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Introduction
It was agreed in WID [1] to specify LP-WUS and LP-SS design.
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK bit
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported
· For IDLE/INACTIVE modes
· Specify procedure and configuration of LP-WUS indicating paging monitoring triggered by LP-WUS, including at least configuration, sub-grouping and entry/exit condition for LP-WUS monitoring (RAN2, RAN1, RAN3, RAN4)
· Specify LP-SS with periodicity with Yms for LP-WUR, for synchronization and/or RRM for serving cell. (RAN1, RAN4)
· LP-SS is based on OOK-1 and/or OOK-4 waveform with or without overlaid OFDM sequences. Further down selection between with and without overlaid OFDM sequences is to be done within WI.
· Note: For LP-WUR that can receive existing PSS/SSS, existing PSS/SSS can be used for synchronization and RRM instead of LP-SS.
· Y will be decided within WI. 320ms is the start point.
· Specify further RRM relaxation of UE MR for both serving and neighbor cell measurements, and UE serving cell RRM measurement offloaded from MR to LP-WUR, including the necessary conditions (RAN4, RAN2)


In the contribution, low-power receiver is noted as LR in short, and main radio is noted as MR in short. In the contribution, OOK symbol means OOK binary ON or OFF pattern with duration, which can be called as OOK chip or OOK pulse; OOK bit means information bit carried by OOK symbol(s).

LP-WUS design

1.1 Waveform
Candidates of waveform are OOK-1 and OOK-4.
Comparing OOK-1 and OOK-4
Pros and Cons for OOK-1 and OOK-4 are listed in the following table.
Table 1: Pros and Cons for OOK-1 and OOK-4
	
	OOK-1
	OOK-4
	Note

	Number of OOK symbols per OFDM symbol
	1
	M, where M>1
	Large M can reduce time duration

	Support FDMed OOK symbols
	Can support but needs guard band
	No need to support
	FDMed OOK symbols can reduce time duration

	Shape in time domain 
	Easy to achieve near rectangle shape, e.g. using ZC sequence
	Hard to achieve near rectangle shape, since DFT+IFFT may cause a filtering operation
	Good shape in time domain (flat enough) can improve LR detection performance

	Shape in frequency domain
	Easy to achieve near rectangle shape, e.g. using ZC sequence
	Hard to achieve near rectangle shape, because flatness in time domain always cause a pulse in frequency domain
	Good shape in frequency domain (flat enough) is beneficial for gNB transmission (coexistence b/w LP-WUS and other signals/channels)

	Multi-path impact
	ISI (inter symbol interference) free due to CP for each OOK symbol
	ISI present for OOK symbols in an OFDM symbol due to no CP protection
	


It can be observed that OOK-1 and OOK-4 have Pros and Cons respectively.
It was agreed to support both OOK-1 and OOK-4 in RAN1#116 [2].
	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.


In RAN#116bis [3], value(s) of M was further determined. At least M=2 was agreed, but M=4 is just working assumption. M=1 (OOK-1 is a special case of OOK-4) is still FFS.
	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



Whether OOK-1 is a special case of OOK-4
Whether to support OOK-1 as a special case of OOK-4 with M=1, was discussed in RAN1#116.
In SI stage, OOK-1 is generated in frequency domain. If OOK-1 is supported as a special case of OOK-4 with M=1, OOK-1 can be also generated in time domain. 
From perspective of UE complexity, supporting both OOK-1 generated in frequency domain and time domain will raise UE complexity, but UE can perform time-domain detection for both case, and thus there is no UE complexity issue actually.
From gNB perspective, supporting OOK-1 as a special case OOK-4 with M=1 can unify generations of OOK-1 and OOK-4 (both in time domain). However, unifying generation just reduces standardization efforts, which is not so important. Moreover, OOK-1 can be easily designed with good constellation of sequence(s) in frequency domain, which may be beneficial for gNB transmission. 
Therefore, we prefer that waveform generation of OOK-1 is generated in frequency domain, like that in  TR.
Proposal 1: OOK-1 is generated in frequency domain as defined in SI captured in TR, i.e. not as a special case OOK-4 with M=1 for LP-WUS.

