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Introduction
In RAN#102, work item in RP-234056 has been approved. In RAN1#116, the following was agreed:
	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.
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

	Companyname-01 
	
	
	
	
	
	





In this contribution we focus on LP-WUS and LP-SS design aspects.
Discussion
Waveform generation 
Agreements related to waveform generation and comparison are summarized below.
	Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches
· Further discuss the following potential observations for waveform generation:
· When DFT is employed in OOK-4 (M>=2), -1/1 alternation in time or frequency shift in frequency domain may be needed to match CP-OFDM generation.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combination. This may be up to gNB implementation.
· quantization of generated waveform in frequency domain to existing constellation (e.g. 64QAM) has low impact on performance and reduces complexity. This may be up to gNB implementation.
· Repetition of a sequence(s) used in LP-WUS generation in frequency can be used to improve diversity for MC-OOK and robustness against frequency offsets for MC-FSK.

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.




RAN1 agreed to support both OOK-1 and OOK-4. What remained open is 
· how to specify OOK-1 and OOK-4
· what are values of M
· whether to support SCS of CP-OFDMA being different than SCS of LP-WUS 
In our opinion, OOK-4 with higher M>1 should be supported to increase the data-rate. On the other hand, larger values of M require better synchronization. For example, with M=2 robustness has been observed to be 3us, with M=4 robustness dropped to 1us already for 30kHz SCS.  Tighter synchronization requirements will result in more power consumption and/or more frequent transmission of LP-SS, therefore we suggest limiting M=1 or 2 for 30kHz SCS carrier and M=2 or 4 for 15kHz SCS carrier. Such we specify two different raw bit-rates 28kbps and 56kbps irrespective of used SCS. This would correspond to 14kbps and 28kbps bit-rate coded by Manchester code.
SCS of LP-WUS should be limited to 15 and 30 in a DL NR carrier. We believe that in practice gNBs would configure only a single DL carrier in a cell, but in specification it is allowed to configure multiple SCS carriers per cell. This should not be precluded, per se. If needed, extra capability for UEs can be introduced to support this mixed SCS scenario. In addition, LP-WUS maybe on different band/cell/carrier, subject to further discussion. 
Proposal-1: IDLE-mode LP-WUS can be configured in a 15-kHz or 30kHz DL NR carrier. 
· M=1,2 for 30kHz SCS carrier
· M=2,4 for 15kHz SCS carrier.
Figure 1 from TR shows an example generation of OOK-4. In RAN1#116 meeting it become controversial on whether signal generation is specified as input to DFT/Least-square or input to iFFT. And whether we specify an OOK chip sequence or whole OFDMA symbol sequence. With maximum of M=4 and with Manchester coding, and assuming per-OFDMA symbol generation, RAN1 would need to design the following 8 sequences listed in Table 1
[image: ]
Figure 1 OOK-4 generation

Table 1 Sequences to be specified.
	M
	Manchester-coded value
	OFDMA symbol sequence to specify

	1
	0 or 1
	0

	
	
	1

	2
	0
	01

	2
	1
	10

	4
	00
	0101

	4
	01
	0110

	4
	10
	1001

	4
	11
	1010





In our opinion, it would be better to specify sequence per OFDMA symbol, especially if additional “signal generation and modification” is agreed. For example, if any CP-handling enhancement or pulse-shortening/shaping is agreed, it could be specified in time domain. Secondly, we believe it would be simpler to use the same overlaid-sequence for value “1” for a given M. Usage of different overlaid sequence should be justified by performance benefit, if any. 
Proposal-2: Specify 8 OOK sequences (as in Table 1) in time domain, each corresponding to 1 OFDMA symbol length
· FFS what overlaid- sequences are used to generate values of OOK “1”.
· FFS need for CP-handling, spectral shaping.
While OOK-4 M=2 compared to M=1 improves spectral efficiency, as shown in Table 1, OOK-4 M=2 can also increase the PAPR, which in turn may cause existing gNB implementation to fail RAN4 requirements. Table 1 shows M=1 and M=2 OOK-4 PAPR, for carrier BW of 106/52 RBs from which 24RBs are reserved for LP-WUS. Random 64QAM is modulated on the surrounding SCs. PAPR issue is more visible with smaller channel BW, however with smaller BW eNB PA is operating typically in a more linear area. Overall, OOK-4 M=2 does not significantly impact PAPR at the gNB. 
Table 2 PAPR comparison
	OOK-4 M=1 / OOK-1 ON
	ZC sequence of size N’=271 + Zeros 
	PAPR
9.95dB/8.95dB over 100k realizations with full buffer 64QAM neighbor carrier signal 20/10MHz channel-BW


