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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#102, a new work item on low-power wake-up signal and receiver for NR was agreed for Rel-19 with the following objectives [1]:
	· [bookmark: _Hlk153295984]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)
· [bookmark: _Hlk155633629]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



[bookmark: _Ref129681832]In this contribution, the procedures and functionalities of LP-WUS in IDLE/INACTIVE mode are discussed. Our consideration on the general framework that how to carry information in LPWUS and information bits should be carried in LP-WUS/LP-SS is provided in section 2. Monitoring behavior of LP-WUS enhancements is discussed in section 3. Our technique views on UE procedures after LP-WUS reception and deployment of LP-WUS are provided in Section 4 and 5 respectively.
[bookmark: _Ref155972037]Information carrying in LP-WUS/LP-SS
[bookmark: _Ref126939332]The content of LP-WUS for IDLE/INACTIVE mode was discussed and the following is agreed [2]:
	-	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


In this section, the framework to carry information in LP-WUS and what information should be carried by LP-WUS/LP-SS are discussed.
[bookmark: _Ref158046216]Framework to carry information by LP-WUS
In TR 38.869, the diagrams for LP-WUS waveform generation are provided [2]. Particularly, the procedures for OOK-4 generation and transmission is shown in Figure 1. In this paper, the following terminologies are used for the signal of different procedures shown in Figure 1.
1. Bit stream: all the bits to be transmitted via an LP-WUS. If channel coding is used, the bit stream includes the encoded bits. If CRC is used, the bit stream also includes the CRC bits.
2. Bits per OFDM symbol: the bits to be carried by OOK symbols in an OFDM symbol, which is a segment of the bit stream. 
3. OOK symbols/OOK sequence: the ON/OFF pattern determined based on the bit stream. Manchester coding impacts the ON/OFF pattern of the OOK symbols/OOK sequence.
4. Pre-DFT sequence: a complex-valued sequence, which is generated based on the OOK symbols/OOK sequence. For example, if DFT is applied, an OFF symbol can be mapped to an all-zero sequence, an ON symbol can be mapped to a particular short complex-valued sequence, and the sequences are concatenated to get the pre-DFT sequence. It is noted that, the short complex-valued sequence can be selected from a set of candidates to carry information as shown by the red arrow in Figure 1. More details can be found in our companion paper [3]. 
5. Frequency sequence: the complex-valued modulated symbols to be mapped to REs of LP-WUS.
6. OFDM symbol: the time domain signal of LP-WUS. One LP-WUS can contain serval OFDM symbols.
[image: ]
[bookmark: _Ref157241235]Figure 1 Procedures for OOK-4 waveform generation
With respect to the number of information bits (bit stream) to be carried in one LP-WUS, as discussed in Section 2.2, it can depend on network deployment (e.g. how many cells in a tracking area), UE density, traffic arrival, and etc. Thus, it is preferred that spec can support configurable length of information bits in LP-WUS. By the framework shown in Figure 1, if one LP-WUS can be comprised by multiple OFDM symbols, no matter how long the bit stream is, it can always be processed and transmitted OFDM symbol by OFDM symbol. Therefore, the framework can be easily adapted to different bit length.
At receiver side, the job LP-WUR does in each LP-WUS occasion (definition of LP-WUS occasion can be found in Section 3.1) is the same, i.e. demodulating OOK signal or processing the same set of sequence(s) which are used to generate the Pre-DFT sequence. Also, LP-WUR does not need to buffer the whole resource of a LP-WUS. Instead, LP-WUR can perform a pipeline processing, i.e. process the signal in previous LP-WUS occasion while receive buffer signal in current LP-WUS occasion. Since the subgroup ID indicated by LP-WUS is pre-known by the UE, thus if the UE finds the received bits in first several LP-WUS occasions do not match its own subgroup ID, UE can stop receiving the subsequent LP-WUS occasions to save power. Additionally, one interesting discussion point is whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information. For example, if the series of pre-DFT sequences to wake up a UE depends on nothing but the UE ID information, then the number of pre-DFT sequences per OFDM symbol for the UE correlation processing is reduced to only one pre-DFT sequence per OFDM symbol, which may be beneficial for UE complexity.  
Proposal 1: For LP-WUS, UEs are configured to monitor one or multiple LP-WUS occasions and each occasion can convey a block of information bits.
· The bit length of the block of information is configurable or determined only from RRC configurations.
· One LP-WUS occasion comprises of one or multiple OFDM symbols.
· Note: The OFDM symbol refers to the symbols after the processing “iFFT+CP” in S7.2.1.1 of TR 38.869
· FFS details of the pre-DFT sequences that refers to the input to the DFT/LS processing block in S7.2.1.1 of TR 38.869
· The size of pre-DFT sequence set
· Sequence generation/selection
· FFS the mapping from a block of information bits to pre-DFT sequences and OFDM symbols
· FFS: whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information

