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Introduction
In RAN #116-bis meeting, the agreements listed the appendix were achieved for LP-WUS and LP-SS design [1].
In this contribution, we further share our views on the waveform design of the LP-WUS and LP-SS.
Discussion
Waveform design
On LP-WUS design

Symbol rate design
In the previous meeting, below agreement was achieved for LP-WUS design.
	Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4



In our view, the supported values of M depend on the designated symbol rate of OOK and the corresponding SCS. As shown in the Table.1, for different LP-WUS symbol rate and SCS assumptions, M can also be different.
As the supported number of symbols rates scales the complexity of the LP-WUR, we would prefer to limit the supported options.
Proposal 1: M should depend on the SCS and OOK symbol rate should supported limited options for lower receiver complexity and power saving gain.

For the single rate operation regardless of SCS, the relation is shown in table 1. 
If 15 kHz symbol rate is taken, it does not support 30 kHz SCS operation and it is not suitable candidate.
If 30 kHz symbol rate is taken, 30 kHz SCS is supported by M=2 and 15 kHz SCS is supported by OOK-1 (or OOK-4 with M=1). This satisfies RAN1#116 agreement of "support both OOK-1 and OOK-4 for LP-WUS" but it does not align with the working assumption to support M=4.
If 60 kHz symbol rate is taken, 30 kHz SCS is supported by M=4 and 15 kHz SCS is supported by OOK-4 with M=2. This does not satisfy RAN1#116 agreement of "support both OOK-1 and OOK-4 for LP-WUS" but it align with the working assumption to support M=4. In order to satisfy to support OOK-1, either of 15 or 30 kHz symbol rate needs to be supported in addition.
According to the past evaluation of LP-WUS, 60 kHz symbol rate has slightly better performance compared with 30 kHz symbol rate. On the other hand, 60 kHz symbol rate require more accurate timing synchronization compared with 30 kHz symbol rate, which increases the power consumption and complexity of LR. Regardless of which symbol rate, single rate support is reduced complexity of LR compared with to support two symbol rates. Based on the above discussion, we propose following. 

Proposal 2: To support only either 30 kHz or 60 kHz symbol rate of LP-WUS.
- If 30 kHz symbol rate is taken, to discard the working assumption of M=4 in OOK-4.
- If 60 kHz symbol rate is taken, to discard the agreement to support OOK-1.

If OOK-1 is supported as 30 kHz SCS, OOK-1 should be specified under a same framework with OOK-4 with M=1. 
Proposal 3: If OOK-1 is supported, it should be specified as OOK-4 with M = 1.


Table.1 Candidate values of M and SCS for OOK-1/4 of LP-WUS
	Candidate M and SCS for LP-WUS

	LP-WUS symbol rate = 15 kHz
	M
	1
	
	

	
	SCS
	15 kHz
	
	

	LP-WUS symbol rate = 30 kHz
	M
	1
	2
	

	
	SCS
	30 kHz
	15 kHz
	

	LP-WUS symbol rate = 60 kHz
	M
	1
	2
	4

	
	SCS
	60 kHz 
	30 kHz
	15kHz



Channel bandwidth
Regarding channel bandwidth of LP-WUS/LP-SS, below agreement were achieved in previous meeting.
	Agreement
From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· X to be down-selected between 11 and 12 PRBs 
· FFS the number of PRBs for 15kHz
· FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel bandwidth equal or less than 5MHz
FFS: Whether the above is applicable to FR2


During the discussion, in our understanding, the reason to consider 11 PRBs is to align with the bandwidth used by PSS/SSS which is 127 sub-carriers, within 11 PRBs.  Guard band for PSS/SSS is 9 and 8 sub-carrier at the two sides, respectively. Thus, the total bandwidth allocated for PSS/SSS is 144 subcarriers which is 12 PRBs. 
For network side resource allocation, if bandwidth for LP-SS/LP-WUS including GB can be aligned with that of PSS/SSS, it seems beneficial for resource allocation efficiency. However, when allocation resource for PSS/SSS, normally the whole SSB bandwidth needs to be considered rather than solely PSS/SSS. The booked resource for the whole SSB is 20 PRBs, rather than 12 PRBs. Therefore, for resource allocation reason, it is not so convincing that 11 PRBs is more compatible with current NR system.
Observation 1: Neither 11 nor 12 PRBs for LP-WUS/LP-SS would bring obvious benefit for system resource allocation efficiency if booked resource for SSB is 20 PRBs.