	OOK-4 M=1 / OOK-1 OFF
	N’ zeros
	

	OOK-4 M=2 ON
	ZC of size app. N’/2=139 + Zeros app. N’/2=149
	PAPR
10.27dB/9.93dB over 100k realizations with full buffer 64QAM neighbor carrier signal 20/10MHz channel-BW


	OOK-4 M=2 OFF
	 Zeros app. N’/2= 149 + ZC of size app. N’/2´=139
	


Observation-1: OOK-4 modulation order M increases the PAPR, however, differences in PAPR are not large. Difference grows with reduced channel BW of a carrier. 
Shortening of pulse in time domain was shown to increase robustness to time error, and at the same time may be used to tackle CP issue if OOK4 M>1.  Shortening of the pulse can be natural if shorter ZC sequence is used as overlaid sequence. 
Proposal-3: Consider shortening of the ON-duration pulse. ZC sequences are used as the overlaid sequence. 
In NR waveform generation, cyclic shift of SC is needed to ensure that SC are continuous in the spectrum after IFFT. 
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In legacy, NR receiver is aware of this and would perform inverse operation during FFT. OOK receiver may not perform inverse operation, and therefore, we believe that overlaid sequence should be pre-compensated to account for the cyclic shift. Whether such pre-compensation will have an impact on the overlaid sequence should be further studied.
Content of LP-WUS
	Agreement
· 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.




Payload transmitted by the LP-WUS should be the same as PEI payload. i.e. sub-group information. This will minimize impact to specification and at the same time maximize the coverage of LP-WUS. Another question that remained, or is not clear in plenary guidance, is whether overlaid sequence carries additional information. 
For OFDMA-based receiver, overlaid sequence should enable short decoding times, i.e. minimizing active time and maximizing sleep time, at good SNR conditions. At the cell-edge, overlaid sequence could provide repetitions and thus improved coverage. For example, if LP-WUS would be 8 bits (Manchester coded), this comprising 16 raw OOK bits/chips, the bits before Manchester coding could be allocated as shown in Table 3. Overlaid sequence with 1bit can reduce detection time for OFDMA receiver 2-fold, while 3bit overlaid sequence would decrease it by 4-fold. 
Table 3 Allocation of overlaid bits
	Manchester symbol
	0
	1
	2
	3
	4
	5
	6
	7

	OOK bit
	b1
	b2
	b3
	b4
	b5
	b6
	b7
	b8

	Overlaid sequence 
w 1-bit

	b5
	b6
	b7
	b8
	b1
	b2
	b3
	b4

	Overlaid sequence with
 3-bits

	b3b4 b5
	b6 b7 b8
	b1b2 b5
	b6 b7 b8
	b1b2 b3
	b4 b7 b8
	b1b2 b3
	b4 b5 b6



Proposal-4: Maximum number of payload bits of LP-WUS is 8 without CRC. Overlaid sequence provides both detection time reduction and coverage by repetition for the OFDMA receiver (see example Table 3).
Structure of LP-WUS
	Agreement
· 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).


[M][FL2] Proposal 3.4-1r1: RAN1 further discuss how to carry information bits by LP-WUS, including following options 
· Option 1: Encoded bits 
· Option 2: OOK Sequence selection 
· FFS: whether time/frequency domain occasions can be combined with option above. 