[bookmark: _Ref156927700]LP-WUS content: Paging information
[bookmark: _Ref117775372]As agreed in WID[1], at least subgroup-based paging information should be carried in LP-WUS, in this sub-section, the suitable number of subgroups for each LP-WUS is discussed.
A set of evaluation results for power saving gain regarding different effective paging rate are shown in Figure 2, where the effective paging rate varies from 1% to 15%, and different assumption on RRM measurement are also considered. From Figure 2, it is observed that to obtain good power saving gain, RRM relaxation of MR is needed and the effective paging rate (i.e. the effective per UE paging arrival rate in [2]) should keep low enough, e.g. <3%. It is understood that higher effective paging rate leads to higher MR transition rate, and the transition energy of ultra-deep sleep is extremely high (assuming 15000 in the evaluation). For example, if UE needs to perform MR wakeup from ultra-deep sleep in every paging cycle, the average power consumption per micro-second due to transition is 15000/1280 > 10 unit, while based on the evaluation the average power consumption per micro-second of R15/R17 procedure is < 2 unit. Therefore, we have the following observation.
Observation 1: [bookmark: _Ref154597958]Due to the extremely high transition energy of ultra-deep sleep, little power saving gain and even negative power saving gain may be introduced by LP-WUS, if the effective paging rate is high.
Observation 2: To get good power saving gain, the effective paging rate of LP-WUS should be better to < 3%.

[image: ]
[bookmark: _Ref131410063][bookmark: _Ref131410061]Figure 2 Power saving gain regarding different effective paging rate
During the discussion of R17 PEI, 1% per UE paging rate and 10 UEs monitoring the same PO are assumed for evaluation. However, for LP-WUS design, the assumption of 10 UEs monitoring the same PO should be revisited. Firstly, it is different from R17 PEI that the transition energy of ultra-deep sleep is extremely high, and the number of UEs per PO directly impacts the effective paging rate and thus the power saving gain. Secondly, as discussed during SI phase, the spectrum efficiency of LP-WUS is much lower than legacy NR signals, resulting in higher signaling overhead. In term of signaling overhead reduction, UE group/subgroup indication with grouping information bits is more effective than UE group/subgroup indication with a combination of monitoring resource locations and sub-grouping information bits. For example, assuming 64 PO resources configured from network perspective, to indicate 64*8 UE groups in the way as PEI does, the signaling overhead from network perspective is 64 monitoring occasions (one occasion per PO resource) multiplied by log2(8) OFDM symbols per occasion (assuming OOK-1), which is 192 OFDM symbols. The overhead can be reduced to log2(64*8)=9 OFDM symbols when one LP-WUS resource is shared for all 64 PO resources. The overhead reduction gain is even higher in case of multiple beams. Therefore, it should be assumed that the number of UEs monitoring a LP-WUS occasion is higher than that monitoring a PO. 
Observation 3: [bookmark: _Hlk158211316]The evaluation assumption that only 10 UEs monitoring the same PO may be not reasonable for LP-WUS design, which should be re-discussed.
The effective paging rate of LP-WUS depends on two factors: 1) per UE paging rate, and 2) number of UEs in the same subgroup indicated by LP-WUS. Considering that in IDLE/INACTIVE mode paging is transmitted in all the cells in a tracking area, the total number of UEs in a tracking area should be considered in the analysis. In [4], the requirement of connection density for a NR network is provided, where the ITU requirement for mMTC is 106 devices/km2 for a typical ISD=500m of each site. Also in the evaluation result of  [4] (see Table 7.1.1-1), it is assumed that per device paging rate is 0.5 per hour (i.e. 0.018% per 1.28s). According to our knowledge, in real NR deployment, a tracking area can include ~500 sites. With different assumptions, the required number of groups/sub-groups to achieve effective paging rate <=3% is analyzed in Table 1, and more detailed analyses can be found in Appendix A.
[bookmark: _Ref155963531]Table 1 Required number of groups/subgroups to achieve effective paging rate <=3%
	Number of sites per tracking area  (assuming ISD=500m)
	Number of UEs per km2[4]
	Required number of groups/subgroups, 
	

