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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
A new work item on low-power wake-up signal and receiver for NR (LP-WUS/WUR) was approved in RAN#102 [1]. The work item includes the following objectives:
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported
· For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)
· For CONNECTED mode, specify procedures to allow UE MR PDCCH monitoring triggered by LP-WUS including activation and deactivation procedure of LP-WUS monitoring (RAN2, RAN1)
· Check in RAN#105 for potential TU adjustment in RAN2
· Note: In CONNECTED mode, UE MR ultra-deep sleep is not considered, and UE RRM/RLM/BFD/CSI measurements are performed by MR
· Note: The target coverage of LP-WUS and LP-SS shall be the coverage of PUSCH for message3.
· Note: The optimization of LP-WUS signal design for idle/inactive mode is prioritized over the optimization for connected mode.
· Specify the necessary RAN4 core requirement(s) to support the feature (RAN4).
· This objective is to be further refined in RAN#103



In this contribution, we present our views on the procedures and configuration related to paging monitoring triggered LP-WUS detection including payload size and format/structure, i.e., sequence vs encoded bits design, and subgroup indication in an LP-WUS.  

Discussion
[bookmark: _Ref157694805]The discussion on LP-WUS payload size and structure is captured in Section 2.1, the discussion on LP-WUS configuration is captured in Section 2.2, whereas the discussion on subgroup indication in LP-WUS is captured in Section 2.3.
1.1 [bookmark: _Ref161655458]LP-WUS Payload Size/Structure
In TR38.869 [3], the content of LP-WUS was discussed where “UE-group, -subgroup or -ID” were given as potential example content in RRC IDLE/INACTIVE mode as follows
	For IDLE/INACTIVE mode study at least following candidates for content of LP-WUS
-	information on which user(s) is/are targeted by the LP-WUS
-	e.g. UE-group, -subgroup or -ID
-	FFS: cell information 
-	FFS: SI change and ETWS/CMAS information, tracking area information, and RAN area information
-	….
-	Other information candidates are not precluded
-	Study pros and cons of including above information to LP-WUS. 
-	Note: the information may be explicitly or implicitly indicated.



It was noted during the evaluation of LP-WUS power saving gain that false paging and false alarms can have a negative impact, especially when the MR is configured to enter ultra-deep sleep state in RRC IDLE/INACTIVE state, due to unnecessary wake-up of the MR and associated transition energy from the sleep state to active state. Therefore, at least LP-WUS UE subgrouping with an adequate number of subgroups should be considered as concluded by RAN2 in TR38.869 [3] as
	RAN2 has studied and concluded to support subgrouping for LP-WUS, detailed design depends on the payload of LP-WUS.


[bookmark: _Ref157757556]Observation 1: LP-WUS support of an adequate number of subgroups in RRC Idle/Inactive is required to limit the impact of false paging and high transition energy on power saving gain. 
For LP-WUS to carry a UE-subgroup in RRC IDLE/INACTIVE mode, the existing UE-subgroup configuration in Rel-17 PEI or Rel-16 GWUS for NB-IoT/LTE-M may be considered as a starting point. Both Rel-17 PEI and Rel-16 GWUS support up to 8 subgroups per PO and mapping of up to 8 and 4 POs is supported by each of them, respectively. Further, the up to 8 POs supported in Rel-17 PEI can be mapped to up to 2 PFs. Rel-19 LP-WUS may then be designed to support at least a subset of the configurations for either Rel-17 PEI or Rel-16 GWUS, for example, up to 8 subgroups and mapping of up to 2 POs which will require up to 16 bits. The existing CN-assigned and UE-ID based subgrouping methods used for Rel-17 PEI can initially be reused for Rel-19 LP-WUS, e.g., if Rel-19 PEI is not concurrently configured with Rel-19 LP-WUS. Eventually, a larger number of subgroups than that is supported by PEI can be considered to alleviate the impact of the high transition energy associated with ultra-deep sleep state and subsequently ensure sufficient power saving gain using LP-WUS.
For LP-WUS to carry a UE-ID in RRC IDLE/INACTIVE mode, a minimum of 24 bits are needed for the short I-RNTI (40 bits for full I-RNTI) supported in RRC INACTIVE mode whereas a 48-bit 5G-S-TMSI might be needed in RRC IDLE mode. 
[bookmark: _Ref157757579][bookmark: _Ref161751422]Observation 2: Rel-19 LP-WUS information size should support at least a subset of Rel-17 PEI subgrouping configuration, i.e., up to 8 subgroups and up to 8 POs per PEI. Larger number of subgroups can be considered to ensure power saving gain. 
In TR38.869 [3], two alternatives for carrying LP-WUS information were discussed
	-	Study further following alternatives to carry the LP-WUS information using: 
-	Alt 1: by sequence(s) detection/selection  
-	FFS sequence type
-	Alt 2: by encoded bits 
-	FFS: what type of encoding scheme
-	FFS: with or without other bits (e.g. CRC/FCS)
-	Other alternatives are not precluded



