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1. Introduction
In RAN#102 meeting, new WID on LP-WUS/WUR for NR was approved in RP-234056 with the following objectives:
	[bookmark: _Hlk153295984]The objectives of the work item are the following:
· 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 discuss L1 structures on LP-WUS/LP-SS, which are related to the above cyan highlighted parts. L1 procedures on LP-WUS/LP-SS for RRC idle/inactive and connected states are discussed in our companion contributions [1, 2].


2. Waveform
2.1. [bookmark: _Hlk110964323]OOK-1 vs OOK-4 for LP-WUS/LP-SS
As stated in the WID, the waveform for LP-WUS/LP-SS will be selected from OOK-1 or OOK-4, which have been studied during SI phase and captured in TR 38.869. Some typical pros/cons can be summarized in Table 1.
Table 1:  Comparison between OOK-1 and OOK-4
	Waveform
	Pros
	Cons

	OOK-1
	· Uniformly distributed frequency spectrum
· Robust to timing error
	· Low/fixed chip rate (≃1/(OS length) [bps])
· Additional IFFT processing @ gNB for different SCS between NR signal/channel and LP-WUS/LP-SS

	OOK-4
	· Configurable chip rate
	· Additional DFT/LS processing @ gNB irrespective of same/different SCS between NR signal/channel and LP-WUS/LP-SS



For LP-WUS, OOK-1 would be enough if only low/fixed chip rate is required; otherwise OOK-4 is necessary. It is still unclear how many bits need to be transmitted on LP-WUS for each of RRC idle/inactive and connected states, which needs to be discussed together with the corresponding L1 procedures in AIs 9.6.2 and 9.6.3.
For LP-SS, since it is used for synchronization and/or RRM for serving cell instead of existing PSS/SSS, only known sequence without any payload would be enough for those purposes. However, it is still unclear how many sequences are needed, which needs to be discussed together with the corresponding L1 procedures in AI 9.6.2.

We provide our preliminary link level evaluation results for the following aspects:
· LP-WUS waveform, i.e., option OOK-1/OOK-4
· Impact of residual time offset and frequency error
· Guard band (GB) for mitigating adjacent channel interference (ACI)
Signal design for different OOK waveform is based on the agreements, which is captured in TR38.869. Generating OOK waveform, phase randomization by ZC-sequence is assumed both for OOK-1 and OOK-4. In OOK-4, the OOK signals are generated through DFT spreading. The details of link level evaluation assumption can be founded in Appendix Table 3. In our link level evaluation, subcarrier spacing (SCS) for each OOK option is selected to align the OOK pulse duration, as depicted in Figure 1.
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Figure 1: Waveform options for link level evaluation

LP-WUS waveform
In Figure 2, the BLER performance for different waveforms is evaluated. Figure 2 shows that higher M values, such as OOK-4 with M=4, offer better BLER performance. In our link level evaluation, we assume that the LP-WUS signal power is normalized within the OFDM symbol duration. With higher M values, the transmitted power of the LP-WUS signal is compressed into shorter duration corresponding to the On-state of the OOK pulse. Consequently, BLER performance appears to improve for higher M values.
However, as Figure 1 may suggest, we consider that OOK-1/4 are essentially similar waveforms from the perspective of time domain detection, although LP-WUS SCS are different for each option. Therefore, the determination should be based on impact analysis regarding time offset, frequency error, phase noise, etc.

[image: ]
Figure 2: Performance comparison for different OOK waveforms

Residual frequency error
Figure 3 shows the impact of residual frequency error on BLER performance for different waveforms (OOK-1 with M=1 and OOK-4 with M=4). It is seen that OOK-1 with M=1 is more robust to frequency error thanks to higher SCS. Since LP-WUS SCS should be carefully decided considering coexistence with NR, gNB impact, required chip rate, etc., further evaluation would be necessary. In addition, practical residual frequency error value when detecting LP-WUS needs to be clarified, e.g., how much it can be compensated by using LP-SS.
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Figure 3: Impact analysis on residual frequency error