	500
	106
	~1.9*106
	~21

	100
	106
	~3.8*105
	~19

	500
	104
	~1.9*104
	~14

	100
	104
	~3.8*103
	~12



The above analysis is for mMTC UEs, which is also applicable for eMBB UEs. Considering the device density of eMBB UEs can be much smaller than mMTC UEs, but the paging rate of eMBB UEs can be much higher than mMTC UEs, then the final required number of groups/subgroups (as well as the required number of indication bits) may be similar for eMBB UEs.
Observation 4: To achieve effective paging rate <=3%, up to ~20-bit information to distinguish a group/subgroup may be needed.
Based on the analyses in Table 1, the required total number of groups/subgroups can depend on different network deployment, UE density, traffic statistic and etc. Therefore, it is preferred that spec can support configurable length of information bits carried in LP-WUS to provide gNB more flexibility for adapting to different deployment scenario.
It is noted that the required number of groups/subgroups is quite large, thus bitmap-like indication (e.g. the indication way of PEI) may require thousands of bits, which is obviously unreasonable. On the other hand, as discussed in Section 2.1, pre-known information (like group/subgroup ID) is helpful for UE to early terminate LP-WUS detection, while for uncertain information (like bitmap for multiple groups/subgroups) a UE may have to receive the whole LP-WUS.
Proposal 2: The block of information bits carried in LP-WUS monitoring occasion contains group ID information whose bit length is configurable to support various network deployments, UE densities and traffic statistics. 

[bookmark: _Ref134112869]LP-WUS/LP-SS content: other information 
It is agreed in the WID that serving cell RRM measurement can be offloaded from MR to LP-WUR. Therefore, it is necessary to let the LP-WUR specify whether the received LP-WUS/LP-SS is transmitted from the serving cell. One method to solve this issue is to inform cell information in LP-WUS or LP-SS. To reduce the signaling overhead, such kind of information can be transmitted with large periodicity, e.g. LP-SS.
Proposal 3: Cell information can be indicated by LP-SS.

[bookmark: _Ref134434073][bookmark: _Ref155972051]Monitoring behavior of LP-WUS
[bookmark: _Ref157244932]Occasion for LP-WUS transmission
When UE monitors LP-WUS, false alarm occurs sometimes. For example, as shown in Figure 3, gNB transmits LP-WUS#1 to UE#1 and then LP-WUS#2 to UE#2. If a UE#3 does not know the starting position of a LP-WUS transmission, UE#3 may falsely detect a LP-WUS in the middle of the two adjacent LP-WUSs. As another example, even there is no LP-WUS transmission, a UE may falsely detect a LP-WUS from pure noise.
[image: ]
[bookmark: _Ref156930630]Figure 3 Example of false alarm
A set of evaluation results for power saving gain regarding different FAR are shown in Figure 4, where the green bars are for group paging rate = 1% (i.e. one UE in a group and per UE paging rate =1%) and the red bars are for group paging rate = 9.6% (i.e. 10 UEs in a group and per UE paging rate =1%). In this evaluation, the FAR is defined as ‘a UE detecting a LP-WUS targeted to itself but gNB does not transmit the LP-WUS’, and does not include the false wakeup due to UE grouping/subgrouping. From Figure 4, it is observed that larger FAR leads to lower power saving gain, which is due to additional MR transition.
Observation 5: Larger FAR leads to lower power saving gain due to additional MR transition.