From above options agreed in SI, our preference is Alt 2 with CRC. The reason is that sequence detection is rather complicated when transmitted signals take values of 0 and 1. A simple linear block-code could be considered to improve performance at expanse of overhead. However, the starting point is ½-rate Manchester code. At least 7-8bits of CRC is needed to reduce FAR below 1%. 
Proposal-5: LPWUS information is delivered as a payload with CRC. A simple block-code can be considered on top of Manchester coding.
LP-WUS BW
	Agreement
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
FFS: Whether FR2 is included in the scope of LP-WUS SI
LLS
Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4,8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS
Agreement
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




Based on coverage analysis in SI, we believe that BW of LP-WUS of 12/24PRB (including GBs) should be supported. If there is a general believe that LP-WUS could find its way to carriers as small as 5MHz, then supporting 6/12PRB (including GBs) can be considered. RAN4 progress on GBs is needed, before RAN1 can start designing sequences.

Proposal-6: LP-WUS BW is 12/24RB (including GB decided by RAN4) for 30/15kHz SCS. Support 6/12RB LP-WUS can be considered.
Synchronization
	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.




LP-SS is OOK-4 M=1/OOK-1, to ensure best coverage and the best robustness to timing error. At the same time, it has been pointed out that higher chip-rate can improve timing accuracy. From this point of view, an LP-SS sequence could consist of two concatenated sequences comprising different chip-rate. Alternatively, if preamble before every LP-WUS is supported, higher chip-rate can be applicable to preamble, while LP-SS is only OOK-1 (Waveform-Option 1).  Overlaid sequence should be supported according to (Overlaid-Option 2). In other words, whatever sequence in Table 1 we design for M=1 for LP-WUS, will be used for LP-SS.

Proposal-7: LP-SS is OOK-4 M=1/OOK-1, while preamble can be configured with higher chip-rate. LP-WUS overlaid is reused for LP-SS.

When it comes to sequence of LP-SS, our preference is to adopt existing sequences, e.g. M-sequence. Significant benefit should be shown to justify introduction of a new sequence.

Conclusions 
In this contribution, we discussed issues related to LP-WUS signal design and had observations and proposals:
Proposal-1: IDLE-mode LP-WUS can be configured in a 15-kHz or 30kHz DL NR carrier. 
· M=1,2 for 30kHz SCS carrier
· M=2,4 for 15kHz SCS carrier.
Proposal-2: Specify 8 OOK sequences (as in Table 1) in time domain, each corresponding to 1 OFDMA symbol length
· FFS what overlaid- sequences are used to generate values of OOK “1”.
· FFS need for CP-handling, spectral shaping.
Observation-1: OOK-4 modulation order M increases the PAPR, however, differences in PAPR are not large. Difference grows with reduced channel BW of a carrier. 
Proposal-3: Consider shortening of the ON-duration pulse. ZC sequences are used as the overlaid sequence. 
Proposal-4: Maximum number of payload bits of LP-WUS is 8 without CRC. Overlaid sequence provides both detection time reduction and coverage by repetition for the OFDMA receiver (see example Table 3).
Proposal-5: LPWUS information is delivered as a payload with CRC. A simple block-code can be considered on top of Manchester coding.
Proposal-6: LP-WUS BW is 12/24RB (including GB decided by RAN4) for 30/15kHz SCS. Support 6/12RB LP-WUS can be considered.

Proposal-7: LP-SS is OOK-4 M=1/OOK-1, while preamble can be configured with higher chip-rate. LP-WUS overlaid sequence is reused for LP-SS.
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  Introduction   In RAN # 102 ,  work item in  RP - 234056   has been approved .   In RAN1#116, the following was agreed :  

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   o   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   o   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.   o   FFS: X     o   Note: Y is chosen for evaluating LP - SS design.    o   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.   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.  