In our view, it is more important to settle GB first, which should be decided by not only the maximum CFO but also the in-band emission requirement. Then within 5 MHz bandwidth, 11 or 12 PRBs can be selected accordingly.
Proposal 4: RAN1/4 need to further study the required GB to handle CFO and in-band emission first. Then channel bandwidth of LP-WUS and LP-SS is to be determined. Send LS to RAN4 if necessary.


LP-WUS information bits design
Regarding the LP-WUS information design, below agreements were made for idle/inactive and CONNECTED mode UEs.
	Agreement
Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded

Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)


Our view on the LP-WUS information design is:
· Same scheme should be utilized for RRC IDLE/INACTIVE and CONNECTED UEs for lower LP-WUR complexity.
· Sequence selection would achieve higher spectrum efficiency, as each sequence for a UE/UE group/UE subgroup spreads over the whole LP-WUS, assuming for each UE, up to 1 or 2 sequence are detected targeting for its corresponding information bit(s). To support more than 2 sequences could be too much complexity. For RRC IDLE/INACTIVE, up to 2 sequences would be sufficient. For RRC CONNECTED, up to 2 sequences are sufficient or not is unclear.
· On the other hand, bitmap or codepoint based design requires simpler standardization efforts. The detection from LP-WUR side for larger number of bits is also of low complexity.
Thus, we propose following.
Proposal 5: For LP-WUS information design, same scheme should be utilized for RRC IDLE/INACTIVE and CONNECTED UEs. The required detection number of bits for CONNECTED should be concluded.

Overlaid sequence design
Below agreements were achieved regarding the candidate overlaid OFDM sequence:
	Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).


Our view is ZC sequence is the good candidate, due to the good orthogonality property for self/cross-correlation, friendly and low PAPR for PA, more flexibility on the implementation of both transmitter and receiver and the possibility of reusing NR design.
On the other hand, when CFO is larger than certain value, we are aware that ZC sequence would face correlation performance issue depending on the sequence length and root index. Some obvious performance degradation may be a concern in some cases, depending on how large the CFO is, which can be shown in Section 2.2.4. For CONNECTED mode, MR assistance should be assumed. For IDLE/INACTIVE mode, LP-WUR operation is mainly for good coverage case. Thus, as long as CFO does not cause fundamental issue, ZC sequence should be employed.
Proposal 6: ZC sequence should be adopted for overlaid OFDM sequence.

On whether/how the overlaid OFDM sequence carry LP-WUS information
On whether/how the overlaid OFDM sequence carry LP-WUS information, below agreement was achieved in the previous meeting.
	Agreement
Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.


In our view, the merit to support overlaid sequence for LP-WUS is to allow possible early detection and termination of the processing by LP-WUR to acquire longer sleep duration, rather than to enhance the coverage performance. Network side handling complexity between OOK or OFDM-based receiver type was raised in RAN [2]. Then WID was concluded as following [1]. It means network is not required to distinguish two types of receiver. Enhance the coverage performance specific to OFDM-based receiver type without network identification does not have specific merit as the required resource for LP-WUS needs to be dimensioned to OOK case. Therefore, termination of the processing by LP-WUR to acquire longer sleep duration should be used for OFDM-based receiver.
•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.