Whether to support M=4 for OOK-4
M=4 for OOK-4 can provide advantage of small resource overhead, since an OFDM symbol can contain 4 OOK symbols. However, resource overhead and performance are trade-off. For M=4, duration of an OOK symbol is shorter than that of M=2, and thus time error will cause performance degradation, especially for large subcarrier spacing (SCS), e.g. 30kHz. Moreover, for 30kHz SCS, CP length is comparable to OOK symbol duration (1/4 of an OFDM symbol), UE may falsely detects CP as an OOK symbol if time error is large.
In idle/inactive state, time error may be large since synchronization is based on LR. For pure OOK based LR, performance degradation may be large, since synchronization is not so good by envelop detection based on binary LP-SS sequence. For OFDM based LR, performance degradation may be small since synchronization can be good enough by OFDM sequence tracking based on PSS/SSS and/or LP-SS. On the other hand, information carried by LP-WUS may be small (e.g. 8 bits for subgroups), and necessity of using M=4 may not be so critical. However, resource overhead should be maintained as small as possible for network to support idle/inactive UEs, so M=4 can be helpful if resource overhead is critical issue.
For 15kHz SCS, time error (leading to performance degradation) is not critical issue, and resource overhead is critical issue. Therefore, at least M=4 for OOK-4 can be supported at least for 15kHz SCS.
Proposal 2: For idle/inactive UEs, M=4 for OOK-4 can be supported at least for 15kHz SCS.
In connected state, time error is small since synchronization is based on MR. Performance degradation may be trivial due to time error. On the other hand, information carried by LP-WUS could be large (e.g. C-RNTI), and necessity of using M=4 seems critical.
Proposal 3: For connected UEs, M=4 for OOK-4 can be supported.

1.2 Manchester coding
For OOK-1
For OOK-1, Manchester coding is beneficial for “power balance” across OFDM symbols, since OOK symbols for bit 0 and bit 1 have equal number across OFDM symbols. From UE perspective, OOK symbols pair 01 or 10 can enable “energy comparing” algorithm which does not need threshold determination in pure OOK detection.
Proposal 4: Manchester coding can be supported for OOK-1 based LP-WUS.

For OOK-4
Power boosting gain
For OOK-4, Manchester coding is beneficial for power boosting within an OFDM symbol, since there could be only one non-zero-power bit after Manchester coding.
· (1, 2) Manchester coding scheme
· Length of input information bit is 1, i.e. input information bit is “0” or “1”. Length of encoded bits is 2, e.g. encoded bits are “01” or “10”. 
· (2, 4) Manchester coding scheme
· Length of input information bit is 2, i.e. input information bits are “00”, “01”, “10” or “11”. Length of encoded bits 4, e.g. encoded bits are “0001”, “0010”, “0100” or “1000”.
It can be observed that there is only one non-zero-power bit after Manchester coding. It will make power of LP-WUS within one OFDM symbol is concentrated in a short duration, which provide power boost gain.
Observation 1: Power boosting within an OFDM symbol can be achieved, since there could be only one non-zero-power bit after Manchester coding.

Frequency-domain sequence generation
For OOK-4, frequency-domain sequence (i.e. OFDM sequences) can be designed together with Manchester coding, when the number of OOK symbols in an OFDM symbol (i.e. M) is equal to the length of Manchester encoded bits.
· M=2 for OOK-4: (1, 2) Manchester coding scheme is used. There are two OFDM sequences for OOK symbols “01” and “10, e.g. OFDM sequence#0 with zero power segment plus non-zero power segment, and OFDM sequence#1 with non-zero power segment plus zero power segment.
· M=4 for OOK-4: (2, 4) Manchester coding scheme is used. There are four OFDM sequences for OOK symbols “0001”, “0010”, “0100” and “1000”. e.g. OFDM sequence#0 with 3 zero power segments plus one non-zero power segment, and OFDM sequence#1 with 2 zero power segments plus 1 zero power segment plus 1 zero power segment, etc.
In this way, transform precoding and other shaping operations (e.g. truncation) are not necessary.
Observation 2: When the number of OOK symbols in an OFDM symbol (i.e. M) is equal to the length of Manchester encoded bits, OFDM sequences of OOK-4 can be designed together with Manchester coding, and the transform precoding and other shaping operations (e.g. truncation) are not necessary.