[image: ]
[bookmark: _Ref154600745]Figure 4 Power saving gain regarding different false alarm rate
In order to reduce the FAR as well as the power consumption, attempting demodulating LP-WUS at every sampling point should be avoided. One possible way is to define the occasion for LP-WUS, which is a basic time unit of LP-WUS. As shown in Figure 5, if no occasion is defined UE may attempt to demodulate LP-WUS at each sampling point, where each black dot represents a sampling point. However, if occasion is defined and the starting position of LP-WUS is restricted to be the starting location of an occasion for LP-WUS, the number of attempts can be reduced, as well as the total FAR. In this case, the occasions for LP-WUS are continuously located, LP-WUR still needs to continuously receive every sample for the demodulation, so it is also continuous monitoring since the LP-WUR is ON all the time. The occasion for LP-WUS is also compatible with the case of duty-cycle based monitoring.
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[bookmark: _Ref156233938]Figure 5 Example of defining slot format for LP-WUS
Observation 6: If no occasion is defined UE may attempt to demodulate LP-WUS at each sampling point, which increase the FAR of LP-WUS detection.
Observation 7: Defining occasion for LP-WUS is helpful to reduce the number of attempts, which can reduce the FAR and thus increase the power saving gain.
Proposal 4: The monitoring occasion for LP-WUS is defined and its starting location is configured before monitoring.
As described in the TR38.869, LP-WUS can be transmitted in an FDM way with other NR signals[2]. Thus, LP-WUS is naturally transmitted OFDM symbol by OFDM symbol. If slot/occasion for LP-WUS is defined, it can naturally be related to the symbol/slot/frame of legacy NR system, e.g. aligning at the edge. In this way, it is easier to define the timing relationship between LP-WUR and MR, which reduce the specification effort. 
Proposal 5: The starting symbol of LP-WUS occasion is aligned with the symbol grid of legacy NR system. 
Continuous monitoring and duty-cycle monitoring 
Based on the discussion during the SI phase, continuous monitoring can be supported by proper configuration of duty-cycle monitoring. One way is that when duty-cycle is not configured UE by default continuously monitors LP-WUS, and when duty-cycle is configured UE monitors LP-WUS based on the configured duty cycle (like C-DRX). Another way is to always configure duty-cycle and UE actually continuously monitors LP-WUS when the ‘monitor duration’ is equal to the periodicity. 
Observation 8: Continuous monitoring can be supported by configuring the monitor duration equaling to the monitoring periodicity.
Continuous monitoring and duty-cycle monitoring have different pros and cons. The simulation results comparing continuous monitoring and duty-cycle based monitoring are shown in Figure 6 (power saving gain) and Figure 7 (latency), where T is the length of cycle (assuming to be 1.28 s) and D is the length of monitoring duration of LP-WUS (assuming to be 0.64 s or 0.16 s or 10 ms, without making an assumption on LP-WUS design). Different results for different LP-WUS ON power consumptions are also provided. 
According to Figure 6, it can be observed that duty-cycle monitoring can further reduce the power consumption of LP-WUR. But based on the simulation results provided in Figure 7, it introduces larger latency than legacy baseline scheme, which is not beneficial for latency sensitive traffics. Also, continuous monitoring can provide gNB with more flexibility of LP-WUS transmission, while duty-cycle monitoring may increase the collision probability since the available time of LP-WUR transmission for particular UEs is limited. Therefore, in our view, both continuous monitoring and duty-cycle monitoring of LP-WUS should be supported and gNB may configure the monitoring behavior considering the trade-off among the above pros and cons.
Proposal 6: Monitor duration can be equal to the monitoring periodicity for duty-cycle monitoring of LP-WUS, which provides gNB more flexibility.
[image: ]
[bookmark: _Ref155202086][bookmark: _Ref121424615]Figure 6 Evaluation results of power saving gain for continuous monitoring vs duty-cycle based monitoring[image: ]
[bookmark: _Ref155202090][bookmark: _Ref121424669]Figure 7 Evaluation results of latency reduction for continuous monitoring vs duty cycle based monitoring
In order to better support duty-cycle monitoring, several issues can be further discussed. 
1) First, as discussed before, there can be collision in a monitoring duration when there is a burst of paging arrival for multiple UEs. To reduce the collision probability, gNB may configure a long monitoring duration, which increases the power consumption of LP-WUR. Therefore, enhancement may be needed to balance the tradeoff between collision probability and LP-WUR power consumption. 
2) Second, the location of monitoring duration for different UEs (or UE groups) is usually different to balance the load. In this case, if gNB wants to send some common information (e.g. a signaling to wake up all UEs) to all UEs, gNB has to send the common information repeatedly in every monitoring duration, which wastes resource and energy of network. Enhancement may be needed to reduce the network resource/energy for common information transmission. 
3) Third, when the monitoring periodicity of LP-WUS is longer than the periodicity of LP-SS transmission, system level timing information is needed to define the monitoring duration of a UE. For example, if the monitoring periodicity of LP-WUS is 320ms, the monitoring duration for a UE is 20ms, and the periodicity of LP-SS is 320ms. A UE can locate where its related 20ms within 320ms by the location of a LP-SS transmission. However, if the monitoring periodicity of LP-WUS is 1.28s, there can be 4 LP-SS transmission within 1.28s, and it should be defined to the UE which LP-SS it should refer to.
Proposal 7: The following issues need to be discussed to support duty-cycle monitoring of LP-WUS
a) How to balance the tradeoff between collision probability and LP-WUR power consumption.
b) How to reduce the network resource/energy for common information transmission.
c) How to provide system level timing information for a LP-WUR to locate its monitoring duration.