.
Therefore, given this criterion, not all the above options can achieve such merit, while below options may benefit from the early detection.
· Option 2-2 is more straightforward to support. The standardization effort is only for the sequence selection.
· Option 3 is similar with Option 2-2. If the “one or more OOK ‘ON’ symbols” is at the beginning of all the OOK symbols, early termination is also possible.
· Option 4 payload modulation on spreading sequence fits to larger payload and less UE multiplexing capacity, compared with Option 2-2 sequence selection. Such comparison is similar with the discussion for PUCCH format 0 in Rel.15. 
· However, Option 4 may need more standardization effort, which is from both spreading sequence design and also sequence modulation. The receiver also needs to jointly detect the spreading sequence and the constellation point, which would increase the complexity and degrade the performance compared with Option 2-2. 
Therefore,
Proposal 7: Option 2-2 should be supported for the overlaid OFDM sequence(s) of LP-WUS.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)



On LP-SS design
In previous meeting, below agreements were achieved for LP-SS design.
	Working Assumption
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4, FFS:1,8,16
· FFS whether value of M depends on SCS
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
FFS how OOK-1 and OOK-4 are specified 


Firstly, we support that the SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation as gNB may utilize only one SCS except PRACH and SSB. Although LP-SS and LP-WUS can be TDMed, to use different SCSs increases gNB complexity. In addition, we also propose to use the same symbol rate between LP-SS and LP-WUS for envelop detection. 
When M = 8 or 16, even for 15kHz SCS, the equivalent symbol rate would be up to 120 or 240kHz. In our view, it is much higher symbol rate than that of LP-WUS and would add further complexity for LP-WUR when detecting LP-SS. 
Therefore,
Proposal 8: The supported symbol rate(s) and SCS value(s) of LP-SS should be aligned with that of LP-WUS, i.e., not to support M = 8 and 16 for LP-SS.


	Agreement
Support to specify multiple binary LP-SS sequences for the ‘ON-OFF’ pattern:
· The LP-SS sequence used in a cell is
· Option 1: a sequence is configured
· Option 2: a sequence is determined by predefined rule
· FFS: Whether both options will be supported or only one will be supported
· FFS: the number of LP-SS sequences
· Note: Multiple sequences are used to differentiate LP-SS from different cells


In our view, the binary sequence design for LP-SS should consider:
· To decide the binary sequence of LP-SS, using partial PCI and SFN allows more interference randomization. This is beneficial for synchronization and RRM measurement performance against inter-cell interference.
· If > 5ppm clock accuracy with more than 30 kHz symbol rate are assumed, timing error can possibly beyond multiple symbols. Then more correlation operation is required for the timing calibration even for envelop detection. Then to include partial PCI and SFN in the binary sequence is useful but receiver will be more complex.
With above consideration,
Proposal 9:
· When LP-SS is only required to calibrate certain timing error within an OOK symbol/chip duration, simple design to employ a few candidates of Gold sequence (as the pseudo random code defined in TS38.211) by configuration is sufficient.
· If larger range of timing error correction is required, the binary sequence mapped to partial PCI and SFN can be studied for better synchronization and RRM measurement performance against inter-cell interference, although that may increase the LP-WUR complexity. 

Evaluations
In this section, we provide LLS evaluation results to check the effect of time-domain repetition for both envelope detection (OOK-based receiver) and correlation detection (OFDM-based receiver) of OOK-4 waveform in below aspects:
· Impact of different number of information bits carried by LP-WUS shown in Section 2.2.2
· Impact of timing error shown in Section 2.2.3
· Impact of carrier frequency error shown in Section 2.2.4

