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Introduction
In RAN1#116 meeting, the signal design for LP-WUS and LP-SS were discussed with several details, and the following agreements were made [1]. 
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
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.
[bookmark: OLE_LINK15][bookmark: OLE_LINK16]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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[bookmark: _Hlk156923414]In this contribution, we further discuss the design of LP-WUS and LP-SS.
LP-WUS signal
The LP-WUS signal could be used to wake up the MR of UE, e.g. the LR of UE could monitor the LP-WUS. When LR receives the LP-WUS sent to the UE or UE group/subgroup for waking up the MR, it will wake up the MR to monitor paging message. LP-WUS should take several aspects into account, as in following.
· The content of LP-WUS refers to the specific information or data transmitted through the LP-WUS.
· The symbol generation process for LP-WUS involves the generation of OOK waveform with overlaid OFDM sequence(s) over OOK symbol.
· [bookmark: OLE_LINK1][bookmark: OLE_LINK2]LP-WUS resource allocation, and the correlation between LP-WUS and other signals, including the time domain and frequency domain resource.
The content of LP-WUS
During the SI phase, the content of LP-WUS was discussed and summarized in TR 38.869 as following [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
· 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).


· Function of the LP-WUS signal
The main function of the LP-WUS signal is to wake up the MR for signal reception. In the IDLE/INACTIVE mode, the LP-WUS is mainly used for paging indication, it can wake up the target UE(s)’s MR to receive the paging message. The MR will initiate the RACH process after woken up. In the CONNECTED mode, the LP-WUS is mainly used to wake up the target UE(s)’s MR for PDCCH reception. Considering the design of LP-WUS needs to be applicable to both IDLE/INACTIVE and CONNECTED modes, it can carry wake-up indication information to wake up the target UE(s). The difference between the IDLE/INACTIVE and CONNECTED modes lies in the operations performed by the MR after the UE(s) is woken up.
Observation 1: The content of LP-WUS should include the wake-up indication information. 
· In IDLE/INACTIVE mode, it could be used to indicate which UE(s) need to wake up the MR for RACH process, including the paging message reception. 
· In CONNECTED mode, it could be used to indicate which UE(s) need to wake up the MR for PDCCH monitoring.
For UE in the IDLE/INACTIVE mode, in addition to the wake-up indication, there are other information that needs to be received, such as cell information which mainly used for cell reselection, and UE can change the serving cell by receiving the cell information. Due to the worse oscillator performance of the UE’s LR, the UE needs to monitor the LP-SS to synchronize, and the LP-SS can also be used to assist the UE in RRM measurement. We think that when monitoring LP-WUS, the UE needs to monitor LP-SS to obtain synchronization and process the RRM measurement for the serving cell. Then, LP-SS is suitable to carry the cell information and serve the measurement purpose. 
Regarding SI change and ETWS/CMAS information, they are currently included in short message in paging PDCCH. LP-WUS can wake up the MR to receive the paging PDCCH, it is not necessary to carry the SI change and ETWS/CMAS information in LP-WUS.
As in the IDLE/INACTIVE mode, the main purpose of LP-WUS is to wake up the UE’s MR for the RACH process, and other information beyond the wake-up indication could be indicated through other signals. Therefore, we have not observed a strong demand for LP-WUS to carry additional information (e.g., cell information, SI change and ETWS/CMAS information, tracking area information, RAN area information, etc.) beyond the wake-up indication. 
Observation 2: In IDLE/INACTIVE mode, it is not necessary for LP-WUS to carry additional information (e.g., cell information, SI change and ETWS/CMAS information, tracking area information, RAN area information, etc.)  beyond the wake-up indication. Other information beyond the wake-up indication could be indicated through other signals (e.g., LP-SS signal, paging PDCCH).
Proposal 1: The content of LP-WUS should include the wake-up indication information, additional information (e.g., cell information, SI change and ETWS/CMAS information, tracking area information, RAN area information, etc.) is not necessary to be carried in LP-WUS.
· Payload of LP-WUS
Regarding the coding and modulation scheme, the Manchester coding/modulation can be used. The CRC bits could be ranged from 8~12.
Proposal 2: Manchester coding/modulation is used for LP-WUS signal. CRC bits are adopted, and the range of CRC bits could be 8~12. 
In IDLE/INACTIVE mode, LP-WUS could carry UE group/subgroup information to wake-up MR similar as Rel-17 PEI. The number of subgroups can be 8. For the waveform of LP-WUS, we have the agreement that support both OOK-1 and OOK-4. Considering that OOK modulation with Manchester coding consumes significant time domain resources, e.g. 8 bits CRC and 16 bits payload need be carried by 48 symbols (larger than 3 slots) in OOK-1. Limited by the waveform design of OOK-1, the payload of LP-WUS is better no larger than 16.
Observation 3: OOK modulation with Manchester coding will consume significant time domain resources, especially for the OOK-1 waveform. E.g. 8 bits CRC and 16 bits payload need be carried by 48 OFDM symbols (larger than 3 slots) in OOK-1.
Proposal 3: Per UE-group and / or per UE-subgroup indication for LP-WUS targets to 8-bits or 16-bits payload.
In RAN1#116 meeting, two options on the information carrying schemes were discussed as following.
· Option1: Encoded bits.
· Option2: OOK Sequence selection.
Encoded bits scheme has more flexibility in transmitting wake-up indications for single or multiple UE groups, and it can easily support larger number of information bits. If the payload of LP-WUS larger than 8, e.g. 16, it may be complicated for receiver to perform sequence correlation detection.
Proposal 4: We prefer encoded bits scheme to carry information by LP-WUS.
Waveform design of OOK-1 and OOK-4
· How to specify OOK-1 and OOK-4
During the SI phase of LP-WUS, there has been extensive discussion on the waveform generation. In RAN#102 meeting, it was endorsed that specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK symbol. The generation of OOK-1 and OOK-4 is as in the TR.
For OOK-1, only one OOK symbol can be transmitted per OFDM symbol, and if different data rates should be supported, it needs to be achieved by adjusting the SCS. For OOK-4, M OOK symbols can be transmitted per OFDM symbol, and different data rates can be supported by adjusting the value of M and/or the SCS. In our view, OOK-1 can be assumed as a special case of OOK-4, i.e., OOK-4 can fallback to OOK-1 when M is equal to 1. In the actual transmission of LP-WUS signals, the performance of LP-WUS is different due to the different channel quality. When the channel quality is better, higher data rate LP-WUS can be used, and when the channel quality is poorer, lower data rate LP-WUS needs to be used.
OOK-1 and OOK-4 have been captured in TR 38.869 as following.
	OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are
· OOK=1 means all SCs are modulated 
· OOK=0 means all SCs are zero power (from base-band point of view) 
[image: ]

