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Introduction
In RAN meeting #88e, the Rel-17 power saving enhancements WID identified potential paging enhancements as one of the major areas for RAN1 work [1].

	1) Specify enhancements for idle/inactive-mode UE power saving, considering system performance aspects [RAN2, RAN1]
a) Study and specify paging enhancement(s) to reduce unnecessary UE paging receptions, subject to no impact to legacy UEs [RAN2, RAN1]
· NOTE: RAN1 to check and update, if needed, evaluation methodology in RAN1 #100-2 meeting
…


In this paper, we discuss the remaining issues of paging early indication (PEI) design and propose solutions accordingly.
Paging early indication design
During the RAN #93-e meeting, PDCCH-base PEI was selected for continuous discussion [2]. After RAN1 #016-bis-e, the main remaining issues for PEI design are search space set configuration and PEI location [3]. In the following subsections, we will focus on discussions and solutions for these aspects.
	Conclusion for Issue 1.
· Support PDCCH-based PEI as the only option
•       Only essential function for PEI is support
•      New DCI format
•      Higher layer configuration, including SS
•      Details of the procedures of PEI monitoring, and identification of MOs before PO
•      Only Behv-A (per RAN1#104e agreement) is supported 
•      If TRS availability indication is agreed to be supported in both paging DCI and the DCI format for PEI, same mechanism/principle for TRS availability indication is adopted for the two DCI formats
•      Supporting TRS availability indication in DCI format for PEI shall not delay the completion of essential functionality of PEI 



Search Space Set for PEI PDCCH
RAN1 #106-bis-e agreed that the PEI PDCCH will be transmitted in CORESET #0 or in the commonControlResourceSet. According to TS 38.331, the common CORESET is “configured and used for any common or UE-specific search space. If the network configures this field, it uses a ControlResourceSetId other than 0 for this ControlResourceSet. The network configures the commonControlResourceSet in SIB1 so that it is contained in the bandwidth of CORESET#0.” Hence, the UE will only monitor the PEI PDCCH in a bandwidth contained by CORESET #0. 
	Agreement 
CORESET # 0 or commonControlResourceSet in SIB1 can be used for PEI
·        Note: The number of CORESETs configured for a UE follows the requirement of UE feature 3-1


Discussions on PEI have tried to be general for any UE type including both the RedCap UE and non-RedCap UE. However, for the RedCap UE, one unique design could be to define a separate RedCap initial DL BWP outside the legacy initial DL BWP for the purpose of offloading RedCap UEs from this BWP. If this RedCap initial DL BWP is adopted, the RedCap UE may not monitor the PEI PDCCH in the legacy BWP. The final design choice of CORESET for PEI for the RedCap UE may additionally depend on whether paging occasions are configured for the RedCap UE in the RedCap initial DL BWP and whether SSB or TRS is transmitted in that BWP.
[bookmark: o1]Observation 1: BWP and CORESET for PEI PDCCH monitoring by the RedCap UE may depend on the following design aspect for the RedCap UE:
· Whether separate initial DL BWP is adopted for the RedCap UE
· Whether paging occasions are configured in RedCap initial DL BWP for the RedCap UE
· Whether SSB or TRS is transmitted in the RedCap initial DL BWP.
The power saving design for RedCap may have to wait until RedCap session concludes on the design aspects above.
RAN1 #106-bis-e also agreed that a dedicated search space configuration will be provided for PEI PDCCH monitoring. This mechanism provides the flexibility for PEI location determination including the offset between PEI and PO as well as aligning PEI and SSB. The main open issue is whether pagingSearchSpace for paging PDCCH monitoring or searchSpaceSetZero can be reused for PEI PDCCH. The answer to this question highly depends on how the PEI should be aligned with the target PO and SSB.
There is major difference for UE implementation between the case that PEI is close to or overlap with PO and the case that PEI is close to overlap with SSB. The former case is hard for UE implementation because once the UE is paged, it needs to continuously process the paging PDCCH and the paging PDSCH. Implementation wise, it is natural for the UE to perform the PEI detection, wake up its hardware and process the PO sequentially. Then, PEI should not overlap with PO and it would be better to have a gap between PEI and PO for hardware. The latter is easier because once the UE captures samples for both SSB and PEI PDCCH, it can take the time to process SSB and PEI without worrying out any other upcoming signals. In this sense, it is fine for the UE to receive the SSB and PEI within the same slot in any order (i.e., SSB is before PEI, PEI is before SSB, or PEI and SSB are overlapping). This has the benefit of minimizing the active time of UE RF module so that power saving gain for receiving SSB and PEI can be maximized.
[bookmark: o2]Observation 2: From UE power saving and implementation perspective, it is beneficial if 
· The gap between PEI and target PO is large enough for UE to finish PEI PDCCH decoding and wake up the hardware before PO
· SSB and PEI are received in the same slot.
	Agreement
Support configuration of a dedicated search space (‘peiSearchSpace’) for PEI
·        FFS: Configuration details and whether and how to reuse legacy search space sets, including pagingSearchSpace and searchSpaceSetZero