Simulation assumptions
The general evaluation assumptions are shown in Table.2 and some specific assumptions are listed as follows:
· OOK-4 based waveform with overlaid OFDM sequence over OOK symbol are assumed.
· At transmitter side, the information bits are encoded by Manchester code with coding rate of 1/2, and ZC (Zadoff-Chu) sequence is overlaid when coded bit is ‘1’ (= ON). Neither channel encoding (except Manchester code) nor CRC is utilized. And then, OOK-4 waveform is generated by DFT-spreading for transformation in time domain. ZC sequence is randomly selected and overlaid to each segment. The same set of sequences is used in all symbols. When M=1, the number of the sequence is same as the number of OFDM symbols and the same set used in all slots. Also, cyclic shift is not used.
· Time-domain repetition is performed for whole payload information, which means same block is transmitted across multiple slots.
· For configuration of LP-WUS signal, M is assumed to be {1,2,4} with 30 kHz SCS. We regard the performance of OOK-4 with M=1 as that of OOK-1 with same SCS.
· At receiver side, received bits are detected from Manchester coded signal by either envelope detection (OOK-based receiver is assumed) or correlation detection (OFDM-based receiver is assumed). Envelope detection is performed in segment-level in the time domain (for the case with M=1, equal to in symbol-level) with the average received power for multiple transmissions. In the process, blind boundary estimation is not performed in either time domain or frequency domain. Similarly, correlation detection is directly performed in segment-level with combined received signal for multiple transmissions in time domain, and the correlation is calculated by using the same sequence as overlaid at transmitter side, as a known sequence.
· For the evaluation on the effect of repetition without any impairments shown in Section 2.2.2, the numbers of information bits are assumed to be {8, 16} bits for all M and the number of the symbols are calculated by (2*information bit length / M). In case a block needs more than 14 symbols, multiple slots are used for the transmission of the block. For the evaluation on impact of residual constant timing error and carrier frequency error for the repetition shown in Section 2.2.3 and 2.2.4, the number of information bits is 8 bits.
· To model interference from in-band emission, PDSCH is mapped on the whole system bandwidth other than resource used by LP-WUS and GB. PDSCH power is modelled as constant.
· Sampling rate at Tx and channel are modelled by 30.72 MHz sampling rate, and at Rx, operation after BPF performs 7.68 MHz sampling rate. Further lower rate is not used at Rx to focus on the investigation of only time / frequency impairments or difference on number of information bits without any impact from down sampling, such as loss of energy and aliasing.

Table. 2 Simulation Assumptions 
	Carrier Frequency
	2.6 GHz

	Channel structure
	Payload only 
- The number of information bits: 
- For Section 2.2.2, 8, 16 bits/block
- For Section 2.2.3 and 2.2.4, 8 bits/block

	Waveform
	OOK-4 with overlaid OFDM sequence (ZC sequence-based signal)
 - Manchester coding is applied with R=1/2

	SCS of OFDM generator for NR signal
	same as LP-WUS signal

	Configuration for LP-WUS signal
	M=1,2,4 with 30 kHz SCS

	LP-WUS duration
	Number of OFDM symbols: (2*information bit length / M) symbols

	gNB Channel BW 
	20 MHz

	LP-WUS BW
	5.04 MHz (14 PRBs for 30 kHz SCS) for LP-WUS transmission including outer GB. 
- LP-WUS transmission: 12 PRBs  
- Outer GBs between LP-WUS and adjacent PDSCH: 2 RBs

	Filter 
	5-th Order Butterworth filter with 5.04 MHz bandwidth

	Adjacent subcarrier
interference
	PDSCH mapped on resources other than that for WUS and outer GB in Channel BW; 
EPRE of PDSCH / LP-WUS=ρ, where ρ=0 dB

	Sampling Rate
	Tx: 30.72 MHz / Rx: 7.68 MHz

	ADC
	Ideal

	Channel Model
	TDL-C (Delay spread: 300 ns, UE velocity: 3 km/h

	Time / Frequency
impairments
	- For Section 2.2.2, none
- For Section 2.2.3, residual time offset (TO): 0,1,2 (us) for M=1,2
                                     0,1,4 (us) for M=4
- For Section 2.2.4, residual frequency error offset (CFO): 0,5,10 (ppm)

	Detection at receiver
	- Correlation detection in time domain
- Envelope detection in time domain



