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Introduction
In RAN#102, work item in RP-234056 has been approved. 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 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




RAN1 agreed to support both OOK-1 and OOK-4. What remained open is 
· how to specify OOK-1 and OOK-4
· whether to support all three values of M for each supported SCS
· 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 kHz and 30 kHz 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. 
How to specify M=1 is more a political than technical discussion, unless a performance difference can be shown. The difference between OOK-1 and OOK-4 is in additional DFT-spread and potential signal shaping, thus no significant performance difference is anticipated.
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.
· for M=1, specify OOK=4 instead of OOK-1, unless anybody can justify performance benefit from OOK-1.


OFDM overlaid 
	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
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.



Our preference of sequence-type is ZC, this because ZC overlaid sequences (e.g. with cyclic shift) maintain orthogonality in both time and frequency domain.   
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 M=1,2 and 4 supported and with Manchester coding, RAN1 would need to design the following 3 sequences per SCS listed in Table 1 and highlighted with colors.
[image: ]
Figure 1 OOK-4 generation

Table 1 Sequences to be specified.
	M
	Manchester-coded value
	OFDMA overlaid sequence in time domain

	1
	0 or 1
	  zeros of length  

	
	
	  – sequence of length 

	2
	0
	

	2
	1
	

	4
	00
	

	4
	01
	

	4
	10
	

	4
	11
	



We prefer specify sequences in time domain, and such optimize reception in time domain. Baseline is that non-zero sequences  within a single OFDMA symbol are the same. If Proposal 1 is adopted, we need to design: 
· two different sequence length for 15kHz
· two different sequence length for 30kHz
   
Proposal-2: Specify OOK sequences (as in Table 1) in time domain
· specify two different non-zero-sequence length for 15 kHz
· specify two different non-zero-sequence length for 30 kHz 
· FFS need for CP-handling, pulse shaping.
Sub-group coding
	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.



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. 
Therefore, we support Option 2, at the same time we do not see any complexity issues with OFDM receiver detecting 1bit from sequence location, and the other bit from the overlaid sequence, therefore, we support Option 2-1. 

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-3: Select 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).  
· 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. 
· 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).
· Overlaid sequence carries 1bit of information as baseline.

	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


From the Options agreed so far, Option 1 would the best if no CRC is supported. This option would allow OOK and OFDM receiver to pick/receive only the bit/subgroup of interest. However, if CRC is introduced, such power saving benefit is gone. 
If CRC is supported, our preference is Option 2. For example, if 4 sub-groups is configured, and payload of LP-WUS is 2 bits, e.g. two sub-groups are woken-up at the same time by each bit. By adding Option 3 on top of Option2, two or more codepoints can provide indications with different sub-group-granularity. 
Proposal-4: For sub-group mapping to payload bits: if CRC is not introduced, select Option 1, otherwise focus on Option 2/3. 
LP-WUS BW
	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




Based on coverage analysis in SI, LP-WUS BW 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. The 11-RB channel BW of 30kHz SCS does not fit SSB, we do not need to optimize LP-WUS for this deployment corner-case. FR2 is not supported, and no discussion should be allocated to this topic anymore.

Proposal-5: LP-WUS BW is 12/24RB (including GB decided by RAN4) for 30/15kHz SCS. Support 6/12RB LP-WUS can be considered if good use-case is identified.
Synchronization
	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
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 



LP-SS is OOK-4 M=1/OOK-1, to ensure the 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-6: 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. When it comes to the number of sequences, it could be determined from the PhyCell ID-part carried by PSS or additionally also by PhyCell ID-part of SSS. For the case when LP-WUS is deployed on different carrier, gNB may need to configure ID explicitly. Given that coverage of LP-SS will not be large, “cell-ID mod 3” could be sufficient. 

Proposal-7: Both Option 1 and Option 2 for LP-SS sequence design should be supported. Number of distinct sequences could be 3 (cell-ID mod 3 as baseline).

Conclusions 
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.
· for M=1, specify OOK=4 instead of OOK-1, unless anybody can justify performance benefit from OOK-1.

Proposal-2: Specify OOK sequences (as in Table 1) in time domain
· specify two different non-zero-sequence length for 15 kHz.
· specify two different non-zero-sequence length for 30 kHz. 
· FFS need for CP-handling, pulse shaping.

Proposal-3: Select 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).  
· 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. 
· 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).
· Overlaid sequence carries 1bit of information as baseline.

Proposal-4: For sub-group mapping to payload bits: if CRC is not introduced, select Option 1, otherwise focus on Option 2/3. 

Proposal-5: LP-WUS BW is 12/24RB (including GB decided by RAN4) for 30/15kHz SCS. Support 6/12RB LP-WUS can be considered if good use-case is identified.

Proposal-6: 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.

Proposal-7: Both Option 1 and Option 2 for LP-SS sequence design should be supported. Number of distinct sequences could be 3 (cell-ID mod 3 as baseline).
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  Discussion   2.1   Waveform  generation    Agreements related to waveform generation and comparison are  summarize d   below.  

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    

  RAN1 agreed to  support both   OOK - 1  and   OOK - 4.  What remained open is       how to specify  OOK - 1 and OOK - 4      whether to support  all three values of M for   each supported   SCS      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, l arger  values  o f   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   kHz   and 30   kHz   in a DL  NR  carrier . We believe that in practice gNB s   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.     How to specify  M=1 is more a political than technical discussion, unless  a performance difference can be shown.  The  difference between OOK - 1 and OOK - 4 is in additional DFT - spread   and potential  signal  shaping ,  thus n o  significant  performance difference is anticipated.   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 .      for M=1,  specify OOK=4 instead of  OOK - 1 , unless anybody can justify performance benefit from OOK - 1 .      