	OOK-4: Transform M-bit OOK in time domain
· N SCs of OOK-4 are generated by a transformation (DFT/Least square) 
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used 
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’ 
· N’ can be the same as K 
[image: ]


In our view, for OOK-4 with M = 1, there are two cases that OOK = 1 or OOK = 0 within one OFDM symbol. When OOK = 0, the waveform is same as OOK-1, it also means all SCs are zero power. While OOK = 1, according to the waveform generation process of OOK-4, the bit “1” will map to one sequence with the length equal to N, then all SCs of LP-WUS are modulated by the sequence. It means all SCs are modulated. The sequence mapped from “OOK = 1” could also be prestored at gNB, in this way, gNB also don’t need to do DFT when generating the waveform of LP-WUS. 
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Observation 4: For OOK-4 with M = 1. OOK=0 also means all SCs of LP-WUS are zero power. OOK = 1 means all SCs are modulated by one sequence mapped from “OOK = 1”. DFT process could be absent if the sequence mapped from “OOK = 1” could be prestored at gNB. Thus OOK-4 with M = 1 can also be regarded as OOK-1. 
Observation 5: OOK-1 can be assumed as a special case of OOK-4, i.e. OOK-4 can fallback to OOK-1 when M is equal to 1, in this case single-bit OOK will be transmitted in 1 OFDM symbol. 
Considering the waveform of OOK-4 is similar to that of OOK-1 when the value of M is equal to 1. The OOK-1 can be fallback as link adaptation for poor channel condition. The baseline could be OOK-4 based LP-WUS with overlaid OFDM sequence(s) over OOK symbol.
Proposal 4: Support unified design, i.e. OOK-4 with M = 1,2,4. OOK-1 could be specified as the case of OOK-4 with M = 1. 
· FFS: whether the DFT process could be absent when M = 1.
· How to determine the SCS of LP-WUS
There is following agreement about the SCS used for LP-WUS.
	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.




Figure 1 Duration of LP-WUS
As we discuss in section 2.1, the duration of LP-WUS maybe consist of multiple slots, e.g. 3 slots. From gNB perspective, when generating LP-WUS signal in every CP-OFDM symbol, the SCS of a CP-OFDM symbol used for LP-WUS can be the same as the SCS(s) used for other NR transmissions in the same CP-OFDM symbol. And in the whole duration of LP-WUS, it is better the SCS used for all CP-OFDM symbols used for LP-WUS could be fixed.
From UE perspective, it needs to determine the SCS used for LP-WUS. If UE not know the SCS of LP-WUS, it could not determine the length of one chip, and it is hard to perform OFDM sequence correlation detection. gNB can explicitly configure the SCS used for LP-WUS, or UE can determine the SCS used for LP-WUS based on reference signal, e.g. SSB.
Proposal 5: It is not clear that UE how to determine the SCS of LP-WUS. Following could be as the starting point.
· Option 1: gNB explicitly configure the SCS used for LP-WUS.
· Option 2: UE determine the SCS used for LP-WUS based on the reference signal or BWP. E.g. the SCS used for LP-WUS could be same as which in initial DL BWP.
Proposal 6: The SCS used for LP-WUS remains unchanged during the whole transmission of LP-WUS.
· CP impact of OOK-4 with M>1.