GB for mitigating ACI
In addition, Figure 4 shows the impact of guard-band size on BLER performance for different waveforms (OOK-1 with M=1 and OOK-4 with M=4). It is seen that the impact of guard-band size is marginal in AWGN, while this should be further evaluated together with other interference, such as time offset, frequency error, phase noise.
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Figure 4: Performance comparison for different guard-band size  


Proposal 1:
· For down selection between OOK-1 and OOK-4 for LP-WUS, study how many bits need to be transmitted on LP-WUS for each RRC state
· Note: This needs to be discussed together with the corresponding L1 procedures in AIs 9.6.2 and 9.6.3
· For down selection between OOK-1 and OOK-4 for LP-SS, study how many sequences are needed for LP-SS
· Note: This needs to be discussed together with the corresponding L1 procedures in AI 9.6.2


2.2. Whether to apply overlaid OFDM sequences to LP-SS
As stated in the WID, for LP-SS, further down selection between with and without overlaid OFDM sequences is to be done within WI. During the WID drafting in RAN#102, it seemed companies may have different assumptions of OFDM-based LP-WUR on whether it must be able to receive existing PSS/SSS, and hence, following was captured in the WID.
	· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.



As summarized in Table 2, there would be three possible options of OFDM-based LP-WUR on the reception of LP-SS. According to the above note, it would be common understanding that Option 1 is feasible at least for some OFDM-based LP-WUR. Question is whether Option 2 and/or Option 3 are feasible for OFDM-based LP-WUR. This should be clarified at first before the down selection between with and without overlaid OFDM sequences.

Table 2:  Possible combinations of LP-WUR and waveform
	
	LP-WUS
	LP-SS

	ED-based LP-WUR
	OOK-1/4 without overlaid OFDM sequences
	OOK-1/4 without overlaid OFDM sequences

	OFDM-based LP-WUR
	OOK-1/4 with overlaid OFDM sequences
	Option 1: N.A. (i.e., existing PSS/SSS)
Option 2: OOK-1/4 with overlaid OFDM sequences
Option 3: OOK-1/4 without overlaid OFDM sequences



Proposal 2:
· Study whether it is feasible that OFDM-based LP-WUR is assumed to be able to receive existing PSS/SSS


3. Bandwidth and location
Following is captured in Clause 7.2.1.2 in TR 38.869 on the bandwidth and location for LP-WUS:
	[bookmark: _Hlk158739415]At least for IDLE/Inactive mode, at least one BW-size <=5MHz is recommended to be supported for FR1
-	Other BW sizes are not precluded
-	if additional BW-size(s) are recommended to be supported, BW-size can be up to 20MHz
-	LP-WUS bandwidth size (including guard-bands) is assumed to be an integer number of PRBs
From RAN1 perspective, for multiplexing with other NR signals and channels, it is beneficial if LP-WUS can be flexibly configured within a carrier.



Regarding the BW-size, while at least one BW-size <=5MHz is recommended at least for RRC idle/inactive states, it is still unclear whether additional BW-size(s) are to be supported and whether same BW-size is applied to RRC connected state. Configurable BW-size requires additional BPF especially for ED-based WUR, and hence, same BW-size among RRC idle/inactive/connected states is preferred. In addition, BW-size would affect coverage performance, and needs to be decided considering LP-WUS payload size and coverage in each RRC state.
Regarding the frequency domain location, as captured above, configurable location is beneficial for flexible FDM with NR signals/channels.

Proposal 3:
· For RRC idle/inactive/connected states, strive for a unified LP-WUS BW-size whose location is configurable within a NR carrier
· FFS: BW-size considering LP-WUS payload size and coverage in each RRC state


4. LP-WUS payload
Following is captured in Clause 7.2.1.2 in TR 38.869 on the LP-WUS payload/content:
	-	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
-	For CONNECTED 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
-	indication to wake-up to PDCCH monitoring.
-	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.