The gap between the PEI and PO should be defined as an interval from the end of PEI MOs to the start of PO, but not from the start of PEI MOs to the start of PO. This is because the gap should be wide enough for the worst case that the last beam is the best beam tracked by the UE. 
[bookmark: p1]Proposal 1: A non-zero gap between the PEI monitoring occasions across beams and the target PO is needed 
· The gap is from the end of PEI monitoring occasions to the start of target PO
· Note: the gap should be long enough for the UE to process the PEI and to wake up the hardware.
If pagingSearchSpace is used for PEI PDCCH monitoring, the PEI PDCCH monitoring occasion will overlap with paging PDCCH monitoring occasion on the same beam. Then there is no gap between PEI and PO which is not aligned with our preferred design. Maybe from signaling reduction perspective, the pagingSearchSpace can partially be reused for PEI, but the time domain location of PEI monitoring occasion should be separately determined so that the gap between PEI and paging PDCCH is ensured.
[bookmark: p2]Proposal 2: Do not support direct reuse of pagingSearchSpace for PEI PDCCH monitoring including the case pagingSearchSpace is same as searchSpaceSetZero
· It is fine to derive the PEI search space set from the pagingSearchSpace by separately determining time domain location of PEI monitoring occasion so that there is a gap between PEI monitoring occasion and PO.
As for searchSpaceSetZero, when it is not the pagingSearchSpace, whether it can be used for PEI PDCCH monitoring depends on the SS/PBCH block and CORESET multiplexing pattern configured for searchSpaceSetZero. Different patterns have different time domain relationship between SSB and PDCCH. As mentioned above, we prefer the SSB and PEI to be configured within the same slot so that UE awake duration can be minimized. We will discuss this in more details in the next subsection for SSB/PEI alignment.

PEI Alignment with SSB
For NR Rel-15 and 16, the idle and inactive mode UE needs to receive SSBs periodically for tracking loop maintenance and beam management if multiple beams are configured in the cell. In the meanwhile, the UE measures SSBs for RRM mobility and cell reselection. When the UE camps on the cell, it needs to detect for paging PDCCH for every DRX cycle in RRC idle and inactive mode in the Type 2 common search space set for PDCCH with CRC scrambled with P-RNTI in configured PO.  
The UE may have to wake up more than once in each DRX cycle to receive the SSB and to process the PO because in general serving cell SSB is not aligned in time with PO. Between the wake-up instances, the UE cannot go to deep sleep and hence more power is consumed compared to the case that PO for the UE is aligned with or in close proximity to the associated SSB. For typical channel condition, single SSBS reception per DRX cycle in idle and inactive mode should be sufficient to maintain performance of tracking loops and paging reception. Then, alignment between that SSBS and PO would lead to good UE power saving. Even for the case multiple SSBSs need to be received within a DRX cycle, aligning one of the SSBSs with PO can at least reduce one wake-up and help save power. In our companion paper [4], we proposed methods for network to configure SSB and PO alignment for UEs especially those that have a more stringent power requirement. For Rel-17, power saving can be achieved in a similar way by aligning the SSB and PEI.
[bookmark: o3]Observation 3: SSB and PO alignment can lead to UE power saving. Aligning SSB and PEI can achieve similar power saving effect for Rel-17 PEI design.
Based on this observation, we will discuss the determination of PEI location that has been discussed in the following RAN1 #106-bis-e agreement.
	Agreement
Determination of PEI-O location for a target PO is based on one of the following alternatives:
· Alt 1: The first PDCCH monitoring occasion of the PEI-O is provided w.r.t. the start of a reference frame determined by a frame-level offset to the PF of the target PO
· FFS: The unit and the range of the frame-level offset
· FFS: The unit and the range of the configuration for the first PDCCH monitoring occasion (e.g., to be the same as those of firstPDCCH-MonitoringOccasionOfPO)
· Alt 2: The first PDCCH monitoring occasion of the PEI-O is provided w.r.t. the L-th SS burst before the first PDCCH monitoring occasion of the target PO.
· FFS: the case that a SSB burst overlaps in time with the target PO
· FFS: L = 1, 2 or 3
· FFS: Reference the “start” or “end” of the L-th SS burst
· FFS: The unit and the range of the configuration for the first PDCCH monitoring occasion
· Alt 3: The first PDCCH monitoring occasion of the PEI-O is provided by a time offset w.r.t. a reference time for the target PO.
· FFS: The exact definition of the reference time, e.g. the first MO of the target PO, the first MO of the first PO indicated by the PEI, the start of the PF for the target PO
· FFS: The unit and the range of the time offset
· FFS: Whether any SS burst or TRS burst is needed between PEI-O and PO
· Configuration for one PEI indicating multiple POs within a PF should be taken into consideration in the determination of PEI occasion  
Decide one of the above alternatives or a single merged solution based on the alternatives in RAN1#107-e meeting.
FFS: Extension for the case one PEI indicates multiple POs across multiple PFs, if supported


Figure 1 illustrates the three alternatives of the agreements for PEI location.