Figure 2 CP impact of OOK-4 with M>1
[bookmark: OLE_LINK11][bookmark: OLE_LINK12]For OOK-4 with M>1, the number of OOK symbol transmitted within one CP-OFDM symbol is larger than 1. When M > 2, the first OOK symbol maybe different from the last OOK symbol within the same CP-OFDM symbol. And for M = 2 with Manchester coding, the first OOK symbol is always different from the last OOK symbol within the same CP-OFDM symbol. As shown in Figure 2, if the first OOK symbol's state is different from that of the last symbol within the same CP-OFDM symbol, the CP before first OOK symbol will introduce an opposite state, which hurts the performance of OOK demodulation.
If UE needs to handle the CP before first OOK symbol within every CP-OFDM symbol duration, it may require very accurate clock synchronization, and UE needs to omit the CP within every CP-OFDM symbol. One simple way is that UE does not handle the CP, and perform envelope detection based on the whole LP-WUS, i.e. regard the CP as one part of OOK symbol from UE perspective. In this way, the length of CP and the first OOK symbol is equal to the length of remaining OOK symbol within one CP-OFDM. As shown in figure 3.






Figure 3: The length of CP and the first OOK symbol is equal to which of remaining OOK symbol
When gNB generates the M OOK symbol transmitted within one CP-OFDM symbol, it can adjust the length of sub-sequence mapped from OOK bit, e.g. the length of sub-sequence mapped from the first OOK bit could shorter than the length of sub-sequence mapped from the remaining OOK bits. In this way, if the first OOK symbol's state is same as that of the last symbol within the same CP-OFDM symbol, the CP before first OOK symbol will not introduce an opposite state, which not hurt the performance of OOK demodulation. Otherwise, the CP will slightly hurt the performance of OOK demodulation, UE still can demodulate the OOK bit via envelope detection.
Observation 6: If gNB can adjust the length of sub-sequence mapped from M OOK bits within one CP-OFDM symbol to make the length of CP and first OOK symbol is equal to the length of remaining OOK symbol. When the first OOK symbol's state is same as that of the last symbol within the same CP-OFDM symbol, the CP will not introduce an opposite state. Otherwise, the CP will slightly hurt the performance of OOK demodulation. In this way, UE could not handle the CP.
Proposal 7: UE does not handle the CP, and perform envelope detection based on the whole LP-WUS, i.e. regard the CP as one part of OOK symbol from UE perspective.
Proposal 8: For OOK-4 with M>1, the length of CP before the first OOK symbol and the first OOK symbol is equal to the length of remaining OOK symbol within the same CP-OFDM symbol as shown in figure 3. For example, the length of CP before the first OOK symbol is N0, the length of the first OOK symbol is N1, the length of remaining OOK symbol is N2, N0 + N1 = N2.
On the basis of the above solution, if gNB could generate the waveform of CP based on the first OOK symbol within the CP-OFDM symbol, CP will not introduce opposite state. In this way, CP will not hurt the performance of OOK demodulation, and UE also not need to handle the CP. As shown in figure 4.






Figure 4: Determine the waveform of CP based on the first OOK symbol within one CP-OFDM symbol
Proposal 9: For further reduce the influence for OOK demodulation caused by CP, gNB can generate the CP of M OOK symbols within one CP-OFDM symbol based on the waveform of first OOK symbol as shown in figure 4.
[bookmark: OLE_LINK7][bookmark: OLE_LINK8]Overlaid OFDM sequence(s) over OOK symbol


Figure 5: ‘OOK symbol’ vs ‘OOK symbol w/ overlaid OFDM sequence(s)’ 
As shown in Figure 5, when transmitting OOK symbols, OFDM sequences could be overlaid over the OOK symbols. There are several aspects need to be considered.
· How to overlaid OFDM sequence(s) over OOK symbol.
For OOK-4, it can transmit M-bits OOK in the time domain duration of one OFDM symbol. During the waveform generation, N SCs of OOK-4 are generated by a transformation (DFT/Least square). In our view, the OFDM sequence can be overlaid over OOK symbol as following.