ISI issue
There could be ISI present for OOK symbols in an OFDM symbol due to no CP protection. Fortunately, with Manchester coding, since there is one OOK symbol “1” for coded bits and M is equal to length of encoded bits, ISI will only cause spreading along edge of the OOK symbol “1” for encoded bits. Thus, ISI impact is not so large.

According to above discussion, we support Manchester coding for OOK-4 based LP-WUS.
Proposal 5: Manchester coding can be supported for OOK-4 based LP-WUS.

1.3 Preamble
Preamble can be used for timing acquisition. However, some companies thought periodic LP-SS (at least for pure OOK based LR) or PSS/SSS (for OFDM based LR) is enough for time acquisition. Whether periodic LP-SS or PSS/SSS is enough for time acquisition should be further studied.
On the other hand, inter-symbol interference (ISI) may happen for OOK-4 with M>1 since certain OOK symbol(s) has no CP protection, and preamble can be used to mitigate ISI. Specifically, LR can perform channel estimation by preamble, and then LR can perform channel compensation to OOK symbols or OFDM sequence(s) to overcome ISI impact. In this way, preamble can be also regarded as demodulation reference signal.
Observation 3: Preamble for LP-WUS can mitigate ISI impact.
Therefore, we support preamble for LP-WUS at least for OOK-4.
Proposal 6: At least for OOK-4, preamble for LP-WUS can be considered.

1.4 Information content
In RAN1#116bis, information content carried by LP-WUS for idle/inactive UEs has the following options.
	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


For Option 1, bitmap is used like PEI in DCI format 2_9.
For Option 2, it can be regarded as subgroup(s) index is used.
For Option 3, it is like Option 2, but some codepoints are not used for subgroup(s) index.
Option 1 is simple as PEI. Option 2/3 can reduce the number of information bits in each LP-WUS, but has large latency than Option 1. For simplicity, we prefer Option 1.
Proposal 7: For idle/inactive UEs, Option 1 (i.e. bitmap) can be supported for information content carried by LP-WUS.
In RAN1#116bis, information content carried by LP-WUS for connected UEs has the following options.
	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)


For Option 1, bitmap is used like PEI in DCI format 2_9.
For Option 2, it can be regarded as C-RNTI based index is used.
For Option 3, it can be regarded UE(s) index is used.
For Option 4, it is like Option 3, but some codepoints are not used for UE(s) index.
For Option 5, bit block is like DCI format 2_6, but how about bit format in bit block is not clear.
In DCI forma 2_6, wake-up indication (1 bit) in bit blocks represents a group of UE(s). If LP-WUS is before the beginning of onDurationTimer, Option 5 (multiple bit blocks) with 1 bit in each bit block is the same as Option 1.
If LP-WUS is not before the beginning of onDurationTimer, e.g. anytime, Option 2/3/4 may be more suitable.
Therefore, after mechanism of LP-WUS for connected UEs is determined, information content carried by LP-WUS can be decided.
Proposal 8: For connected UEs, after mechanism of LP-WUS for connected UEs is determined, information content carried by LP-WUS can be decided.

1.5 Information carried by OOK symbols
In SI, it was concluded that information bits can be carried by OOK sequence or OOK bits. For OOK bits, they can be further Manchester coded and CRC attached at transmitter.
For OOK sequence, LR can detect OOK sequence by correlation. For OOK bits, LR may demodulate OOK bits one by one and the perform CRC check. 
Pros and Cons for OOK sequence and OOK bits are listed in the following table.
Table 2: Pros and Cons for OOK sequence and OOK bits
	
	OOK sequence
	OOK bits
	Note

	MDR (miss detection rate)
	Lower (using maximum likelihood), but may cause higher complexity
	Higher (in general using demodulation per OOK bit, e.g. power detection per OOK bit)
Comparable, when sequence detection is applied
	Usually 1% target

	FAR (false alarm rate)
	Comparable, if large “distance” of each two sequences is achieved by sequences design
	Comparable. FAR can be guaranteed by CRC
	Usually 1% target