The effect of time-domain repetition on OOK-4
The effects of time-domain repetition are shown in Figure.1 and 2. Figure.1 is the case of 8 bits transmission and Figure 2 is the case of 16 bits transmission. In each figure, each graph represents different M. In the legend of the graph, “OOK (env)” represents for the result of envelope detection and “OOK(corr)” means the result of correlation detection. Also, “symb” means the number of OFDM symbols in a block. and each curve represents different number of repetitions, which described as “rep” in the legend. From the figures, following points are observed:
· In envelop detection, around 2 dB gain is obtained from every 2 times repetitions at 1%BLER.
· In correlation detection, around 3 dB gain is obtained from every 2 times repetitions at 1%BLER. 
· Therefore, in envelope detection, a larger number of repetitions is required to achieve the comparable　coverage as in correlation detection, leading to higher power consumption.
· These gains are obtained almost similarly in both 8 bits transmission and 16 bits transmission.

Observation 2: By whole payload repetition, envelope detection can obtain around 2dB gain from every 2 times repetitions at 1% BLER and correlation detection can obtain around 3 dB gain with same number of repetitions as envelope detection.

Observation 3: Time-domain repetition is an effective way to simply improve the coverage of LP-WUS in both envelope detection and correlation detection.

[image: ]
(a) OOK-4, M=1 						(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure.1 The LLS performance of time-domain repetition in 8 bits/block transmission
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(a) OOK-4, M=1 						(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure.2 The LLS performance of time-domain repetition in 16 bits/block transmission


The impact of timing error on OOK-4 with time-domain repetition
The impact of constant timing error on time-domain repetition for both envelope detection and correlation detection are shown in Figure.3. Same as Section2.2.2, 3 results with different values of M are shown but with only the cases of 8 bits transmission. We can observe the following points:
· Even with the timing error, almost the same amount gain by repetition can be obtained as the case without any impairments shown in section 2.2.2, which is around 2 dB gain for envelope detection and around 3 dB gain for correlation detection from every 2 times repetition at 1% BLER.
· At the same number of repetitions, correlation detection is more sensitive to timing error especially for larger M, but always performs better than envelope detection, due to better correlation property of ZC sequence. Correlation detection has performance gain of about 2-3 dB compared with envelope detection in almost all different timing errors at 1%BLER.

Observation 4: Even with a timing error of up to 4 us for M=1,2 and 2 us for M=4, repetition is effective for both envelope detection and correlation detection. Almost the same gain can be obtained as the case without impairments. Correlation detection using ZC sequence can be more sensitive to timing error with larger M.


[image: ]
(a) OOK-4, M=1 						(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure. 3 The LLS performance for timing error impact investigation in OOK-4 with time-domain repetition

The impact of carrier frequency error on OOK-4 with time-domain repetition
[bookmark: _Hlk166078972]The impact of constant carrier frequency error on time-domain repetition for both envelope detection and correlation detection are shown in Figure.4. Same as above sections, 3 results with different values of M are shown but only with the cases of 8 bits transmission. We can observe the following points:
· Same as timing error investigation shown in Section 2.2.3, even with carrier frequency error, almost the same amount gain can be obtained by repetition as the case without any impairments shown in section 2.2.2, which is around 2 dB gain for envelope detection and 3 dB gain for correlation detection from every 2 times repetition at 1% BLER.
· At the same number of repetitions, envelope detection can tolerate a carrier frequency error of up to 10 ppm, while correlation detection is sensitive to carrier frequency error, which affects autocorrelation property of ZC sequence. However, with larger M, correlation detection gets more robust to carrier frequency error.

[bookmark: _Hlk163141012]Observation 5: Even with a carrier frequency error of up to 10 ppm, repetition is effective in both envelope detection and correlation detection, and almost the same gain can be obtained as the case without impairments. Correlation detection can be more sensitive to carrier frequency error with smaller M, i.e., longer ZC sequence.
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(a) OOK-4, M=1 						(b) OOK-4, M=2
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(c) OOK-4, M=4
Figure. 4 The LLS performance for carrier frequency error impact investigation in OOK-4 with time-domain 
repetition

Proposal 10: Repetition should be supported for LP-WUS to enhance coverage performance, such that performance requirement is met even for OOK-based receiver.