Figure 6: Two types for time domain OFDM sequence overlaid over OOK symbol
· Option 1: Time domain OFDM sequence overlaid over OOK symbol per OFDM symbol, as shown in Figure 6(a).
· Option 2: Time domain OFDM sequence overlaid over OOK symbol per OOK symbol, as shown in Figure 6(b).
For option 1, a complete time domain OFDM sequence could be generated per OFDM symbol. In this way, the length of time domain OFDM sequence can remain unchanged regardless of the value of M. During the transmission, the complete OFDM sequence may be divided into M sub-sequence due to the M OOK symbol transmitted within one OFDM symbol, and there will be some sub-sequences cannot be transmitted. For example, when the M is equal to 4, the complete OFDM sequence may be divided into 4 sub-sequence, and the length of each sub-sequence is L/4 if the length of complete OFDM sequence is L.
For option 2, the complete time domain OFDM sequence could be generated per OOK symbol. In this way, the length of OFDM sequence may change due to the different value of M, e.g., if the length of OFDM sequence equal to L1 when 4 OOK symbols transmitted within one OFDM symbol, the length of OFDM sequence may equal to L2 = L1/2 when 8 OOK symbols transmitted within one OFDM symbol. Though the length of OFDM sequence may change, the complete OFDM sequence could be transmitted without divided. 
[bookmark: OLE_LINK13][bookmark: OLE_LINK14]Observation 7: There are two methods for specifying time domain OFDM sequence overlaid over OOK symbol.
· Option 1: Time domain OFDM sequence overlaid over OOK symbol per OFDM symbol.
· Option 2: Time domain OFDM sequence overlaid over OOK symbol per OOK symbol.
Observation 8: If specify time domain OFDM sequence overlaid over OOK symbol per OFDM symbol, the length of time domain OFDM sequence could remain unchanged regardless of how many OOK symbols transmitted within one OFDM symbol, while the complete sequence maybe divided into M sub-sequences.
Observation 9: If specify time domain OFDM sequence overlaid over OOK symbol per OOK symbol, the OFDM sequence overlaid could be transmitted without divided, while the length of each time domain OFDM sequence maybe changed due to the number of OOK symbols transmitted within one OFDM symbol.
Observation 10: For OOK waveform generated via OOK-1, it can also specify time domain OFDM sequence overlaid over OOK symbol. gNB can pre-store the frequency-domain sequence which transform from the time domain OFDM sequence to modulate the SCs for LP-WUS. And UE could perform OFDM sequence correlation detection based on the time domain OFDM sequence.
Proposal 10: Specify time domain OFDM sequence overlaid over OOK symbols. Considering the following two options:
· Option1: Specify time domain OFDM sequence per OFDM symbol.
· Option2: Specify time domain OFDM sequence per OOK symbol.
· How to carry information by OFDM sequences.
Overlaying OFDM sequences over OOK symbols could improve the detection performance of LP-WUS signals, and the OFDM sequences may also transmit indication information. The LR with sequence correlation detection capability can obtain the indication information by the detected OFDM sequences. If the OFDM sequence could carry information, it should take several aspects into account, as in following.
The content of information carried by OFDM sequence: whether the information carried by the OFDM sequence is the same as the indication information of LP-WUS? In our views, there are three possible case. 
(1) The information carried by the OFDM sequence is different from the indication information of LP-WUS.
(2) The information carried by the OFDM sequence is the same as the indication information of LP-WUS.
(3) The information carried by the OFDM sequence includes the indication information of LP-WUS, and can carry additional indication information.
[bookmark: _Hlk159248862]Proposal 11: If OFDM sequence overlaid over OOK symbols could carry information, it should first decide the content of information carried by OFDM sequence. The information may be same as the indication information of LP-WUS, or carry additional information while include the same indication information of LP-WUS, or different from indication information of LP-WUS.
Proposal 12: Prefer the overlaid OFDM sequence(s) carry all information bits of LP-WUS.
[bookmark: OLE_LINK5][bookmark: OLE_LINK6]The mapping between OFDM sequence and indication information. If the entire indication information can be mapped to one OFDM sequence, it is possible to overlay one or more OFDM sequences over OOK symbols on the time-domain resources of LP-WUS transmission. The number of candidate OFDM sequences increases exponentially with the number of bits carried per OFDM sequence. 
Observation 11: If OFDM sequence overlaid over OOK symbols could carry information, the number of candidate OFDM sequences increases exponentially with the number of indication bits carried per OFDM sequence when the entire indication information is mapped to one OFDM sequence.
The complexity of sequence correlation detection by LR is also higher when the number of candidate sequences is large. In order to reduce the complexity of LR when performing sequence correlation detection, it may be possible to divide the indication information into multiple segments, and each segment of indication information could be mapped to an OFDM sequence. For example, K different OFDM sequences will be overlaid over OOK symbols on the time-domain resources of LP-WUS transmission when the indication information is divided into K segments, and the number of candidate OFDM sequences could be reduced from 2L to 2L/K (L is the number of entire information bits carried by OFDM sequences).
Observation 12: If OFDM sequence overlaid over OOK symbols could carry information, the number of candidate sequences could be significantly reduced when every segment of the whole indication bits is mapped to one independent OFDM sequence.
Proposal 13: If overlaid OFDM sequence(s) could carry information, it is better to make segments of the whole information bits.  And Each segment of the whole information bits can be mapped to one independent OFDM sequence.