The sequence-based design might limit the amount of information that can be transmitted by the LP-WUS since the sequence detection complexity can increase exponentially with the information size. Therefore, in order to support up to 16 bits for LP-WUS with UE-subgroup based addressing capability or up to 24 bits for LP-WUS with UE-ID based addressing capability in RRC INACTIVE state, at least the alternative to carry LP-WUS information using encoded bits should be supported. Further, for a target FAR 1%, a CRC with minimum length of 8 bits may be needed which can result in a FAR %. 
[bookmark: _Ref157757587]Observation 3: Carrying LP-WUS information using encoded bits may require an 8-bit CRC to target a FAR < 1% and the corresponding overhead may be minimized by considering up to 16 bits of information.
An LP-WUS design with 16 bit payload and 8 bit CRC based on OOK-4 waveform option with M=2 was shown in [2], see Appendix B for details, to achieve the target coverage of PUSCH for Msg3 when a SCS of 30 kHz, a 4.32 MHz LP-WUS bandwidth, and a 2.6 GHz Urban scenario (TDL-C 300) are considered.
[bookmark: _Ref157757599]Proposal 1: Support at least the alternative to carry up to 16 bits of LP-WUS information using encoded bits with an 8-bit CRC.
The need for a preamble (or frame sync field) preceding LP-WUS payload should be determined by the waveform timing error tolerance, LP-SS design, and LP-SS periodicity. In TR38.869, few values for LP-SS periodicity that are not less than 320 ms were considered for evaluation and the value of 320 ms is considered, as a starting point, in the WI [1]. Further, few clock options depending on their frequency error/drifting characteristics were considered, listed in Table 1, and example frequency/time deviation model was provided as follows
	Frequency Drifting:
· The relationship between a drifted frequency error(ΔF), frequency drift ( F’) over a time (T1) is 
ΔF = ±F’ * T1
· When frequency displacement [Fd] reaches max frequency error, it is assumed to be equaled to max frequency error
· T1 is the time from the previous frequency synchronization. T1 may take different values depending on the chosen frequency synchronization approach.
· For Model 1 of frequency error, Frequency displacement (Fd), defined as the difference between ideal frequency and frequency due to 1) clock drifting (ΔF); and 2) residual frequency error from previous synchronization/calibration (Fr), is given as Fd (ppm)=ΔF (ppm) +Fr(ppm), 
· Companies to report Fr and important assumptions for achieving Fr, e.g., if MR can assist to calibrate LP-WUR to correct the frequency error or if LP-WUR can only correct the frequency error based on LP-WUS synchronization signal
Time Drifting:
· The relationship between the maximum frequency error(Fe) and corresponding timing drift( ΔT) over a time(T) is ΔT = ±Fe * T (linear region)
· The relationship between a frequency drift( F’), and corresponding timing drift(ΔT) over a time(T) is ΔT = Fr*T ±0.5 * F’ *T2 (transient region)
· The transition between transient and linear region (from synchronization or calibration point/time) occurs at time [Ts= (Fe-Fr)/( F’)]
[image: A graph with a red line

Description automatically generated]
· T is the time from the previous time synchronization. T may take different values depending on the chosen synchronization approach
· FFS: Time error (Te) before detection of a current sync signal is defined as the difference between ideal time of the current sync signal and the time error due to 1) clock time drift (ΔT); and 2) residual time error from previous synchronization/calibration (Tr); Te= ΔT+ Tr



[bookmark: _Ref158369632]Table 1: Frequency error/drifting options
	Parameter
	Value

	Oscillator max frequency error (Fe) [ppm], Oscillator frequency drift (F’) [ppm/s]

(Fe, F’)
	option 1: (200, 0.1)
option 2: (50, 0.1)
option 3: (10, 0.05)
option 4: (5, 0.05)
Other values are not precluded for studying, reported by companies

	RTC max frequency error (Fe) [ppm]
	20
RTC drift report by company




In RRC Idle/Inactive, we consider the case when LP-SS may not be used for frequency error correction and that the RTC clock is used for timing drift and timing error analysis. Therefore, we use the following formula to estimate the time error (Te)
Te = ΔT+ Tr = Fe  T + Tr
The residual time error (Tr) depends on the sampling frequency (fs) and the LP-SS design. For example, the median residual time error in our companion paper [6] at a sampling frequency of 11.2 MHz is ~0.35 s which represents ~3.92sample time (Ts) where Ts = 1/11.2 MHz. The maximum time offset between an LP-WUS and the last LP-SS used for synchronization at which a preamble may not be needed is then provided in Table 2 for two LP-WUS settings (i.e., OOK-1 and OOK-4 with 4s and 2s timing error tolerance) and three sampling frequencies fs  MHz. It should be noted that there is a diminishing return on the maximum time offset with the increase of sampling frequency. For example, considering OOK-4 (M=2), there is only a 17.5% increase in the maximum time offset by doubling the 3.84 MHz sampling frequency compared to 54% by doubling the 7.68 MHz sampling frequency.
[bookmark: _Ref158385425]Table 2: Maximum tolerable time offset between LP-SS and LP-WUS without preamble
		        fs 

waveform
	3.84 MHz
	7.68 MHz
	15.35 MHz

	OOK-1
	148 ms
	174 ms
	187 ms

	OOK-4 (M=2)
	48 ms
	74 ms
	87 ms


 
[bookmark: _Ref158386626]Observation 4: The maximum time offset between an LP-SS and an LP-WUS without a preamble can be 74 ms and 174 ms for LP-WUS time error tolerance of 2us and 4us, respectively, at a sampling frequency of 7.68 MHz and assuming no frequency error correction. 
[bookmark: _Ref158386635]Proposal 2: Consider a preamble to precede the transmission of an LP-WUS if LP-SS periodicity is >= 320 ms and the time offset between LP-WUS and last LP-SS is, e.g., > 50 ms.