[bookmark: _Ref86927325]Figure 1: Alternatives for location of PEI monitoring occasion
Alt 1 applies a two-step offset to determine the PEI location including a frame level offset to the start of the paging frame of the target PO(s) and a symbol-level offset to the target PO to further adjust the PEI location. Alt 3 uses a single offset to determine the PEI location. For Alt 3, if the reference time is the “the start of the PF for the target PO”, Alt 3 is equivalent to Alt 1 with only the frame level offset. If the reference time is “the first MO of the target PO, the first MO of the first PO indicated by the PEI”, the PEI location can be separately determined for each PO similarly to Alt 1. However, neither Alt 1 nor Alt 3 can enable alignment between PEI and SSB with a common offset in time for multiple POs or PFs indicated by the same PEI.
[bookmark: o4]Observation 4: For determination of PEI location for a target PO, Alt 1 and Alt 3 requires per PF or per PO offset configuration to align the PEI with SSB.
Our design preference is to have SSB and PEI on same beam aligned preferably within the same slot. As discussed early, it is fine if SSB and PEI on the same beam overlap in time. Then, the UE can minimize the RF active time and the power consumption. Since the number of SSBs per slot is 2, it is not possible to always tightly align SSB and PEI MO on all beams if the number of PEI MOs per slot is not 2 (e.g., 1). 
Regarding the “FFS: the case that a SSB burst overlaps in time with the target PO”, this SSB burst cannot be used as the reference time for PEI to have a gap between PEI and PO. Otherwise, PEI will be placed very close to or even overlap with the PO if PEI location is close to the SSB. As discussed, we need a gap between the PEI and the target PO for UE to receive the PEI and wake up its hardware. Then the SSB used as reference time for PEI should be a SSB before the target PO that doesn’t overlap with the PO. 
Regarding “FFS: Reference the “start” or “end” of the -th SS burst”, we prefer to use the “start” of the SSB burst as reference time based on the preference to receive SSB and PEI on same beam within same slot. 
Regarding the “FFS:  = 1, 2 or 3”, there is no need to explicitly define , as long as there is minimum time gap between PEI and PO. Then the first SSB that satisfies the gap can be used as the reference time for PEI location.
[bookmark: p3]Proposal 3: To determine the location of the first PEI PDCCH monitoring occasion, adopt the alignment between PEI and SSB as described in Alt 2 with the following updates
· Do not use the SSB burst that overlaps in time with the target PO as reference time for PEI location
· There is no need to explicitly define . The first SSB before the PO that satisfies the minimum gap between PEI and PO is used as the reference time for PEI
· Use the “start” of the SSB burst as reference time for PEI.
Based on this proposal, we can now discuss the remaining aspects for the mapping between PEI and POs as discussed in the following agreement. From resource efficiency perspective, it would be better to use the same PEI PDCCH to indicate the paging information for POs if PEI location of these POs overlap in time.
	Agreement 
For PEI, a new DCI format is supported to include at least paging indications to UE group(s)/subgroups of the associated PO(s)
· One bit in the DCI payload indicating one UE subgroup of a PO or one UE group/PO
· The maximum number of total bits for paging indication field in PEI DCI format is x 
· One PEI can be configured to indicate up to 4 PO(s) in a PF
· FFS whether to supporting map PEI to 3 POs in a PF
· FFS: 1 PEI for POs across multiple PFs
· FFS: value of x