· How to determine the overlaid OFDM sequence(s)
Considering gNB generates the OOK waveform per M OOK symbol, i.e. per OFDM symbol, gNB can also determine the overlaid OFDM sequence(s) based on the OOK bits transmitted within the same OFDM symbol. In this way, gNB do not need to perform bit selection when generating the overlaid sequence per OFDM. 


Figure 7: Generate the overlaid OFDM sequence based the OOK bit transmitted within the OFDM symbol
For OOK-4 with M=1 and 2, the number of OOK-on waveform per OFDM symbol is at most 1. And for OOK-4 with M = 4, the number of OOK-on waveform per OFDM symbol is 2, thus the overlaid OFDM sequence can transmit with 2 repetition.
Proposal 14: gNB determines the overlaid OFDM sequence(s) based on the OOK bit(s) transmitted within the OFDM symbol. In this way, it does not need to separately determine the bits mapping to the overlaid OFDM sequence when generating the M OOK waveform per OFDM duration.
Proposal 15: If the number of overlaid OFDM sequences transmitted within one OFDM symbol duration is larger than 1, the overlaid OFDM sequence mapped from OOK bits within the OFDM symbol could be transmitted with repetition. 
LP-WUS resource allocation and the correlation between LP-WUS and other signals
During the SI phase, the bandwidth and location of LP-WUS was discussed and summarized in TR 38.869 as following [2].
	· For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly) 
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes 
· From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different
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.


Supporting multiple bandwidths will increase complexity for LR, e.g., multiple RF/IF/BB BPFs with different bandwidth are needed before RF/IF/BB envelop detection. It can reduce LR’s complexity if using single bandwidth for different RRC state. The length of OFDM sequence overlaid over OOK symbol may be different for different SCS (e.g., 15kHz and 30kHz) if the number of subcarriers allocated for LP-WUS is different. For different subcarrier spacing, allocating a fixed number of PRBs to the LP-WUS signal makes it easier to generate waveforms and overlay OFDM sequences than allocating a fixed bandwidth size. 
[bookmark: _Hlk159248899]Proposal 16: The BW of LP-WUS for RRC IDLE/INACTIVE state could be same as that for RRC CONNECTED state. 
Proposal 17: Allocated fixed number of PRBs for LP-WUS signal instead of a fixed BW size, such as 6PRBs or 12PRBs. 
Due to the worse oscillator performance of the UE’s LR, UE needs to monitor the LP-SS or PSS/SSS to synchronize before monitoring LP-WUS. For LP-SS signal, the waveform of LP-SS could assume OOK-1/OOK-4, and the BW of LP-SS also need guard band. If different BWs are allocated for the LP-WUS signal and the LP-SS signal, guard band need to be set in both BWs, which will reduce the utilization of frequency domain resources. Considering that the UE could monitor LP-WUS and LP-SS signal via TDM mode. It is preferred to allocate the similar frequency location for LP-WUS and LP-SS signals.
[bookmark: _Hlk159248935]Proposal 18: LP-WUS and LP-SS could share the same BW and similar frequency location. The transmission of LP-WUS and LP-SS is TDM, without further guard bands in between two signals.
If UE can determine the monitoring occasion of LP-WUS in time domain, it can effectively reduce the complexity of monitoring LP-WUS signals, e.g., it does not need to continuously perform blind detection of LP-WUS signal in the time domain. The monitoring occasion of LP-WUS could be determined via the reference signal and the time offset. If UE need to monitor the PO after woke up from ultra-deep sleep. The timeline for UE monitoring LP-SS, LP-WUS, PO as following.


Figure 8: Timeline for UE monitoring LP-SS, LP-WUS, PO
As shown in Figure 8, LR first monitors the LP-SS signal to obtain necessary synchronization. When LP-WUS sent to UE is detected, LR needs to wake up MR to receive paging message. According to the study during SI phase, MR needs to go through ramp-up time and necessary synchronization to switch from ultra-deep sleep state to monitoring paging state, which will take at least 400ms. In our view, both LP-SS signal and PO could be used as the reference signal to determine the monitoring occasion of LP-WUS.
[bookmark: _Hlk159248921]Proposal 19: The monitoring occasion of LP-WUS could be determined via the reference signal and the time offset. LP-SS signal or PO could be used as the reference signal to determine the monitoring occasion of LP-WUS.
SNR (dB) to achieve the coverage of PUSCH for message3
In this section, we provide the requirement for SNR to achieve the coverage of PUSCH for message 3. Some associated assumptions are listed in the following table. For OOK based LP-WUR, the NF is assumed as 12dB, while the NF is assumed as 10dB for OFDM-based LP-WUR.
	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

	5MHz (4.32MHz for LP-WUS transmission for 30kHz SCS)
	12dB (OOK based)
	0dBi for non-redcap UE
	2
	151.13
	3.45

	
	10dB (OFDM based)
	