1.2 [bookmark: _Ref157694830]LP-WUS Configuration 
In RAN1#116, LP-WUS occasions (LOs) and LP-WUS monitoring occasions (MOs) were defined as follows
	Agreement
LP-WUS occasions (LOs) are defined for LP-WUS monitoring.
· Each LO has one or more LP-WUS monitoring occasions (MOs), where UE can monitor for LP-WUS transmission in each of the LP-WUS MOs.
· Different LP-WUS MOs may correspond to different beams in multi-beam operation
· FFS whether or not each LO is defined as a time window that covers the corresponding LP-WUS MOs
· FFS details
· It is at least supported that a UE monitors LOs with a configured periodicity.
· FFS eDRX, if supported




When PEI is configured and UE supports monitoring of PEI, the UE can monitor one PEI occasion (PEI-O) per an I-DRX cycle where a PEI-O is a set of PDCCH MOs and may be associated with two consecutive Paging Frames (PFs) with Ns Paging Occasions (POs) per PF. The PEI-O is defined by a reference point, determined by a frame-level offset from the start of the first PF of the PF(s) associated with the PEI-O (provided by pei-FrameOffset in SIB1), and one or more symbol-level offset(s) provided by firstPDCCH-MonitoringOccasionOfPEI-O where the number of symbol-level offsets depend on the number of POs associated with a PEI provided by . The reference point and one of the offsets determine the time of the first PDCCH the UE should start monitoring for a PEI according to a configured search space defined by pei-SearchSpace-r17.
[bookmark: _Ref161751545]Observation 5: PEI-Os are defined using a reference point, one or more symbol-level offsets, a number of POs per PEI, and a search space.
Similarly, an LO can be defined by a reference point and one or more offsets instead of a search space as it is expected that LP-WUS monitoring configuration will be limited. The one or more offsets can be used to define one or more first LP-WUS MO(s) where the first LP-WUS MO is the starting LP-WUS MO in a group of LP-WUS MOs corresponding to the number of beams in the system in support of the multi-beam operation. Alternatively, a number and periodicity parameter can be used to define the LP-WUS MO groups per LO. Another offset (time gap) can be used to define the time gap between any two LP-WUS MOs in the groups of LP-WUS MOs supporting the multi-beam operation.  
The illustrative example shown in Figure 1 considers LP-WUS monitoring configuration per PF, i.e., the same configuration applies for every PF, however, this can be extended to cover the case when the configuration is associated with one or more PFs. Additionally, the figure implicitly assumes that the LO periodicity considered by the UE is the same as the configured I-DRX periodicity. Two POs are assumed per PF where each PO, i.e., PO-i for , is associated with an LO, i.e., LO-i for . Each LO includes two LP-WUS MO groups and each group includes two LP-WUS MOs corresponding to an example two-beam scenario. In Figure 1-(a), the first LP-WUS MO of each example LO-i is defined by a reference point, defined as  frame multiples (e.g., 10 frame duration = 100 ms) away from PF, and an offset for. The first LP-WUS MO of each additional LP-WUS MO group per LO-i is defined by an additional offset with respect to the reference point. Further, the subsequent LP-WUS MOs per LP-WUS MO group are defined by a time gap with respect to the end of the previous MO where the number of LP-WUS MOs per group corresponds to the number of beams in the system. In Figure 1-(b), the first LP-WUS MOs of the additional (Ng-1) LP-WUS MO groups in an LO are defined based on a number of LP-WUS MO groups per LO (Ng) and a periodicity. 
[bookmark: _Ref161751560]Proposal 3: Consider the following options, depicted in Figure 1, for LO configuration and association with the Ns POs per PF where Ng is the number of LP-WUS MO groups per LO 
Option 1: a reference point, Ns  Ng offsets to first LP-WUS MOs, and a time gap
Option 2: a reference point, Ns offsets to first LP-WUS MOs, a number (Ng) and periodicity for LP-WUS MO groups, and a time gap
	[image: ]

	(a) LO Configuration using a reference point and offsets (Option 1)

	[image: ]

	(b) LO Configuration using a reference point, offsets, and 
MO groups number and periodicity (Option 2)


[bookmark: _Ref161150335]Figure 1: Example illustration of LO and LP-WUS MO configuration options

During the RAN1#116 discussions and as captured in the agreement on LO and LP-WUS MO definition above, the support of LP-WUS under e-DRX configuration was questioned. In TR 38.869, the impact of supporting LP-WUS under e-DRX configuration was evaluated and the following conclusion was captured 
	TR38.869 (Conclusion)
Compared with existing eDRX operation, significant paging latency reduction and moderate UE power saving gain is observed, if LP-WUS monitoring and the corresponding paging monitoring after MR wake-up is performed not restricted within existing PTW of eDRX. Significant UE power gain and moderate paging latency increase is observed if LP-WUS monitoring is restricted within existing PTW of eDRX and existing paging occasion determination is reused.  



