131755544]When the SRS for positioning is using Tx bandwidth hopping, the active BWP bandwidth does not apply during transmission of the hops outside of the BWP. 
[bookmark: _Toc131755545]The UE is not expected to transmit other UL signals in the same slot as the one used by a SRS with Tx bandwidth hopping while the UE is hopping outside of the active BWP bandwidth. 
i. [bookmark: _Toc131755546]FFS: collision rules to prioritize SRS or other transmissions. 
Configuration of SRS frequency hopping with partial overlap
During RAN1 #112, it was agreed to support frequency hopping using a separate configuration from the SRS-config currently in the active BWP:

	Agreement
For RedCap UEs, support SRS for positioning frequency hopping by 
· Using a configuration separate from the existing BWP configuration
· FFS: hopping is configured within a SRS resource or across SRS resources




Similar to DL-PRS frequency hopping, partially overlapped SRS frequency hopping across wide bandwidth is also one attractive solution for RedCap UE to get similar high positioning accuracy as normal UE via accumulated wider bandwidth in UL. In the existing SRS transmission in NR for positioning, one UE can be configured with one or more SRS resource sets and/or one or more positioning SRS resource sets, where each SRS resource set includes one or more SRS resource(s) and each positioning SRS resource set includes one or more positioning SRS resource(s). One or more measurement results (e.g. UL RTOA and gNB Rx-Tx time difference) from gNB to LMF can be associated with one SRS resource set ID and one SRS resource ID or can be associated with one positioning SRS resource set ID and one positioning SRS resource ID [12]. So, it is expected that partially overlapped SRS frequency hopping is supported in one (positioning) SRS resource. 

[bookmark: _Toc131755547]Partially overlapped SRS frequency hopping needs to be supported in one (positioning) SRS resource.

In the existing solutions in NR, one SRS resource already can support SRS frequency hopping within one BWP as shown in Fig. 5, where the repetition factor in Fig. 5-(a) is 1 and the repetition factor in Fig. 5-(b) is 2. However, in the existing SRS frequency hopping patterns, two adjacent hops do not overlap in frequency domain. Moreover, frequency hopping is not supported at all for the SRS for positioning. Therefore, enhancements to support partially overlapped SRS frequency hopping in one SRS resource or in one positioning SRS resource need to be specified.

[bookmark: _Toc131755536]The existing SRS frequency hopping pattern in MIMO is unable to support partially SRS Tx frequency hopping in RedCap. 

[image: ]    [image: ]          
                     (a)  Repetition factor = 1             (b) Repetition factor = 2
Figure 4 Examples of intra-slot SRS frequency hopping in one SRS resource

One potential solution to specify support partially overlapped SRS frequency hopping configuration by extending the SRS configuration to include bandwidth Tx hopping parameters, including:
· Virtual wide bandwidth  
· Overlap offset  
· Time gap 
where virtual wide bandwidth is wider than the Redcap RF bandwidth and indicates the target wide bandwidth for SRS frequency hopping, e.g. 100MHz in FR1; overlap offset is the number of overlapped RBs of two adjacent hops, common for all the hops, as shown in figure 6a; time gap indicates the number of symbols between two adjacent hops for RF retuning as shown in Fig. 6b.
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      (a)  One overlap offset indication                   (b) One list of overlap offsets indication
Figure 5 Intra-slot SRS frequency hopping via overlap offset indication


Alternatively, instead of configuring the overlap offset, the partially overlapped SRS frequency hopping also can be configured via more RF carrier frequencies and each RF carrier frequency indicates the start RB of one hop, or can be configured via more frequency offsets and each frequency offset indicates the start RB of one hop compared to the start RB of the first hop. This solution does not require the change of other BWP parameters.
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Figure 6 Intra-slot SRS frequency hopping via more RF carrier frequencies
 
In our view, the simplest way to implement bandwidth hopping is to specify the targeted full bandwidth for hopping, the gap between two adjacent hops in time domain and the overlap in frequency domain, as shown in Fig. 6. Therefore, we propose the following:

[bookmark: _Toc131755548]SRS for positioning Tx bandwidth hopping is supported for RedCap UEs, by extending the SRS configuration with at least
ii. [bookmark: _Toc131755549]The total BW to be covered over all hops
iii. [bookmark: _Toc131755550]The gap (in symbols) between two adjacent hops
iv. [bookmark: _Toc131755551]The overlap between two adjacent hops in frequency domain
1. [bookmark: _Toc131755552]FFS: whether the overlap is common for all hops or specific for each hop.