	Number of information bits
	Smaller (large number of sequences can raise number of information bits)
	Larger, if sequence detection is not considered
	

	Overhead
	Comparable
For example, (Information bits + CRC)
	Comparable
Good-correlation-property OOK sequences
	

	With overlaid OFDM sequence
	Better performance (e.g. MDR/FAR), if OFDM-capable LR can detect the concatenated OFDM sequence, since the concatenated OFDM sequence has longer length which can improve performance with maximum likelihood reception
	Worse performance, since OFDM sequence cannot be concatenated
Comparable performance, when sequence detection is applied
	Only for LR with capability of detection of OFDM sequence


From LR perspective, OOK sequence are not so different from OOK bits. 
LR can perform sequences detection, even if information is carried by bits. This was reported by some companies in R17 PEI discussion. In fact, “channel coding” for encoding bits is expected to be simple, e.g. Manchester coding, which may be more like “spectrum spreading” or “sequence shaping” or “outer coding” than an forward-error-correction (FEC). Hence decoding does not provide gain over sequence detection.
Observation 4: From LR perspective, OOK sequence are not so different from OOK bits.
In general view, information bits carried by LP-WUS may be up to 8 or 16, but information bits carried by LP-WUS may be down to 1, e.g. indicating 1 group. For short length of information bits, CRC length may be quite larger than information bits length, which may cause large resource overhead. The relationship between information bits length and CRC length can be studied.
Observation 5: CRC may have large resource overhead, if length of information bits is small.
We compare OOK sequence and OOK bits with CRC roughly. We assume CRC length is fixed as 8, which is multipliers of 4 (to be consist for M=4).
Table 3: Comparison between OOK sequence generation and OOK bits with CRC
	
	OOK sequence
	OOK bits with CRC

	1 information bit
	2 orthogonal or semi-orthogonal sequences
Length >= 2, e.g. =2
	1 information bit + 8 CRC bits
Length = 9

	2 information bits
	4 orthogonal or semi-orthogonal sequences
Length >= 4, e.g. =4
	2 information bit + 8 CRC bits
Length = 10

	4 information bits
	16 orthogonal or semi-orthogonal sequences
Length >= 16, e.g. =16
	4 information bit + 8 CRC bits
Length = 12

	8 information bits
	256 orthogonal or semi-orthogonal sequences
Length >= 256, e.g. =256
	8 information bit + 8 CRC bits
Length = 16


It can be observed that for 8 information bits the number of sequences is too large which is hard to be designed. Therefore, we can consider to use OOK sequence or OOK bits with CRC according to the number of information bits.
Proposal 9: Consider the following mechanisms for information carrying by LP-WUS, and down-selection can be considered in future.
· OOK sequence
· OOK bits with CRC
· OOK sequence or OOK bits with CRC according to the number of information bits

1.6 Information carried by overlaid OFDM sequence
Whether overlaid OFDM sequence in an OOK symbol can provide information was widely discussed in SI and WID discussion. There was strong controversial. 
Some companies reported in RAN1#116 that if information carried by overlaid OFDM sequences can enable early termination, i.e. OFDM based receiver can detect smaller number of OOK symbols to achieve enough information and terminate detection earlier. However, we think further power saving for LP-WUS detection may not provide larger power saving gain, since large power consumption is saved by reducing the frequency of MR wake-up.
As mentioned by some companies, it is actually related to how many OFDM sequences overlaid in an OOK symbol. Multiple OFDM sequences will cause design difficulty. Due to tight time frame, we think multiple OFDM sequences may have low priority.
Proposal 10: For LP-WUS, multiple OFDM sequences overlaid on an OOK symbol may have low priority.
In RAN1#116bis, overlaid OFDM sequence(s) has the following options.
	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.