In Section 8.1.1.4.2 of TR 38.869, a mean latency reduction of 96%~98% was observed when LP-WUS monitoring is not restricted in Paging Time Window (PTW) and dynamic PO determination is considered at an effective per UE paging arrival rate <=1% while a mean power saving gain in the range of 9%~58% was still observed. Therefore, it can be beneficial to consider LP-WUS under eDRX configuration along with dynamic PO determination to enable lower latency for applications/use cases that still prioritizes power saving.
[bookmark: _Ref161751580]Observation 6: According to TR38.869, considering LP-WUS and dynamic PO determination for UEs configured with an eDRX cycle can provide significant improvement in paging latency without an increase in power consumption.
A UE configured with LP-WUS under eDRX configuration may monitor LOs according to a periodicity higher than the PTW’s periodicity, i.e., period between consecutive LOs is smaller than the eDRX cycle, as shown in Figure 2-(a). Similar to LO configuration under I-DRX configuration, LOs configured for a UE under eDRX configuration can be defined by a reference point (determined by ), an offset (), and an LO cycle which can be  the eDRX cycle and  the I-DRX cycle. A Dynamic PO cutoff reference may be configured, e.g., using a reference point offset () multiplicative factor , as in Figure 2-(b,c) to differentiate between when a UE is expected to monitor a PO outside of the configured PTW (i.e., a dynamic PO) versus when it is expected to monitor a PO within the configured PTW. For example, a UE detecting an LP-WUS in an LO monitored after the Dynamic PO cutoff reference is not expected to monitor a PO outside the configured PTW and should only monitor POs within the configured PTW as shown in Figure 2-(b). On the other hand, the UE detecting an LP-WUS in an LO monitored before the Dynamic PO cutoff reference is expected to monitor at least one PO outside the configured PTW using similar configuration to LP-WUS monitoring under I-DRX operation as discussed earlier and as shown in Figure 2-(c). The UE may then monitor POs within the configured PTW if a paging DCI is not detected during the at least one Dynamic PO or if the at least one Dynamic PO is missed, e.g., due to a longer wake-up/ramp-up time of the main radio. 
 
	[image: ]

	(a) Example LO configuration with eDRX
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	(b) Example illustration of LP-WUS detection after a dynamic PO cutoff point

	[image: ]

	(c) Example illustration of LP-WUS detection before a dynamic PO cutoff point


[bookmark: _Ref161302862]Figure 2: Example illustration of LO configuration and monitoring with eDRX and Dynamic PO

[bookmark: _Ref161751594]Proposal 4: Support LP-WUS and dynamic PO determination for UEs configured with an eDRX cycle and consider LO configuration using at least a reference point, an offset, and an LO cycle ≤ the eDRX cycle and ≥ the I-DRX cycle.
In RAN1#116, the following proposal was agreed to support UE’s monitoring of legacy PO after LP-WUS detection whereas support of UE’s monitoring of a Dynamic PO is for further study.
	Agreement
It is supported that the UE monitors the legacy PO after receiving LP-WUS indicating wake-up.
· FFS: support of UE monitoring dynamic PO




Similar to UEs with eDRX configuration, LP-WUS with Dynamic PO can be supported for UEs with I-DRX configuration. However, it should be noted that Dynamic PO support does not necessarily mean that new resources should be allocated for additional POs that are different than what are already allocated for existing/legacy POs. For example, existing PF/PO configuration allows the presence of a PF every {2, 4, 8, 16} radio frames with {1, 2, 4} POs per PF, according to paging configuration in SIB1, when SSB periodicity  20 ms or SSB/CORESET multiplexing pattern 1 (i.e., TDM configuration) is considered. Therefore, there can already be at least a PF every 160 ms regardless of the configured I-DRX cycle. Currently, this PF periodicity controls the number (N) of PFs per I-DRX paging cycle using RRC parameter nAndPagingFrameOffset where N. For each UE, the SFN carrying the relevant PF in any I-DRX paging cycle (T) is determined by the following relationship using a PF offset value (PF_offset), which is also determined by the RRC parameter nAndPagingFrameOffset.
(SFN + PF_offset) mod T = (T div N)*(UE_ID mod N)
To support Dynamic PO, a dynamic PO offset (DPO_offset) may be considered for the UE_ID according to the following relationships and as illustrated in Figure 3.
(SFN + PF_offset) mod T = (T div N)*((UE_ID – DPO_offset) mod N)
DPO_offset = floor ((SFN – SFN_LO – RU_offset)*(N div T))
where SFN_LO and RU_offset are the first radio frame of the LO where an LP-WUS is received by the UE and the ramp-up offset for the main radio, respectively. Note that drawing in Figure 3 is not to scale, i.e., time between an LO and corresponding PF may actually be longer to capture the ramp-up time from ultra-deep sleep state. Also, the illustrating figure assumes an LO periodicity similar to the PF periodicity, however, different periodicity is possible, i.e., LO cycle larger than the period between any two consecutive PFs (1/(N div T)).

[image: ]
[bookmark: _Ref161412117]Figure 3: Example illustration of LO configuration and monitoring with I-DRX and Dynamic PO