Conclusion
Based on the discussion, the following proposals are highlighted: 
Proposal 1: M should depend on the SCS and OOK symbol rate should supported limited options for lower receiver complexity and power saving gain.
Proposal 2: To support only either 30 kHz or 60 kHz symbol rate of LP-WUS.
- If 30 kHz symbol rate is taken, to discard the working assumption of M=4 in OOK-4.
- If 60 kHz symbol rate is taken, to discard the agreement to support OOK-1.
Proposal 3: If OOK-1 is supported, it should be specified as OOK-4 with M = 1.
Observation 1: Neither 11 nor 12 PRBs for LP-WUS/LP-SS would bring obvious benefit for system resource allocation efficiency if booked resource for SSB is 20 PRBs.
Proposal 4: RAN1/4 need to further study the required GB to handle CFO and in-band emission first. Then channel bandwidth of LP-WUS and LP-SS is to be determined. Send LS to RAN4 if necessary.
Proposal 5: For LP-WUS information design, same scheme should be utilized for RRC IDLE/INACTIVE and CONNECTED UEs. The required detection number of bits for CONNECTED should be concluded.
Proposal 6: ZC sequence should be adopted for overlaid OFDM sequence.
Proposal 7: Option 2-2 should be supported for the overlaid OFDM sequence(s) of LP-WUS.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
Proposal 8: The supported symbol rate(s) and SCS value(s) of LP-SS should be aligned with that of LP-WUS, i.e., not to support M = 8 and 16 for LP-SS.
Proposal 9:
· When LP-SS is only required to calibrate certain timing error within an OOK symbol/chip duration, simple design to employ a few candidates of Gold sequence (as the pseudo random code defined in TS38.211) by configuration is sufficient.
· If larger range of timing error correction is required, the binary sequence mapped to partial PCI and SFN can be studied for better synchronization and RRM measurement performance against inter-cell interference, although that may increase the LP-WUR complexity. 

Observation 2: By whole payload repetition, envelope detection can obtain around 2dB gain from every 2 times repetitions at 1% BLER and correlation detection can obtain around 3 dB gain with same number of repetitions as envelope detection.
Observation 3: Time-domain repetition is an effective way to simply improve the coverage of LP-WUS in both envelope detection and correlation detection.
Observation 4: Even with a timing error of up to 4 us for M=1,2 and 2 us for M=4, repetition is effective for both envelope detection and correlation detection. Almost the same gain can be obtained as the case without impairments. Correlation detection using ZC sequence can be more sensitive to timing error with larger M.
Observation 5: Even with a carrier frequency error of up to 10 ppm, repetition is effective in both envelope detection and correlation detection, and almost the same gain can be obtained as the case without impairments. Correlation detection can be more sensitive to carrier frequency error with smaller M, i.e., longer ZC sequence.
Proposal 10: Repetition should be supported for LP-WUS to enhance coverage performance, such that performance requirement is met even for OOK-based receiver.
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Appendix
From RAN1#116

Agreement
Support both OOK-1 and OOK-4 for LP-WUS. 
· FFS how OOK-1 and OOK-4 are specified 
· For OOK-4, M<=4, FFS supported values
· The SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as one of the SCS(s) used for other NR transmissions in the same CP-OFDM symbol
· FFS different SCS.