For Option 1, it obviously means single sequence. LR can obtain whole information bits by the presence of the single sequence. It may mean binary OOK sequence with overlaid OFDM sequence can be regarded as a long OFDM sequence, which provides whole information bits.
For Option 1-2, it means single sequence is pre-determined from multiple candidate sequences, but the selected single sequence carry no information bits. It may mean that the selected single sequence is on OOK ‘ON’ symbol, which may belong to Option 1. However, it is not clear that how the single sequence is pre-determined.
For Option 2, it means one sequence is selected from multiple candidate sequences. The multiple candidate sequences carry all or part of information bits.
For Option 3, it may belong to Option 2.
For Option 4, it means single sequence, and constellation point should be defined, e.g. QAM constellation.
In fact, OFDM-based LP-WUR can obtain the whole information bits. It may come from scope of WID.
	· To specify an LP-WUS design commonly applicable to both IDLE/INACTIVE and CONNECTED modes (RAN1, RAN4)
· Specify OOK (OOK-1 and/or OOK-4) based LP-WUS with overlaid OFDM sequence(s) over OOK bit
· The LP-WUS design shall ensure that for IDLE/INACTIVE operation, the same information is delivered irrespective of LP-WUR type. The OFDM sequence can carry information.
· At least duty-cycled monitoring of LP-WUS is supported


In our view, single sequence is easily to be supported, and Option 1, 1-2 and 4 can be compromised. Since this part should be captured in 38.211, we can just define candidate sequences for OOK ‘ON’ symbol or OOK ‘ON/OFF’ symbols within an OFDM symbol. For information carrying, mapping from OOK ‘ON/OFF’ symbols to information bits can be captures in 38.212.
Proposal 11: Single overlaid OFDM sequence is selected from multiple candidate overlaid OFDM sequences. The single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by OOK ON/OFF pattern.
For quantization issue (using QPSK or QAM constellation point), we are not sure whether it is necessary for transmitter. For example, for DFT-s-OFDM based PUSCH, values after DFT mapping to subcarriers may not be constellation points, but there seems no issue for UE transmitter. From gNB receiver perspective, since DMRS for PUSCH is generated in frequency domain, complex values of PUSCH in frequency domain can be equalized and there seems no issue for gNB receiver. However, LP-WUS may not have DMRS or preamble, so situation is different from DFT-s-OFDM based PUSCH, and quantization in frequency domain at transmitter may be necessary.
Proposal 12: If there is no preamble for LP-WUS, each element of the overlaid OFDM sequence is quantized to QPSK or QAM constellation point in frequency domain.

1.7 Evaluation assumptions
In RAN1#116bis, evaluation assumptions are widely discussed.
Evaluation assumptions for time error and frequency error are listed as follows.
	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.


Evaluation assumptions for overlaid OFDM sequence(s) are listed as follows.
	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
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).



LP-SS design

1.8 Waveform
Like LP-WUS waveform, OOK-1 and OOK-4 has Pros and Cons respectively.
It was agreed to study OOK-1 and OOK-4 based LP-SS in RAN1#116.
	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


In RAN1#116bis, OOK-1 and/or OOK-4 with M=2 or 4 was made as working assumption.
	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 


For Option 1 (OOK-1), we think it is beneficial for LP-WUS with OOK-1, since sequence in frequency domain may have good shape, e.g. constellation points (QPSK/QAM/…) and it is more tolerant to frequency error.
Proposal 13: OOK-1 can be supported for R19 LP-SS similar to LP-WUS.
For Option 2 (OOK-4 with M=2 or 4), we think larger number of OOK symbols for an LP-SS can provide longer sequence which is beneficial to provide good-correlation sequence. If LP-WUS with OOK-4 with M=2 or 4 is used, time error is critical issues, since duration of each OOK symbol is small, and thus it is better to use LP-SS with OOK-4 with M=2 or 4.
Proposal 14: OOK-4 with M=2 or 4 can be supported for R19 LP-SS.
As discussed above, in our understanding, LP-SS waveform should be the same as LP-WUS waveform, in which LP-SS can provide good reference to LP-WUS for different waveform assumption. Anyway, it can be up to gNB implementation and no spec restriction is necessary.
Proposal 15: It is assumed during our discussion/design that LP-SS waveform is the same as LP-WUS waveform, but this restriction may not have spec impact.