[bookmark: _Ref161751610]Observation 7: Existing paging configuration allows PF presence every {1, 2, 4, 8, 16} radio frames and therefore support of LP-WUS with Dynamic PO under I-DRX configuration may not require the introduction of additional PFs. 
[bookmark: _Ref161751615]Observation 8: The SFN for the dynamic PF can be determined by introducing a negative dynamic PO offset (DPO_offset) to the UE_ID in existing PF determination formulation where DPO_offset may be determined by floor ((SFN – SFN_LO – RU_offset)*(N div T)) for an SFN_LO determined based on LP-WUS detection and a ramp-up offset (RU_offset) for the main radio. 
As illustrated in Figure 3, a UE upon detection of an LP-WUS in a configured LO may determine the availability of a dynamic PO/PF based on the determination of SFN_LO < Dynamic PO Cutoff reference. The UE may then monitor the dynamic PO and consider monitoring the legacy PO if a Paging DCI is not detected in the dynamic PO or the dynamic PO is missed, e.g., due to a long ramp-up time of the MR. On the other hand, the UE may directly monitor the legacy PO based on the determination of SFN_LO  Dynamic PO Cutoff reference. Initial discussion in RAN1#116 on the periodicity of LO for a UE with I-DRX configuration considered the two options of having LO period (1) the same as; or (2) smaller than the I-DRX cycle. To benefit from the lower paging latency considering the dynamic PO, smaller LO period than the I-DRX cycle is needed.
	Proposal discussed in RAN1#116
For the periodicity of LO for a UE in iDRX mode,
· Option 1: it is the same as the iDRX cycle
· Option 2: it can be smaller than the iDRX cycle




[bookmark: _Ref161751626]Proposal 5: Support LP-WUS with dynamic PO determination for UEs configured with an I-DRX cycle and consider LO configuration using an LO cycle ≤ the I-DRX cycle.
It is understood that allowing legacy UEs to share their PO with an LP-WUS capable UE from a different UE group may result in higher false alarm for the legacy UEs monitoring the shared PO, i.e., a paging DCI may be sent to only page the UEs with Dynamic PO configuration when legacy UEs monitoring the same PO were not supposed to receive paging. In order to handle this issue, an alternative paging RNTI (e.g., AP-RNTI) may be considered when the paging DCI is intended only for UEs with Dynamic PO configuration, otherwise, legacy P-RNTI is used for the paging DCI. However, this might require the UEs with Dynamic PO configuration to consider both P-RNTI and the alternative paging RNTI during paging DCI detection in the Dynamic PO. 
[bookmark: _Ref161751641]Observation 9: An alternative paging RNTI may be considered for the paging DCI in the Dynamic PO when only UEs with Dynamic PO configuration are to be paged to avoid increasing false paging to legacy UEs.

1.3 [bookmark: _Ref161749462]Subgroup Indication in LP-WUS 
As discussed in Section 2.1, Rel-17 PEI supports wake-up indication of up to 8 subgroups per PO where the indication is bitmap based allowing the concurrent/simultaneous wake-up indication of multiple subgroups per PEI signaling, i.e., the DCI carried in a PDCCH. Further, it was discussed in Section 2.1 that a larger number of subgroups may be needed to guarantee an LP-WUS power saving gain by limiting the impact of false paging and high transition energy from the ultra-deep sleep state. LP-WUS may then consider similar bitmap-based indication mechanism as for PEI, however, the larger number of subgroups, e.g., up to 24 subgroups, may then require a payload size of at least 24 bits which might have an impact on LP-WUS coverage and/or resource utilization.
Therefore, for LP-WUS to support the large number of subgroups while limiting the impact on coverage and/or resource utilization, the number of subgroups may be split into multiple (e.g., two) subsets where the bitmap-based wake-up indications of only a single subset of the subgroups may be included in the payload of an LP-WUS. Subsequently, multiple (e.g., two) LP-WUS transmissions may be needed to convey the bitmap based wake-up indications for the multiple (e.g., two) subsets of subgroups, if needed, but the payload size of a single LP-WUS can be shorter than that needed for the total number of subgroups (e.g., 12 bits for each of two subsets rather than 24 bits for the whole set of subgroups) which can limit the impact on LP-WUS coverage (i.e., assuming fixed resource per bit). 
To limit the impact on resource utilization, proper selection of the subsets of the subgroups and/or providing indication of the subset in the LP-WUS may be considered. For proper selection of the subsets of the subgroups, traffic characteristics may be taken into account. For example, two subsets of the subgroups may be considered where a first subset may be associated with UEs of eDRX configuration, i.e., sparse traffic arrival, and a second subset may be associated with UEs of DRX configuration, i.e., more frequent traffic arrival. Subsequently, the LP-WUS carrying wake-up indications for the first subset of subgroups may be transmitted less often than the LP-WUS carrying wake-up indications for the second subset of subgroups.
The subset indication can be implicit such as assigning an LP-WUS MO for each subset in an LO as shown in Figure 4-(a). Alternatively, the subset indication can be explicit such as a header field, as shown in Figure 4-(b), or a preamble preceding the LP-WUS payload, as shown in Figure 4-(c). The header may incur additional resource overhead whereas the preamble indication can be more resource efficient, as it was already discussed in Section 2.1 that a preamble or LP-WUS frame sync field that preceded the LP-WUS payload may be needed anyway if an LP-SS periodicity >= 320 ms is considered. Further, to limit the preamble detection complexity, the number of subsets of the subgroups may be limited to two subsets and a sequence () and its complement () can be used for subset indication as shown in Figure 4-(c), subsequently, the LP-WUR can differentiate between the two subsets using the sign of the detected peak, e.g., positive peak to indicate a first subset and a negative peak to indicate a second subset.    
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	(a) using subgroup subset association with LP-WUS MOs (implicit subset indication)
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	(b) using explicit subgroup subset indication by a header

	[image: ]

	(c) using explicit subgroup subset indication by a preamble/frame sync 


[bookmark: _Ref161673503]Figure 4: Examples of bitmap-based subgroup wake-up indication options for large number of subgroups assuming two subsets of the subgroups