	2
	
	5.07


Proposal 20: The SNR to achieve the coverage PUSCH for message3 with MIL = 151.13dB is 3.45 for OOK based LP-WUR, while the SNR is 5.07 for OFDM based LP-WUR.
LP-SS signal
Low Power- Synchronization Signal is mainly for the frequency and time synchronization purpose. Introducing the LP-SS should take several aspects into account, as in following:
· The timing drifting of LP-WUR for receiving WUS signal.
· The frequency drifting of LP-WUR.
· For the receiver, the low power synchronization signal can also assist AGC of WUR. For the following WUS payload detection, the signal training would be important. 
LP-SS waveforms
In principle, the waveform of LP-SS should assume similar waveforms as for LP-WUS. Per last meeting agreements, LP-WUS will support both OOK-1 and OOK-4 for LP-WUS. The LP-WUS waveforms consider similar candidates. Overall, same framework can achieve OOK-1/4. We consider major different would be the M factor of OOKs. Further, the LP-SS may select one of M values.
As the LP-SS is mainly for the synchronization/tracking purpose, the payload is not needed to be configurable. Thus, single M value should be assumed.
Proposal 21: Single M values is selected for LP-SS OOK1/4 waveform.
LP-SS overlaid sequences
It was discussed in the last meeting that whether and how the LP-SS overlaid sequences would be on top of OOK symbols. The main motivation for support it is the LP-WUR with higher performance can be able to detect those sequences on LP-SS, which would be the similar functionality done for the overlaid sequences on LP-WUS. That will ensure LP-WUS detection performance as they will be in the same frequency location. Further the RRM measurement on the sequences can be also performed. On the other side, it was proposed LR/MR can use the existing PSS/SSS for sync and RRM measurement.
It is also considered to be beneficial that the OOK waveform spectrum can be improve by that overlaid sequence. And, there are no extra complexity been introduced.
In the RAN1#116, several options are reached to further study the issue:
	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.
[bookmark: _Hlk162945859]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.



It seems the Option1 will the sequences up to gNB implementation. In that case, the detection performance cannot be even guaranteed. More importantly, when we cannot assume the overlaid sequences, we have to perform the synchronization and tracking by PSS/SSS. It is unclear the LP-WUR with higher performance can also detect the PSS/SSS. And, as we mentioned in the contribution, the PSS/SSS will have some frequency offset with LP-SS/LP-WUS. Then the frequency retuning has to be done.
Thus, we would like to only consider Options specifying overlaid sequences.


Figure 9. Waveform by OOK overlaid with sequences.
Regarding the overlaid sequences, the same type of overlaid sequences for LP-WUS should be used by the LP-SS OOK symbols. Since the sequences will not carry wake up signals, it can consider a fixed sequence or sequences associated with cell ID. 
Proposal 22: Introducing same type of overlaid sequences on top of LP-SS OOK symbols as that for LP-WUS. 
· Targeting for sync and RRM measurement, exact measurement requirement is done by RAN4.
· Consider a fixed sequence or sequences fully/partially associated with cell ID.
LP-SS in time and frequency
As the LP-SS is for assisting LP-WUS, the closest or same frequency location should be assumed. And the same occupation of bandwidth should be used.
For signal bandwidth 6 RB as example, figure 10 shows that the SS and WUS located within the same frequency. Receiver don’t need to retuning the RF to measure or receive different signals.


Figure 10. Frequency allocation for LP-WUS and LP-SS.
In time domain the periodicity is considered at least 320ms for LP-SS transmission. In the LP-WUS, we prefer the simple schemes with only the wake-up information and necessary coding. For the low power waveform receiving, preamble may not be introduced. However, some other signal can serve for the training purpose. Consider the LP-SS, shorter periodicity like 80ms or 160ms can be adopted.


Figure 11. TDM based multiplexing for LP-WUS and LP-SS.
The wake-up schemes support different receivers. The overlaid sequences of WUS would depend on the measurement of PSS/SSS. Thus, the LP-WUS may be configured with fixed relative location in frequency with SSB. If the LP-WUS and LP-SS share the same frequency location, SSB location should be associated with LP-SS.


Figure 12. Time and frequency location between SSB and LP-WUS/SS
In time domain, the LP-SS should be periodically transmitted. The LP-SS transmission should consider the multi-beam operations. A set of LP-SSs can be transmitted in a period. Each LP-SS may be associated with a beam. 
Proposal 23: LP-WUS and LP-SS share the same frequency location, SSB location should be associated with LP-WUS/LP-SS.
· Consider shorter periodicity like 80ms or 160ms for LP-SS.
· Multiple LP-SSs can be transmitted in a period. Each LP-SS can be associated with a beam/SSB.
LP-SS modulation and coding
For low power signal tracking, the LP-SS may mainly carry the synchronization related information. That information can be modulated in the OOK chips. However, the PSS type of sequency cannot be applied. The suitable candidates can be real sequences like Gold or m sequences. 
Table 1. OOK Sequence candidates for LP-SS
	Parameter
	value
	Note