Agreement
Further study the following options for LP-SS:
· Option 1: OOK-1 
· Option 2: OOK-4 with M=1,2,4,[8]
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
· FFS: different SCS

R1-2401746	Summary#2 of discussions on LP-WUS and LP-SS design	Moderator (vivo)

Agreement
For LP-SS design from RAN1 perspective, consider at least the following as the design target:
· For RRM measurement performed by LP-WUR based on LP-SS, UE can satisfy measurement accuracy based on X LP-SS samples within a period which is comparable to Y=the length of I-DRX cycle that is larger or equal to 1.28s.
· FFS: X  
· Note: Y is chosen for evaluating LP-SS design. 
· Network overhead and network power consumption are to be considered

Agreement
The ‘ON-OFF’ pattern for OOK symbols of LP-SS is based on binary sequence(s)
· FFS binary sequence(s) details, including the sequence type, the number of sequences, and the sequence length
· FFS overlaid OFDM sequences, if supported

Agreement
For the overlaid OFDM sequence(s) for LP-SS, consider the following options for further down-selection:
· Option 1: Do not specify the overlaid OFDM sequences(s) 
· Option 2: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation without targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· Option 3: Specify the overlaid OFDM sequence(s) targeting for OOK waveform generation and also targeting for sync and RRM measurement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
· For Option 3, it is up to RAN4 to make decision on whether/how to define the RRM measurement requirement for OFDM-based LP-WUR using the overlaid sequence of LP-SS.
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Agreement
For RAN1 evaluation purpose, the SNR to achieve the coverage of PUSCH for message3 is determined for OOK-based LP-WUR and OFDM-based LP-WUR, respectively. 
· Companies are encouraged to report the SNR, together with the associated assumptions as listed in the table below.
	
	Bandwidth for LP-WUS signal (MHz)
	NF for LP-WUR (dB)
	Gain of antenna element (dBi) assumed for LP-WUR: 
e.g., -3 dBi for redcap UE and e.g., 0dBi for non-redcap UE
	# of Tx chains for LP-WUS/LP-SS transmission, e.g., 2
Note: The number of Tx chains for LP-WUS/LP-SS transmission is assumed the same as the number of RX chains for MSG3 reception

	MIL value of MSG3: taking redcap UE /non-redcap UE @dense urban 2.6GHz

	The SNR (dB) to achieve the coverage of PUSCH for message3
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From RAN1#116bis

Agreement
For OOK-4 with M >1, support M=2 & M=4 (working assumption) for LP-WUS. 
· FFS whether value of M depends on SCS
· FFS M=1 for OOK-4
Agreement
For evaluation purpose on LP-WUS, companies report the overlaid OFDM sequence(s), including:
· Sequence(s) generation and how sequence(s) map in time or frequency domain (including any details with multiplexing and IFFT).
· Number of candidate overlaid OFDM sequences used for information conveying
· Including details on whether the number of candidate overlaid sequences is per OFDM symbol or per OOK symbol
· How the proposed sequence design is processed by OFDM-based LP-WUR, e.g., in time domain or in frequency domain or in both time and frequency domain.
Agreement
Support to specify multiple binary LP-SS sequences for the ‘ON-OFF’ pattern:
· The LP-SS sequence used in a cell is
· Option 1: a sequence is configured
· Option 2: a sequence is determined by predefined rule
· FFS: Whether both options will be supported or only one will be supported
· FFS: the number of LP-SS sequences
· Note: Multiple sequences are used to differentiate LP-SS from different cells
Agreement
From RAN1 perspective, support X PRBs for LP-WUS and LP-SS with SCS 30kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz
· X to be down-selected between 11 and 12 PRBs 
· FFS the number of PRBs for 15kHz
· FFS if other number of PRBs needed, for LP-SS and LP-WUS with a channel bandwidth equal or less than 5MHz
FFS: Whether the above is applicable to FR2


Agreement
For timing error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of RTC/oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction/clock calibration by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.

Agreement
For frequency error evaluation purpose, the following two options for residual frequency error are considered:
· Option 1: The maximum frequency error (Fe) of oscillator is assumed, companies report Fe value and the applied LP-WUR type.
· Option 2: The residual frequency error (Fr) after frequency error correction by LR or after assistance from MR is assumed, companies report Fr value, how to achieve it and the applied LP-WUR type.