Coverage should be an issue, and so BW hopping need also support repetition. Regarding the repetition for partially overlapped SRS frequency hopping, one new repetition number can be introduced in the configuration for this new SRS frequency hopping pattern. The repetition pattern could operate by either “hop first, then repeat” as shown in Fig. 8-(a) or “repeat, then hop” as shown in Fig. (8)-b. In the former, this repetition number can indicate the number of SRS frequency hopping where each hop has one symbol in one SRS frequency hopping as shown in Fig. 8-(a). In the latter, the repetition number can be utilized to indicate the number of symbols in one SRS hop as shown in Fig. 8-(b).  

It should be noted that support of both frequency hopping and repetition will imply that SRS hopping will in all likelihood be done over multiple slots. In order to avoid phase discontinuity issues, the transmission should not be mixed with any other UL transmission, and therefore all slots involved should be dedicated to the UL SRS for bandwidth hopping. 

[bookmark: _Toc131755537]All slots involved in BW hopping should not include other transmission than the UL SRS for BW hopping. 
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(a) Repetition number is the number of SRS frequency hopping
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(b) Repetition number is the number of symbols in one SRS hop
Figure 7 Repetition number definition in partially overlapped SRS frequency hopping
   
[bookmark: _Toc131755553]A new repetition number can be introduced to indicate the number of SRS frequency hopping where each hop has one symbol in one SRS frequency hopping, or to indicate the number of symbols in one SRS hop, if partially overlapped SRS frequency hopping is configured.

For the purpose of overhead reduction, in the case where all resources in a resource set are expected to be used for frequency hopping, common parameters may be configured at resource set level. Additionally, resource set configuration of the hopping pattern could also be over-ridden by a resource specific configuration of the frequency hopping. For example, FH with repetition may be configured for a resource set, but disabled for one particular resource. 
	
[bookmark: _Toc131755554]The frequency hopping configuration parameters can be configured both at resource set level and/or resource level. If frequency hopping is configured in both level for one or more of the FH parameters, the configured parameter(s) at the resource level overrides the resource set configuration for these parameters.
Power control for SRS frequency hopping
Phase error
There are several factors contributing the phase errors between two adjacent frequency hops, namely, the PLL retuning phase error, the phase error caused by timing error and the phase error caused by UE Tx gain change. The previous two factors may have been considered but the last one is not discussed in study phase. As the phase error derived by using the overlapped resources should apply to other non-overlapped resource so the basic assumption is that the phase error caused by these factors should be consistent over the transmitted bandwidth. Such assumption is valid for the phase error caused by PLL retuning as it is the same across transmission bandwidth. For phase error caused by timing error, this assumption still be fine as the timing error translates to frequency dependent phase error. However, for phase error caused by Tx gain change, the assumption may not hold as phase response for a Tx chain is not flat over frequency and thus there will be residue phase error. For example, one company PA measurement results show there is a difference of 5 to 13 degree for single PA over 20MHz for a 850 MHz band when power transition from one mode to another. If 5 degree is compensated over the whole 20MHz, there could be as high as 8-degree residual error and in the worst case, such error is accumulated for different hops. Therefore, the phase error caused by Tx gain change will add as phase error which cannot be compensated for. The Tx power change setting between different hops may cause the Tx gain change and such power change may result from the different MPR because of the different RB allocation within the cell channel bandwidth or may result from the different pathloss estimation over different transmission occasions. 

[bookmark: _Toc131755538]The change of UE transmit power between different hops may cause the Tx gain change which introduces additional phase error.

To mitigate the phase error between different hops due to the changed UE transmit gain, one potential solution is that the UE uses same or similar transmission power for different hops during UL SRS frequency hopping. For example, the UE can keep its transmit gain within the SRS frequency hopping duration via using the same pathloss estimation for its UL SRS transmission power setting in each hop. The pathloss estimation is linked to the filtered RSRP estimation defined in TS 38.215, there is a benefit on mitigation of the additional phase error caused by UL Tx power fluctuation if the pathloss estimation is kept the same for each hop. This is because in RAN4 TS 38.101-1, the tolerance of the open loop power control is quite big (clause 6.3.4.2). For each hop, it is assumed to be open loop power control.

6.3.4.2 Absolute power tolerance
The absolute power tolerance is the ability of the UE transmitter to set its initial output power to a specific value for the first sub-frame (1 ms) at the start of a contiguous transmission or non-contiguous transmission with a transmission gap larger than 20 ms. The tolerance includes the channel estimation error.
The minimum requirement specified in Table 6.3.4.2-1 apply in the power range bounded by the minimum output power as specified in clause 6.3.1 and the maximum output power as specified in clause 6.2.1.
Table 6.3.4.2-1: Absolute power tolerance
	Conditions
	Tolerance

	Normal
	± 9.0 dB



      
[bookmark: _Toc131755555]UE uses same pathloss estimation for SRS transmission during one SRS frequency hopping duration if uplink power control is configured.
Collision with PUSCH/PUCCH
In the existing solutions in NR, if a PUSCH with a priority index 0 and SRS configured by SRS-Resource are transmitted in the same slot on a serving cell, the UE may only be configured to transmit SRS after the transmission of the PUSCH and the corresponding DM-RS; and if a PUSCH transmission with a priority index 1 or a PUCCH transmission with a priority index 1 would overlap in time with an SRS transmission on a serving cell, the UE does not transmit the SRS in the overlapping symbol(s) [13].