	Sequence Type 
	Gold or m sequence
	

	Shift Register
	7
	(1001001)

	Sequence length 
	127
	

	Number of sequences
	1, 3, 7, 112
	



The sequences can also use Manchester coding to be modulated in LP-SS, which can be applied same as LP-WUS. Additional CRC is not needed, which could be only used in LP-WUS.
LP-SS indication for WUS detection can be further evaluated to meet the requirements.
[bookmark: _Hlk159248981]Proposal 24: LP-SS introduce Gold or M sequences and Manchester coded/modulated into OOK symbols.
Conclusion
In this contribution, we discussed the signal design for LP-WUS and LP-SS. In general, the unified design for different signals and RRC states are starting point.
· LP-WUS signal
Function of the LP-WUS signal
Observation 1: The content of LP-WUS should include the wake-up indication information. 
· In IDLE/INACTIVE mode, it could be used to indicate which UE(s) need to wake up the MR for RACH process, including the paging message reception. 
· In CONNECTED mode, it could be used to indicate which UE(s) need to wake up the MR for PDCCH monitoring.
Observation 2: In IDLE/INACTIVE mode, it is not necessary for LP-WUS to carry additional information (e.g., cell information, SI change and ETWS/CMAS information, tracking area information, RAN area information, etc.)  beyond the wake-up indication. Other information beyond the wake-up indication could be indicated through other signals (e.g., LP-SS signal, paging PDCCH).
Proposal 1: The content of LP-WUS should include the wake-up indication information, additional information (e.g., cell information, SI change and ETWS/CMAS information, tracking area information, RAN area information, etc.) is not necessary to be carried in LP-WUS.
Payload of LP-WUS
Proposal 2: Manchester coding/modulation is used for LP-WUS signal. CRC bits are adopted, and the range of CRC bits could be 8~12. 
Observation 3: OOK modulation with Manchester coding will consume significant time domain resources, especially for the OOK-1 waveform. E.g. 8 bits CRC and 16 bits payload need be carried by 48 OFDM symbols (larger than 3 slots) in OOK-1.
Proposal 3: Per UE-group and / or per UE-subgroup indication for LP-WUS targets to 8-bits or 16-bits payload.
Proposal 4: We prefer option 1, i.e. encoded bits scheme to carry information by LP-WUS.
How to specify OOK-1 and OOK-4
Observation 4: For OOK-4 with M = 1. OOK=0 also means all SCs of LP-WUS are zero power. OOK = 1 means all SCs are modulated by one sequence mapped from “OOK = 1”. DFT process could be absent if the sequence mapped from “OOK = 1” could be prestored at gNB. Thus OOK-4 with M = 1 can also be regarded as OOK-1. 
Observation 5: OOK-1 can be assumed as a special case of OOK-4, i.e. OOK-4 can fallback to OOK-1 when M is equal to 1, in this case single-bit OOK will be transmitted in 1 OFDM symbol. 
Proposal 4: Support unified design, i.e. OOK-4 with M = 1,2,4. OOK-1 could be specified as the case of OOK-4 with M = 1. 
· FFS: whether the DFT process could be absent when M = 1.
How to determine the SCS of LP-WUS
Proposal 5: It is not clear that UE how to determine the SCS of LP-WUS. Following could be as the starting point.
· Option 1: gNB explicitly configure the SCS used for LP-WUS.
· Option 2: UE determine the SCS used for LP-WUS based on the reference signal or BWP. E.g. the SCS used for LP-WUS could be same as which in initial DL BWP.
Proposal 6: The SCS used for LP-WUS remains unchanged during the whole transmission of LP-WUS.
CP impact of OOK-4
Observation 6: If gNB can adjust the length of sub-sequence mapped from M OOK bits within one CP-OFDM symbol to make the length of CP and first OOK symbol is equal to the length of remaining OOK symbol. When the first OOK symbol's state is same as that of the last symbol within the same CP-OFDM symbol, the CP will not introduce an opposite state. Otherwise, the CP will slightly hurt the performance of OOK demodulation. In this way, UE could not handle the CP.
Proposal 7: UE does not handle the CP, and perform envelope detection based on the whole LP-WUS, i.e. regard the CP as one part of OOK symbol from UE perspective.
Proposal 8: For OOK-4 with M>1, the length of CP before the first OOK symbol and the first OOK symbol is equal to the length of remaining OOK symbol within the same CP-OFDM symbol as shown in figure 3. For example, the length of CP before the first OOK symbol is N0, the length of the first OOK symbol is N1, the length of remaining OOK symbol is N2, N0 + N1 = N2.
Proposal 9: For further reduce the influence for OOK demodulation caused by CP, gNB can generate the CP of M OOK symbols within one CP-OFDM symbol based on the waveform of first OOK symbol as shown in figure 4.
How to overlay the OFDM sequence over the OOK symbol
Observation 7: There are two methods for specifying time domain OFDM sequence overlaid over OOK symbol.
· Option 1: Time domain OFDM sequence overlaid over OOK symbol per OFDM symbol.