[bookmark: p4]Proposal 4: For the mapping between PEI PDCCH and POs
· Support mapping PEI to 3 POs in a PF
· Note: subset of POs in a PF may have same PEI location based on PEI alignment with SSB burst
· Support 1 PEI for POs across multiple PFs
· Maximum DCI size for PEI PDCCH should guarantee the missed detection performance of PEI is at least one order lower than the paging PDCCH
· Network properly configures the number of sub-groups per PO so that number of bits in each PEI PDCCH does not exceed the maximum DCI size
searchSpaceSetZero for PEI PDCCH
With proposals and observations made in early subsections of this paper, we can now discuss whether and how searchSpaceSetZero can be used for PEI PDCCH monitoring. searchSpaceSetZero configuration is provided by table lookup based on PBCH and tables defined in chapter 13 of TS 38.213. There are three multiplexing patterns for the SSB and CORESET for searchSpaceSetZero. For FR1, only the TDM multiplexing pattern 1 is applicable and the FDM multiplexing patterns 2 and 3 only apply to FR2. For the case that searchSpaceSetZero is configured for pagingSearchSpace, the discussion follows the discussion for pagingSearchSpace as PEI early in this paper. In this subsection, we only consider the remaining case that searchSpaceSetZero is not pagingSearchSpace.
First, using searchSpaceSetZero for PEI PDCCH monitoring can be a valid design from the perspective of the minimum gap from PEI to PO.
[bookmark: o5]Observation 5: If searchSpaceSetZero is not configured as pagingSearchSpace, i.e., PEI and paging PDCCH are configured in different search space sets, it is possible for the network to configure PEI such that there is a minimum gap between the PEI location and the PO. 
PEI alignment with SSB can be achieved by SSB and CORESET multiplexing patterns 2 and 3. For multiplexing pattern 1, according to section 13 of 38.213, network can align SSB and Type0-PDCCH CSS set in the same slot for all beams (i.e., index #1 of Table 13-11) when each slot has two PEI PDCCH monitoring occasions corresponding to two SSBs in the slot. This is the preferred configuration for PEI when searchSpaceSetZero is used for PEI PDCCH monitoring in the sense that UE can minimize the awake duration by receiving both PEI and SSB in the same slot. According to section 13 of 38.213 network can also configure SSB and type0-PDCCH CSS in separate slots (i.e., index #6 of Table 13-11). Based on our early proposal for PEI and SSB alignment, we have the following proposal.
[bookmark: p5]Proposal 5: If searchSpaceZero is used for PEI PDCCH monitoring, only index 1 of Table 13-11 is supported for FR1 and only indices 1 and 6 of Table 13-12 are supported for FR2.



Figure 2: SS/PBCH block and CORESET multiplexing patterns


Conclusions
In this paper, we discussed idle/inactive UE paging enhancement techniques for NR Rel-17 power saving. We made the following observations and proposals
Observation 1: BWP and CORESET for PEI PDCCH monitoring by the RedCap UE may depend on the following design aspect for the RedCap UE:
· Whether separate initial DL BWP is adopted for the RedCap UE
· Whether paging occasions are configured in RedCap initial DL BWP for the RedCap UE
· Whether SSB or TRS is transmitted in the RedCap initial DL BWP.
Observation 2: From UE power saving and implementation perspective, it is beneficial if 
· The gap between PEI and target PO is large enough for UE to finish PEI PDCCH decoding and wake up the hardware before PO
· SSB and PEI are received in the same slot.
Observation 3: SSB and PO alignment can lead to UE power saving. Aligning SSB and PEI can achieve similar power saving effect for Rel-17 PEI design.
Observation 4: For determination of PEI location for a target PO, Alt 1 and Alt 3 requires per PF or per PO offset configuration to align the PEI with SSB.
Observation 5: If searchSpaceSetZero is not configured as pagingSearchSpace, i.e., PEI and paging PDCCH are configured in different search space sets, it is possible for the network to configure PEI such that there is a minimum gap between the PEI location and the PO. 

Proposal 1: A non-zero gap between the PEI monitoring occasions across beams and the target PO is needed 
· The gap is from the end of PEI monitoring occasions to the start of target PO
· Note: the gap should be long enough for the UE to process the PEI and to wake up the hardware.
Proposal 2: Do not support direct reuse of pagingSearchSpace for PEI PDCCH monitoring including the case pagingSearchSpace is same as searchSpaceSetZero
· It is fine to derive the PEI search space set from the pagingSearchSpace by separately determining time domain location of PEI monitoring occasion so that there is a gap between PEI monitoring occasion and PO.
Proposal 3: To determine the location of the first PEI PDCCH monitoring occasion, adopt the alignment between PEI and SSB as described in Alt 2 with the following updates
· Do not use the SSB burst that overlaps in time with the target PO as reference time for PEI location
· There is no need to explicitly define . The first SSB before the PO that satisfies the minimum gap between PEI and PO is used as the reference time for PEI
· Use the “start” of the SSB burst as reference time for PEI.
Proposal 4: For the mapping between PEI PDCCH and POs
· Support mapping PEI to 3 POs in a PF
· Note: subset of POs in a PF may have same PEI location based on PEI alignment with SSB burst
· Support 1 PEI for POs across multiple PFs
· Maximum DCI size for PEI PDCCH should guarantee the missed detection performance of PEI is at least one order lower than the paging PDCCH
· Network properly configures the number of sub-groups per PO so that number of bits in each PEI PDCCH does not exceed the maximum DCI size
Proposal 5: If searchSpaceZero is used for PEI PDCCH monitoring, only index 1 of Table 13-11 is supported for FR1 and only indices 1 and 6 of Table 13-12 are supported for FR2.
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