Entry/exit condition for LP-WUS monitoring
The activation/deactivation procedures of LP-WUS for IDLE/INACTIVE mode was discussed and the following is agreed [2]:
	-	For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
-	Alt 1a: 
-	gNB transmits legacy paging indication and LP-WUS
-	UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
-	This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
-	Alt 1b: 
-	gNB transmits legacy paging indication and LP-WUS
-	UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
-	This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
-	Alt 2: 
-	activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
-	Paging misdetection performance shall not be impacted.



To avoid paging missing, when the channel condition becomes bad, it is better to let UE use MR to receive legacy paging instead of continuing using LP-WUR to receive LP-WUS. However, in IDLE/INACTIVE mode it is difficult to let gNB know the status of UE since there is no connection between them. Therefore, the Alt 2, where the activation/deactivation is based on signaling, is not a reasonable way. Instead, Alt 1a and Alt 1b can be further considered. For example, when UE is monitoring LP-WUS, UE can stop monitoring LP-WUS when channel condition is not good enough, and go back to monitor LP-WUS when channel condition becomes good again. Besides, in our view, Alt 1a and Alt 1b may not conflict with each other. For example, gNB can configure criteria (i.e. Alt 1b), while UE still have the flexibility not to monitor LP-WUS even when the criteria is satisfied (i.e. Alt 1a). It should be noted that for both Alt 1a and Alt 1b, gNB will transmit both legacy paging and LP-WUS for a LP-WUS enabled UE.
The configurable criteria also provide gNB the flexibility to determine the coverage of LP-WUS, and provide a mechanism to guarantee that normal NR traffic is not impacted by the transmission of LP-WUS. For example, if downlink traffic is busy in the cell, gNB may not have enough resources to serve all the LP-WURs in the cell due to a higher-repetition transmission of LP-WUS required for UEs in cell edge area. In such cases, the gNB can indicate a more stringent criteria for entry of LP-WUS monitoring, so only UEs in cell center can activate LP-WUS monitoring, where no repetition is need or only a small number of repetitions are required. While UE in cell edge area will fall back to monitor legacy paging by MR in IDLE/INACTIVE mode.
Proposal 8: Entry/exit of LP-WUS monitoring are based on preconfigured criteria, while some exception cases where the criteria are not applied can be introduced.

[bookmark: _Ref155972064]UE procedure after LP-WUS reception
When LP-WUS is received, the LP-WUR triggers MR to wake up to receive paging from ultra-deep sleep state. The MR should first turn on the hardware and sync/re-sync with the serving gNB. Then UE can follow the legacy Rel-15 procedures waiting for the next PO associated with the UE. If Rel-17 power saving techniques are applied in the cell, UE monitors PEI occasion before paging reception, which can further reduce the false alarm rate of paging reception.
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(a) LP-WUS triggering Rel-15 legacy paging monitoring
[image: C:\Users\z00526220\AppData\Local\Microsoft\Windows\INetCache\Content.MSO\C81AEFE4.tmp]
(b) LP-WUS triggering Rel-17 power saving: MR wakes up to monitor PEI before PO
[bookmark: _Ref157594380]Figure 8 Legacy procedure after LP-WUS reception paging monitoring