· Option 2: Time domain OFDM sequence overlaid over OOK symbol per OOK symbol.
Observation 8: If specify time domain OFDM sequence overlaid over OOK symbol per OFDM symbol, the length of time domain OFDM sequence could remain unchanged regardless of how many OOK symbols transmitted within one OFDM symbol, while the complete sequence maybe divided into M sub-sequences.
Observation 9: If specify time domain OFDM sequence overlaid over OOK symbol per OOK symbol, the OFDM sequence overlaid could be transmitted without divided, while the length of each time domain OFDM sequence maybe changed due to the number of OOK symbols transmitted within one OFDM symbol.
Observation 10: For OOK waveform generated via OOK-1, it can also specify time domain OFDM sequence overlaid over OOK symbol. gNB can pre-store the frequency-domain sequence which transform from the time domain OFDM sequence to modulate the SCs for LP-WUS. And UE could perform OFDM sequence correlation detection based on the time domain OFDM sequence.
Proposal 10: Specify time domain OFDM sequence overlaid over OOK symbols. Considering the following two options:
· Option1: Specify time domain OFDM sequence per OFDM symbol.
· Option2: Specify time domain OFDM sequence per OOK symbol.
How to carry information by OFDM sequences
Proposal 11: If OFDM sequence overlaid over OOK symbols could carry information, it should first decide the content of information carried by OFDM sequence. The information may be same as the indication information of LP-WUS, or carry additional information while include the same indication information of LP-WUS, or different from indication information of LP-WUS.
Proposal 12: Prefer the overlaid OFDM sequence(s) carry all information bits of LP-WUS.
Observation 11: If OFDM sequence overlaid over OOK symbols could carry information, the number of candidate OFDM sequences increases exponentially with the number of indication bits carried per OFDM sequence when the entire indication information is mapped to one OFDM sequence.
Observation 12: If OFDM sequence overlaid over OOK symbols could carry information, the number of candidate sequences could be significantly reduced when every segment of the whole indication bits is mapped to one independent OFDM sequence.
Proposal 13: If overlaid OFDM sequence(s) could carry information, it is better to make segments of the whole information bits.  And Each segment of the whole information bits can be mapped to one independent OFDM sequence.
How to determine the overlaid OFDM sequence(s)
Proposal 14: gNB determines the overlaid OFDM sequence(s) based on the OOK bit(s) transmitted within the OFDM symbol. In this way, it does not need to separately determine the bits mapping to the overlaid OFDM sequence when generating the M OOK waveform per OFDM duration.
Proposal 15: If the number of overlaid OFDM sequences transmitted within one OFDM symbol duration is larger than 1, the overlaid OFDM sequence mapped from OOK bits within the OFDM symbol could be transmitted with repetition. 
The bandwidth of LP-WUS
Proposal 16: The BW of LP-WUS for RRC IDLE/INACTIVE state could be same as that for RRC CONNECTED state. 
Proposal 17: Allocated fixed number of PRBs for LP-WUS signal instead of a fixed BW size, such as 6PRBs or 12PRBs. 
Proposal 18: LP-WUS and LP-SS could share the same BW and similar frequency location. The transmission of LP-WUS and LP-SS is TDM, without further guard bands in between two signals.
How to determine the monitoring occasion of LP-WUS
Proposal 19: The monitoring occasion of LP-WUS could be determined via the reference signal and the time offset. LP-SS signal or PO could be used as the reference signal to determine the monitoring occasion of LP-WUS.
SNR (dB) to achieve the coverage of PUSCH for message3
Proposal 20: The SNR to achieve the coverage PUSCH for message3 with MIL = 151.13dB is 3.45 for OOK based LP-WUR, while the SNR is 5.07 for OFDM based LP-WUR.
· LP-SS signal
LP-SS waveform
Proposal 21: Single M values is selected for LP-SS OOK1/4 waveform.
LP-SS overlaid sequences
Proposal 22: Introducing same type of overlaid sequences on top of LP-SS OOK symbols as that for LP-WUS. 
· Targeting for sync and RRM measurement, exact measurement requirement is done by RAN4.
· Consider a fixed sequence or sequences fully/partially associated with cell ID.
LP-SS in time and frequency
Proposal 23: LP-WUS and LP-SS share the same frequency location, SSB location should be associated with LP-WUS/LP-SS.
· Consider shorter periodicity like 80ms or 160ms for LP-SS.
· Multiple LP-SSs can be transmitted in a period. Each LP-SS can be associated with a beam/SSB.
LP-SS modulation and coding
Proposal 24: LP-SS introduce Gold or M sequences and Manchester coded/modulated into OOK symbols.
Reference
[1] Draft_Minutes_report_RAN1#116_v030.
[2] 3GPP TR 38.869 V2.0.0, Study on low-power wake up signal and receiver for NR.
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