In the case that LP-WUS is configured only for UEs with sparse traffic arrival, e.g., UEs with eDRX and Dynamic PO configuration, the bitmap-based wake-up indication may not be the appropriate choice all the time as it may unnecessarily lead to an increase in LP-WUS resource utilization whereas subgroup ID-based indication, i.e., an LP-WUS carrying one or more subgroup identifier(s), may be more efficient. In this case, the preamble/frame sync may be used to indicate a bitmap-based (Normal format) or ID-based (Compact format) LP-WUS format depending on the number of subgroups that require a wake-up indication in an LP-WUS, as shown in Figure 5. For example, assuming a total number of subgroups of 24, a Compact LP-WUS with ID-based subgroup indication may be used to concurrently indicate wake-up for up to, e.g., 4 subgroups, whereas a Normal LP-WUS with bitmap-based subgroup indication may be used to concurrently indicate wake-up for larger number of subgroups. The number of IDs included in a Compact LP-WUS with ID-based subgroup indication can be determined using a header preceding the LP-WUS payload, as shown in Figure 5-(a), or an end of frame (EoF) delimiter at the end of the LP-WUS payload, as shown in Figure 5-(b). Alternatively, a fixed payload size may be considered for the Compact LP-WUS with ID-based subgroup indication and depending on the number of IDs to be included in an LP-WUS, padding or null bits may be used.
	[image: ]

	(a) using a header to indicate number of IDs
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	(b) using an EoF delimiter to indicate number of IDs


[bookmark: _Ref161738430]Figure 5: Illustration of bitmap-based and ID-based subgroup wake-up indication switching

[bookmark: _Ref161751660]Proposal 6: Consider the following options for LP-WUS to support large number of paging subgroups with limited impact on coverage and/or resource utilization
  Option 1: LP-WUS carrying bitmap-based wake-up indication for subsets of the subgroups
         –  Option 1-1: subgroup-subset identification using association with LP-WUS MOs
         –  Option 1-2: subgroup-subset identification using a header
         –  Option 1-3: subgroup-subset identification using a preamble/frame sync
  Option 2: LP-WUS switching between bitmap and ID-based subgroup wake-up indication
         –  Option 2-1: Number of IDs in LP-WUS determined by a header
         –  Option 2-2: Number of IDs in LP-WUS determined by an end of frame delimiter
         –  Option 2-3: Fixed number of IDs in LP-WUS with padding bits, if needed

[bookmark: _Ref129681832]Conclusion
This contribution discusses LP-WUS structure and configuration during operation in IDLE/INACTIVE state. The following summarizes our observations and proposals.
LP-WUS Payload Size/Structure
Observation 1: LP-WUS support of an adequate number of subgroups in RRC Idle/Inactive is required to limit the impact of false paging and high transition energy on power saving gain.
Observation 2: Rel-19 LP-WUS information size should support at least a subset of Rel-17 PEI subgrouping configuration, i.e., up to 8 subgroups and up to 8 POs per PEI. Larger number of subgroups can be considered to ensure power saving gain.
Observation 3: Carrying LP-WUS information using encoded bits may require an 8-bit CRC to target a FAR < 1% and the corresponding overhead may be minimized by considering up to 16 bits of information.
Proposal 1: Support at least the alternative to carry up to 16 bits of LP-WUS information using encoded bits with an 8-bit CRC.
Observation 4: The maximum time offset between an LP-SS and an LP-WUS without a preamble can be 74 ms and 174 ms for LP-WUS time error tolerance of 2us and 4us, respectively, at a sampling frequency of 7.68 MHz and assuming no frequency error correction.
Proposal 2: Consider a preamble to precede the transmission of an LP-WUS if LP-SS periodicity is >= 320 ms and the time offset between LP-WUS and last LP-SS is, e.g., > 50 ms.

LP-WUS Configuration
Observation 5: PEI-Os are defined using a reference point, one or more symbol-level offsets, a number of POs per PEI, and a search space.
Proposal 3: Consider the following options, depicted in Figure 1, for LO configuration and association with the Ns POs per PF where Ng is the number of LP-WUS MO groups per LO 
Option 1: a reference point, Ns  Ng offsets to first LP-WUS MOs, and a time gap
Option 2: a reference point, Ns offsets to first LP-WUS MOs, a number (Ng) and periodicity for LP-WUS MO groups, and a time gap
Observation 6: According to TR38.869, considering LP-WUS and dynamic PO determination for UEs configured with an eDRX cycle can provide significant improvement in paging latency without an increase in power consumption.
Proposal 4: Support LP-WUS and dynamic PO determination for UEs configured with an eDRX cycle and consider LO configuration using at least a reference point, an offset, and an LO cycle ≤ the eDRX cycle and ≥ the I-DRX cycle.
Observation 7: Existing paging configuration allows PF presence every {1, 2, 4, 8, 16} radio frames and therefore support of LP-WUS with Dynamic PO under I-DRX configuration may not require the introduction of additional PFs.
Observation 8: The SFN for the dynamic PF can be determined by introducing a negative dynamic PO offset (DPO_offset) to the UE_ID in existing PF determination formulation where DPO_offset may be determined by floor ((SFN – SFN_LO – RU_offset)*(N div T)) for an SFN_LO determined based on LP-WUS detection and a ramp-up offset (RU_offset) for the main radio.
Proposal 5: Support LP-WUS with dynamic PO determination for UEs configured with an I-DRX cycle and consider LO configuration using an LO cycle ≤ the I-DRX cycle.
Observation 9: An alternative paging RNTI may be considered for the paging DCI in the Dynamic PO when only UEs with Dynamic PO configuration are to be paged to avoid increasing false paging to legacy UEs.