As discussed in SI phase, the ramp-up time for the MR to turn on the hardware can be as large as 800ms. And the procedures of sync/re-sync may also need up to 10 SSBs to perform cell selection/reselection and time/frequency synchronization. So the additional paging latency introduced by LP-WUS is up to 1000ms larger than that in legacy NR.
To reduce latency, first, LP-WUR can assist to reduce the effort for cell reselection and re-sync. Specifically, LP-SS can indicate the cell information to help UE identify whether it moves to a different cell as discussed in Section 2.3. MR can save the time and power for cell selection/reselection if there is no cell change indicated by LP-SS. And time/frequency resource grids of LP-WUS and LP-SS can also help MR for initial timing/frequency calibration, if the resource grids are based on NR systems. For example, if the edge of occasion for LP-WUS is specify to align with the edge of symbol/slot/frame of legacy NR system as discussed in Section 3.1, the MR can immediately obtain symbol/slot/frame level sync when it turns on.
Observation 9: LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Secondly, additional PO monitoring for UE with LP-WUR can be also considered. gNB can configure one or several additional PO for UE besides the legacy PO determined by UE-ID. When the MR ready for paging monitoring after sync/re-sync, UE can monitor the additional PO besides the original PO. And gNB can transmit paging in additional PO to reduce the latency. For example, the additional PO can be defined as an existing PO directly after the transition time in the cell from network perspective, as shown in Figure 8, which is also known as “dynamic PO” in [2]. 
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[bookmark: _Ref155281298]Figure 9 UE monitors additional PO after sync/re-sync
Proposal 9:  For shorter paging latency, additional PO can be monitored by a UE that is waken-up by LP-WUS where the time gap between the additional PO and the received LP-WUS signal is not less than the transition time required by wake-up processing.
No matter what procedure is utilized, the transition time including LP-WUS processing, ramp-up of MR from ultra-deep sleep state and cell reselection/synchronization shall be known by gNB. Then gNB can determine in which PO it should transmit paging PDCCH. If the duration between LP-WUS and paging PDCCH is smaller than the transition time, the UE cannot receive PO in current DRX cycle and large paging latency is introduced, while the resources are also wasted. On the other hand, as discussed above, LP-WUR can help to reduce the transition time, so different UEs may have different transition time. RAN1 should study reasonable values for transition considering both paging latency and UE capabilities.
Proposal 10: The transition time required by wake-up processing, i.e. the time from LP-WUS processing in LP-WUR to MR ready for paging monitoring should be known by gNB.
Proposal 11: Study whether time and frequency information of LP-WUR can be utilized by MR to reduce the transition time, e.g. reducing the time of re-sync procedure of MR.

[bookmark: _Ref155972075]Deployment of LP-WUS
In our view, it is possible that LP-WUS is only deployed in part of the bands/carriers. From UE side, supporting different bands may require different RF modules (such as RF filter, LNA, and oscillator) due to the limited dynamic range. Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR. From the network side, deploying LP-WUS in only some of the bands/carriers helps to reduce the system overhead. It is therefore attractive to allow the number of supported bands/carriers by an LP-WUR to be less than the supported bands/carriers of the MR.
Observation 10: Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR and the system overhead of the network, thus the number bands/carriers supported by LP-WUR can be less than for the MR.
For IDLE/INACTIVE mode, the cell re-selection of UE is not controlled by gNB, which means UE can freely choose a band/carrier to camp on. Therefore, a UE supporting LP-WUS can always choose to camp on a band/carrier with LP-WUS present. However, in this case, if UE does not know which band/carrier is deployed with LP-WUS, UE may need to blind search for a long time, which wastes power. Therefore, further enhancements can be considered on how to help the UE quickly find a band/carrier with LP-WUS. 
Proposal 12: For Idle/Inactive mode, a UE can be informed which neighboring cells LP-WUS feature is enabled in.