Working Assumption
Support the following options for LP-SS
· Option 1: OOK-1 
· Option 2: OOK-4 with M=2,4, FFS:1,8,16
· FFS whether value of M depends on SCS
· The SCS of a CP-OFDM symbol used for LP-SS generation is the same as that used for LP-WUS generation
FFS how OOK-1 and OOK-4 are specified 





Agreement
Regarding the LP-WUS information for idle/inactive UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] subgroups
· Option 2: A codepoint value corresponding to one or more subgroup(s)
· Option 3: Multiple codepoint values with each corresponding to one or more subgroup(s)
· Combination of above options are not precluded
· FFS how to carry LP-WUS information, e.g., by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences.
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· Other options are not precluded

Agreement
Regarding the LP-WUS information to trigger PDCCH monitoring of RRC connected UEs, at least consider the following：
· Option 1: A bitmap with each bit corresponding to [one or more] UEs
· Option 2: A codepoint value corresponding to one or part of UE identity, e.g., C-RNTI
· Option 3: A codepoint value corresponding to [one or more] UEs
· Option 4: Multiple codepoint values with each corresponding to [one or more] UE(s)
· Option 5: Multiple bit blocks with each corresponding to [one or more] UE(s)
· Combination of above options are not precluded.
· FFS how to carry LP-WUS information, e.g, by encoded bits (with/without CRC) and/or by OOK sequence selection for ‘ON-OFF’ pattern for OOK symbols of LP-WUS.
· FFS how to carry LP-WUS information by overlaid OFDM sequences. 
· It doesn’t preclude considering the configuration where a single candidate overlaid OFDM sequence is used
· FFS details of LP-WUS information to trigger PDCCH monitoring (e.g. whether above is applicable to one or more serving cells)
Conclusion: 
For calibration purposes, companies are encouraged to report the SNR to achieve the coverage of PUSCH for message3, at least with the following assumptions: 
· Carrier frequency: 2.6 GHz
· The number of Tx chains: 1
· MIL of MSG 3: use the average one in R17 coverage, i.e.,153.51 dB for non-redcap UE
· Transmit antenna gain correction factors for WUS: up to company report
· Noise Figure: All three values +2dB, +5dB, +8dB on top of NF of MR (7dB) are to be reported, SNR for different assumptions on NF are determined separately
Agreement
For the purpose of further study and evaluation in RAN1, the following candidate sequences for the overlaid OFDM sequence are considered:
· Gold sequence
· M-sequence
· ZC sequence
· Chirp sequence
· Walsh sequence
· Golay sequence
· Kasami sequence
· Low density sequence
· DFT/FFT sequence
· QAM symbol-based sequence
· Combinations and optimizations of above are not precluded
Companies are encouraged to provide an assessment on performance, required complexity, and power consumption to support their preferred sequence. Companies are encouraged to provide details on their preferred sequence (e.g. references).
Agreement
Regarding the overlaid OFDM sequence(s) of LP-WUS, consider the following options:
· Option 1: Single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by the presence of the overlaid sequence.
· Option 1-2: The overlaid OFDM sequence is pre-determined from multiple sequences. This sequence carry NO information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the OOK ON/OFF pattern.
· Option 2: One sequence is selected from multiple candidates overlaid OFDM sequences on each OOK ‘ON’ symbol or OFDM symbol duration, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). Consider the following two sub-options.  
· Option 2-1: The overlaid OFDM sequence(s) carry part of information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by OFDM sequence(s) and location of the OFDM sequence(s)/OOK symbols. 
· Option 2-2: The overlaid OFDM sequence(s) carry all information bits of LP-WUS. OFDM-based LP-WUR can obtain the whole information bits by the overlaid OFDM sequence(s)
· Option 3: One sequence is selected from multiple candidates overlaid OFDM sequences on one or more OOK ‘ON’ symbols, and OFDM-based LP-WUR obtain LP-WUS information at least by overlaid OFDM sequence(s). 
· Option 4: Use of modulated overlay sequence with constellation point: overlay sequence acting as a spreading sequence and constellation point carrying information for OFDM-based LP-WUR. 
Other options are not precluded.
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