-	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
-	Study whether LP-WUS information needs to be preceded by known one or more sequence(s).



As discussed in Section 2, the payload size / contents depend on the L1 procedures in each RRC state, and hence, required number of information bits needs to be discussed in AIs 9.6.2 and 9.6.3 at first.
Regarding the LP-WUS structure, it is FFS whether to use sequence(s) or encoded bits for carrying LP-WUS payload. Again, it is necessary to clarify how many bits need to be transmitted on LP-WUS at first, before discussing the details on the LP-WUS structure. Also, it is FFS whether preamble (i.e., known sequence(s)) is necessary or not. This depends on whether LP-SS + LP-WUS payload (i.e., without preamble) can meet Msg3 coverage or not, and hence, performance of LP-SS + LP-WUS payload should be evaluated at first. In that sense, the details on LP-WUS structure should be discussed after its payload size / contents become clear.
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Figure 1.  Example of LP-SS/LP-WUS structure

During the WID drafting in RAN#102, some companies proposed that overlaid OFDM sequence can be used only for better detection performance for OFDM-based LP-WUR than ED-based LP-WUR, while some others proposed that it can carry some parts of LP-WUS payload so that faster decoding can be achieved by OFDM-based LP-WUR compared to ED-based LP-WUR. As a way forward, following is captured in the WID:
	· 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.



While RAN1 needs to resolve this issue, this depends on how many and what kind of information bits need to be transmitted on LP-WUS, and hence, this should be discussed after LP-WUS payload size / contents become clear.


5. Conclusion
In this contribution, we discussed L1 structures on LP-WUS/LP-SS. Based on the discussion, we made following proposals.

Proposal 1:
· For down selection between OOK-1 and OOK-4 for LP-WUS, study how many bits need to be transmitted on LP-WUS for each RRC state
· Note: This needs to be discussed together with the corresponding L1 procedures in AIs 9.6.2 and 9.6.3
· For down selection between OOK-1 and OOK-4 for LP-SS, study how many sequences are needed for LP-SS
· Note: This needs to be discussed together with the corresponding L1 procedures in AI 9.6.2

Proposal 2:
· Study whether it is feasible that OFDM-based LP-WUR is assumed to be able to receive existing PSS/SSS

Proposal 3:
· For RRC idle/inactive/connected states, strive for a unified LP-WUS BW-size whose location is configurable within a NR carrier
· FFS: BW-size considering LP-WUS payload size and coverage in each RRC state
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Appendix
Table 3: Assumption for Link level evaluation for Figures 2 to 4
	Parameters
	Value

	Waveform
	OOK-1/OOK-4

	Configuration of LP-WUS design
	· Option 1: M=1, LP-WUS SCS = 60kHz, LP-WUS duration = 4 symbol
· Option 2: M=2, LP-WUS SCS = 30kHz, LP-WUS duration = 2 symbol
· Option 3: M=4, LP-WUS SCS = 15kHz, LP-WUS duration = 1 symbol
Note: M is referred to the definition of "M" in the agreements for OOK-1 options, which is captured in TR38.869

	LP-WUS BW
	Unless stated otherwise, 12 PRBs including 1PRB GB on each side of LP-WUS BW are assumed

	gNB channel BW
	50 PRBs

	gNB SCS
	Same as LP-WUS SCS

	Channel model
	AWGN, TDL-C 300 ns (UE speed = 3km/h)

	Antenna configuration
	1Tx, 1Rx

	Coding scheme
	Manchester code (1/2 rate)

	Sampling Rate
	Down-sampling factor 4

	Adjacent Subcarrier Interference
	· QPSK-modulated PDSCH is mapped on all the RBs other than RBs for LP-WUS including GBs
· EPRE offset between PDSCH and LP-WUS is 0 dB

	Filter
	5-th order Butterworth filter

	ADC bit width
	Ideal

	Phase noise
	None

	Impairment modelling
	Unless stated otherwise, Residual time offset, and frequency error are fixed to 0

	Time/frequency synchronization
	Ideal
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