Conclusions
[bookmark: _Ref124589665][bookmark: _Ref71620620][bookmark: _Ref124671424]In this contribution, the signal design, functionality and procedure for LP-WUS are discussed. The following observations and proposals are made:
Observations:
Observation 1: Due to the extremely high transition energy of ultra-deep sleep, little power saving gain and even negative power saving gain may be introduced by LP-WUS, if the effective paging rate is high.
Observation 2: To get good power saving gain, the effective paging rate of LP-WUS should be better to < 3%.
Observation 3: The evaluation assumption that only 10 UEs monitoring the same PO may be not reasonable for LP-WUS design, which should be re-discussed.
Observation 4: To achieve effective paging rate <=3%, up to ~20-bit information to distinguish a group/subgroup may be needed.
Observation 5: Larger FAR leads to lower power saving gain due to additional MR transition.
Observation 6: If no occasion is defined UE may attempt to demodulate LP-WUS at each sampling point, which increase the FAR of LP-WUS detection.
Observation 7: Defining occasion for LP-WUS is helpful to reduce the number of attempts, which can reduce the FAR and thus increase the power saving gain.
Observation 8: Continuous monitoring can be supported by configuring the monitor duration equaling to the monitoring periodicity.
Observation 9: LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
Observation 10: Deploying LP-WUS in only some bands/carriers helps to reduce the cost of LP-WUR and the system overhead of the network, thus the number bands/carriers supported by LP-WUR can be less than for the MR.

Proposals:
Proposal 1: For LP-WUS, UEs are configured to monitor one or multiple LP-WUS occasions and each occasion can convey a block of information bits.
· The bit length of the block of information is configurable or determined only from RRC configurations.
· One LP-WUS occasion comprises of one or multiple OFDM symbols.
· Note: The OFDM symbol refers to the symbols after the processing “iFFT+CP” in S7.2.1.1 of TR 38.869
· FFS details of the pre-DFT sequences that refers to the input to the DFT/LS processing block in S7.2.1.1 of TR 38.869
· The size of pre-DFT sequence set
· Sequence generation/selection
· FFS the mapping from a block of information bits to pre-DFT sequences and OFDM symbols
· FFS: whether the series of pre-DFT sequences to wake up a UE only depends on UE-specific predetermined information
Proposal 2: The block of information bits carried in LP-WUS monitoring occasion contains group ID information whose bit length is configurable to support various network deployments, UE densities and traffic statistics. 
Proposal 3: Cell information can be indicated by LP-SS.
Proposal 4: The monitoring occasion for LP-WUS is defined and its starting location is configured before monitoring.
Proposal 5: The starting symbol of LP-WUS occasion is aligned with the symbol grid of legacy NR system. 
Proposal 6: Monitor duration can be equal to the monitoring periodicity for duty-cycle monitoring of LP-WUS, which provides gNB more flexibility.
Proposal 7: The following issues need to be discussed to support duty-cycle monitoring of LP-WUS
a) How to balance the tradeoff between collision probability and LP-WUR power consumption.
b) How to reduce the network resource/energy for common information transmission.
c) How to provide system level timing information for a LP-WUR to locate its monitoring duration.
Proposal 8: Entry/exit of LP-WUS monitoring are based on preconfigured criteria, while some exception cases where the criteria are not applied can be introduced.
Proposal 9: For shorter paging latency, additional PO can be monitored by a UE that is waken-up by LP-WUS where the time gap between the additional PO and the received LP-WUS signal is not less than the transition time required by wake-up processing.
Proposal 10: The transition time required by wake-up processing, i.e. the time from LP-WUS processing in LP-WUR to MR ready for paging monitoring should be known by gNB.
Proposal 11: Study whether time and frequency information of LP-WUR can be utilized by MR to reduce the transition time, e.g. reducing the time of re-sync procedure of MR.
Proposal 12: For Idle/Inactive mode, a UE can be informed which neighboring cells LP-WUS feature is enabled in.
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In this appendix, we provide the detailed analyzes of required number of groups/subgroups to achieve effective paging rate <=3%.
 represents the ISD of a site. Assuming a hexagon shape of the coverage of a site, the area of a site is .
 represents the number of sites per tracking area, and  represents the density of UEs, then the number of UEs in a tracking area is .
According to the TR [2], the relationship between per group paging probability  and a per UE paging probability  is , where N is the number of UEs in the group. Thus, to achieve a target effective paging rate (i.e. the paging rate for a group/subgroup), .
Then, the number of UEs per group/subgroup is .
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