For partially overlapped SRS frequency hopping in RedCap positioning, if one hop in one SRS frequency hopping is dropped due to the collision with high-priority PUSCH/PUCCH, then the network only can use the hops before the dropped hop, since once a PUSCH/PUCCH is transmitted, phase continuity with the previous hops of the SRS cannot be guaranteed. 

[image: ]
(a) Fixed active BWP
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(b) Changed active BWP 
Figure 8 Collision between SRS and PUSCH  

[bookmark: _Toc131755556]If the SRS for positioning with BW hopping collides with a high priority PUSCH/PUCCH, the colliding slot(s) and the remaining SRS slot(s) in the hopping sequence are dropped.
[bookmark: _Toc68614629][bookmark: _Toc68614630][bookmark: _Toc68614651]Conclusion
In the previous sections we made the following observations: 
Observation 1	Support of inter-slot PRS Rx frequency hopping is costly in network resources and for some cases unnecessarily increases PRS processing for multiple slots.
Observation 2	Short transmission in the order of 1 or 2 symbol is feasible at least for indoor positioning use cases.
Observation 3	Intra-slot PRS frequency hopping requires a short RF retuning time.
Observation 4	100MHz intra-slot PRS frequency hopping can be implemented for indoor scenarios with comb-2, 12 symbols PRS, assuming a retuning time less than 1 OFDM symbol.
Observation 5	Current repetition framework only supports slot-level repetition.
Observation 6	Gap duration for PRS Rx hopping can be handled by RAN4.
Observation 7	RF retuning time should also be considered prior and after transmission of the PRS with Rx hopping.
Observation 8	The existing SRS frequency hopping pattern in MIMO is unable to support partially SRS Tx frequency hopping in RedCap.
Observation 9	All slots involved in BW hopping should not include other transmission than the UL SRS for BW hopping.
Observation 10	The change of UE transmit power between different hops may cause the Tx gain change which introduces additional phase error.

In this contribution, we share our observations and proposals below for RedCap positioning.
Proposal 1	Inter-slot PRS frequency hopping can be implemented without RAN1 specification impact.
Proposal 2	Send an LS to RAN4 requesting to consider measurements based on intra-slot hopping for RedCap UEs.
Proposal 3	Support partially staggered PRS patterns.
Proposal 4	Support sub-slot (symbol) level repetitions, with resource time gap using symbol resolution.
Proposal 5	PPW is not supported with DL PRS Rx hopping.
Proposal 6	When the SRS for positioning is using Tx bandwidth hopping, the active BWP bandwidth does not apply during transmission of the hops outside of the BWP.
Proposal 7	The UE is not expected to transmit other UL signals in the same slot as the one used by a SRS with Tx bandwidth hopping while the UE is hopping outside of the active BWP bandwidth.
i.	FFS: collision rules to prioritize SRS or other transmissions.
Proposal 8	Partially overlapped SRS frequency hopping needs to be supported in one (positioning) SRS resource.
Proposal 9	SRS for positioning Tx bandwidth hopping is supported for RedCap UEs, by extending the SRS configuration with at least
i.	The total BW to be covered over all hops
ii.	The gap (in symbols) between two adjacent hops
iii.	The overlap between two adjacent hops in frequency domain
1.	FFS: whether the overlap is common for all hops or specific for each hop.
Proposal 10	A new repetition number can be introduced to indicate the number of SRS frequency hopping where each hop has one symbol in one SRS frequency hopping, or to indicate the number of symbols in one SRS hop, if partially overlapped SRS frequency hopping is configured.
Proposal 11	The frequency hopping configuration parameters can be configured both at resource set level and/or resource level. If frequency hopping is configured in both level for one or more of the FH parameters, the configured parameter(s) at the resource level overrides the resource set configuration for these parameters.
Proposal 12	UE uses same pathloss estimation for SRS transmission during one SRS frequency hopping duration if uplink power control is configured.
Proposal 13	If the SRS for positioning with BW hopping collides with a high priority PUSCH/PUCCH, the colliding slot(s) and the remaining SRS slot(s) in the hopping sequence are dropped.
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