Subgroup Indication in LP-WUS
Proposal 6: Consider the following options for LP-WUS to support large number of paging subgroups with limited impact on coverage and/or resource utilization
  Option 1: LP-WUS carrying bitmap-based wake-up indication for subsets of the subgroups
         –  Option 1-1: subgroup-subset identification using association with LP-WUS MOs
         –  Option 1-2: subgroup-subset identification using a header
         –  Option 1-3: subgroup-subset identification using a preamble/frame sync
  Option 2: LP-WUS switching between bitmap and ID-based subgroup wake-up indication
         –  Option 2-1: Number of IDs in LP-WUS determined by a header
         –  Option 2-2: Number of IDs in LP-WUS determined by an end of frame delimiter
         –  Option 2-3: Fixed number of IDs in LP-WUS with padding bits, if needed

[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]References
[bookmark: _Ref158369623][bookmark: _Ref100319889][bookmark: _Ref113439639]RP-234056, “New WID: Low-power Wake-up Signal and Receiver for NR (LP-WUS/WUR)”, CMCC, RAN#102, Dec. 11-15, 2023
[bookmark: _Ref155776780]R1-2306428, “Evaluation of LP-WUS and Performance Results”, Futurewei, RAN1#114, Aug. 21-25, 2023
[bookmark: _Ref157758540]3GPP TR 38.869 v2.0.0 (2023-12), “Study on low-power wake up signal and receiver for NR (Release 18)”, TSG RAN.
[bookmark: _Ref157758524]R1-2306429, “LP-WUS Physical Signal Design and Performance”, Futurewei, RAN1#114, Aug. 21-25, 2023
[bookmark: _Ref114759531][bookmark: _Ref157758791][bookmark: _Ref117667454]R1-2304355, “Discussion on LP-WUS Receiver Architectures ”, Futurewei, RAN1#113, May 22-26, 2023
[bookmark: _Ref163126063]R1-2402046, “Discussion on LP-WUS and LP-SS Design ”, Futurewei, RAN1#116bis, April 15-19, 2024 

Appendix A: RAN1 Agreements
RAN1#116
	Agreement
Multi-beam operations are supported for LP-WUS and LP-SS for idle mode

Agreement
LP-WUS occasions (LOs) are defined for LP-WUS monitoring.
· Each LO has one or more LP-WUS monitoring occasions (MOs), where UE can monitor for LP-WUS transmission in each of the LP-WUS MOs.
· Different LP-WUS MOs may correspond to different beams in multi-beam operation
· FFS whether or not each LO is defined as a time window that covers the corresponding LP-WUS MOs
· FFS details
· It is at least supported that a UE monitors LOs with a configured periodicity.
· FFS eDRX, if supported

Agreement
For the case where a UE supports PEI and PEI is configured by the gNB, after the UE receives LP-WUS indicating wake-up, it is up to UE implementation whether to monitor PEI or not.

Agreement
It is supported that the UE monitors the legacy PO after receiving LP-WUS indicating wake-up.
· FFS: support of UE monitoring dynamic PO

Conclusion
For idle/inactive mode, how to map a UE to a subgroup ID for LP-WUS is left to RAN2 to decide.




Appendix B: Coverage Evaluation
In this section, we derive LP-WUS and LP-SS coverage. We consider a LP-WUS consisting of a payload field carrying 16 information bits and a Frame Check Sequence (FCS) field carrying 8 CRC bits. The preamble, used in LP-WUS LLS evaluation, reuses the 32-bit preamble defined in IEEE802.11ba. For coverage evaluation, we consider the following two options:
· LP-WUS: Waveform Option OOK-4 with M=2
· LP-SS: Waveform Option OOK-4 with M=8
For LP-WUS, the preamble+payload+CRC structure, a SCS of 30 kHz, a 4.32 MHz LP-WUS bandwidth, and a 2.6 GHz Urban scenario (TDL-C 300) are considered. A 1/2 Manchester code is used for LP-WUS resulting in an information data rate of 28kbps leading to payload+CRC occupying a total of 24 OFDM symbols. For LP-SS, a 32-bit low density sequence (i.e., a sequence with lower number of 1 bits compared to 0 bits, 2 ON bits are considered in every 8 bits) occupying 4 OFDM symbols is considered. The coverage evaluation methodology in TR38.830 is used and the analysis is shown in Table 3 below.
[bookmark: _Ref140830826]Table 3: Link budget analysis for PUSCH (Msg.3) and LP-WUS/LP-SS
	Channel for evaluation
	Msg.3 PUSCH
	LP-WUS-1
	LP-SS

	Scenario and Carrier Frequency
	FR1: Urban 2.6 GHz
	FR1: Urban 2.6 GHz
	FR1: Urban 2.6 GHz

	Cell area reliability (%)
	90%
	99%
	99%

	 Transmitter
	

	(1) Number of transmit antenna elements
	1
	192
	192

	(2) Number of transmit TxRUs
	-
	64
	64

	(2a) Number of transmit chains modelled in LLS
	1
	2
	2

	(3) Total transmit power (dBm) 
	23
	53
	53

	Note: total transmit power for system bandwidth 
	
	
	

	(3a) System bandwidth for downlink, or occupied bandwidth for uplink (Hz)
	720000
	100000000
	100000000

	(3b) Power Spectrum Density = (3) - 10 log( (3a) / 1000000 )  (dBm/MHz)
	24.42667504
	33
	33

	(3c) Bandwidth used for the evaluated channel (Hz)
	720000
	4320000
	4320000

	(3bis) Total transmit power for occupied bandwidth    =  (3b) + 10 log ( (3c) / 1000000 ) (dBm)
	23
	39.35483747
	39.35483747

	(4) Total antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter = (4a) – (4b)  (dB)
	0
	12.77121255
	12.77121255

	(4a) Antenna gain at antenna gain component 3 & antenna gain component 4 of transmitter
	0
	12.77121255
	12.77121255

	=   (4c) + 10 log ( (1) / (2) ) (dB)  for downlink, and
	
	
	

	=   (4c) + 10 log ( (1) / (2a) ) (dB)   for uplink
	
	
	

	(4b) Antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of transmitter (dB)
	0
	0
	0

	(4c) Gain of antenna element (dBi) 
	0
	8
	8

	(5) Total antenna gain at antenna gain component 2  of transmitter = (5a) - (5b)  (dB)
	0
	15.05149978
	15.05149978

	Note: zero for uplink
	
	
	

	(5a) Antenna gain at antenna gain component 2 of transmitter = 10 log( (2)/(2a)) (dB)
	0
	15.05149978
	15.05149978

	Note: zero for uplink
	
	
	

	(5b) Antenna gain correction factor at antenna gain component 2 of transmitter (dB)
	0
	0
	0

	Note: zero for uplink
	
	
	

	(8) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for downlink)
	1
	3
	3

	(9) EIRP = (3bis) + (4) + (5) – (8) dBm
	22
	64.1775498
	64.1775498

	 Receiver
	

	(10) Number of receive antenna elements
	192
	1
	1

	(10a) Number of receive TxRUs
	64
	-
	-

	Note: this row is void (empty) for downlink
	
	
	

	(10b) Number of receive chains modelled in LLS
	2
	1
	1

	(11) Total antenna gain at antenna gain component 3 & antenna gain component 4 of receiver = (11a) - (11b)  (dB) 
	12.77121255
	0
	0

	(11a) Antenna gain at antenna gain component 3 & antenna gain component 4 of receiver
	12.77121255
	0
	0

	=  (11c) + 10 log (  (10)/(10a) )     (dB) for uplink
	
	
	

	 =  (11c) + 10 log (  (10)/(10b) )    (dB) for downlink
	
	
	

	(11b) Antenna gain correction factor at antenna gain component 3 & antenna gain component 4 of receiver (dB)
	0
	0
	0

	(11c) Gain of antenna element (dBi)
	8
	0
	0

	(11bis) Total antenna gain at antenna gain component 2 of receiver = (11bis-a) - (11bis-b) (dB)
	15.05149978
	0
	0

	Note: zero for downlink
	
	
	

	(11bis-a) Antenna gain at antenna gain component 2 of receiver = 10 log( (10a)/(10b)) (dB)
	15.05149978
	0
	0

	Note: zero for downlink
	
	
	

	(11bis-b) Antenna gain correction factor at antenna gain component 2 of receiver (dB)
	0
	0
	0

	Note:  zero for downlink
	
	
	

	(12) Cable, connector, combiner, body losses, etc. (enumerate sources) (dB) (feeder loss must be included for and only for uplink)
	3
	1
	1

	(13) Receiver noise figure (dB)
	5
	12
	12

	(14) Thermal noise density (dBm/Hz)
	-174
	-174
	-174

	(15) Receiver interference density (dBm/Hz) 
	-165.7
	-169.3
	-169.3

	(16) Total noise plus interference density        = 10 log (10^(( (13) + (14))/10) + 10^((15)/10))    (dBm/Hz)
	-164.0335231
	-161.2583889
	-161.2583889

	(18) Effective noise power = (16) + 10 log ((3c))   (dBm)
	-105.4601981
	-94.90355143
	-94.90355143

	(19) Required SNR (dB)
	-2.2
	1.4
	0.9

	(20) Receiver implementation margin (dB)
	2
	2
	2

	(21) H-ARQ gain (dB)
	0.5
	0
	0

	Note: Only applicable if HARQ is not considered in LLS
	
	
	

	(22) Receiver sensitivity = (18) + (19) + (20) – (21)  (dBm)
	-106.1601981
	-91.50355143
	-92.00355143

	(22bis) MCL = (3bis) – (22) + (5) + (11bis)   (dB)
	144.2116979
	145.9098887
	146.4098887

	(23) Hardware link budget, a.k.a. MIL  = (9) + (11) + (11bis) − (12) − (22)   (dB)
	152.9829104
	154.6811012
	155.1811012



For PUSCH Msg3 as a reference channel for coverage evaluation, the analysis in Table 3 shows that LP-WUS configuration (Option OOK-4 with M=2 and data rate of 28 kbps) achieves better coverage than PUSCH Msg3. The LP-SS configuration (Option OOK-4 with M=8, 32-bit low density sequence, and data rate of 224 kbps) achieves better coverage than LP-WUS. Note that the coverage for both LP-WUS and LP-SS may be further improved by considering improvement of LP-WUR noise figure < 12 dB.
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