1.9 Manchester coding
Similar to LP-WUS, LP-SS can use Manchester coding to improve “power distribution” and simplify waveform generation of OOK-4. Therefore, we support Manchester coding for LP-SS.
Proposal 16: Manchester coding can be supported for LP-SS.

1.10 Periodicity of LP-SS
Residual time error
Residual time error after processing LP-SS should be kept small enough. Otherwise, 
· LR needs to process preamble to correct the residual time error before decoding information bits in LP-WUS, and/or
· LR needs to use large sliding window to process LP-WUS.
320ms periodicity assumption
In SI evaluation, periodicity of LP-SS was assumed as 320ms and duty cycle of LP-WUS is assumed as 1.28s. From time error modeling in SI, time error in between 320ms can be estimated, and the corresponding sliding window to process LP-SS can be estimated. Given a SNR, the corresponding residual time error after processing an LP-SS can be also estimated. Whether preamble is needed and/or sliding window is needed for processing depends on the corresponding residual time error.
RRM measurement
It is actually up to RAN4 discussion which is related to requirement, e.g. accuracy and the minimum number of L3 samples needed per cycle. It should be noted that one L3 sample may consume multiple L1 sample, which means periodicity of LP-SS should be small enough if the minimum number of L3 samples needed per cycle is large.

1.11 Information carrying
In RAN1#116, it was agreed to LP-SS is based on OOK sequences.
	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


In RAN1#116bis, it was agreed that OOK sequences for LP-SS can convey at least cell information.
	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


For Option 1, an OOK sequence for LP-SS in a cell is configured, e.g. by SIB1. In our view, it is over flexible.
For Option 2, an OOK sequence for LP-SS in a cell is determined by predefined rule. It could be like PSS/SSS sequence generation in which rule is predefined, e.g. cell ID part. We think it can be reused.
Proposal 17: Support Option 2 (predefined rule) for OOK sequence generation for LP-SS.

1.12 With or without overlaid OFDM sequence
Different from LP-WUS, whether OOK of LP-SS has overlaid OFDM sequence has not be decided. 
It was agreed to consider the following three options for overlaid OFDM sequence for LP-SS in RAN1#116.
	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.


As mentioned above, OFDM sequence overlaid on an OOK symbols can at least improve performance of coverage. If LP-WUS coverage is improved, LP-SS coverage should be also improved. On the other hand, pure OOK symbol (without overlaid OFDM sequence can only provide time sync in general), but LR with capability of OFDM sequence detection needs frequency sync, since OFDM is more sensitive to frequency error. Therefore, we prefer Option 3.
Proposal 18: For LP-SS with or without overlaid OFDM sequence, Option 3 can be supported.

1.13 Information carried by overlaid OFDM sequence
In our view, similar to LP-WUS, multiple OFDM sequences for LP-SS may have low priority currently. However, from network perspective, cell ID can be considered in OFDM sequence generation, which is normal operation for NR signal for inter-cell interference randomization, e.g. PSS/SSS.
Proposal 19: For LP-SS, multiple OFDM sequences overlaid on an OOK symbol may have low priority currently, but cell ID can be considered in OFDM sequence generation.

Bandwidth for LP-WUS and LP-SS
In RAN1#116bis, it was agreed that for SCS 30kHz PRB number (not including guard PRBs) is 11 or 12, if channel bandwidth equal to or larger than 5MHz.
	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


When PRB number is 12 for SCS 30kHz, the “transmission” bandwidth is 4.32MHz. If there are two PRBs as guard PRBs at two sides of the “transmission” bandwidth, the channel bandwidth is 5.04MHz.We think it is fine for coexistence with other NR signals/channels.
Proposal 20: Support 12 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.
For SCS 15kHz, PRB number can be doubled for simplicity, and the “transmission” bandwidth is kept the same as that for SCS 30kHz.
Proposal 21: Support 24 PRBs for LP-WUS and LP-SS with SCS 15kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz.
For FR2 issue, we do not think R19 LP-WUS/LP-SS design discussed so far can be directly applied to FR2. Especially, it is common understand currently that R19 LP-WUS/LP-SS can be only applicable at cell center, but FR2 may be only used as small cell and cell center of small cell is too restriction for real application.
Proposal 22: Agreements on PRB number does not applicable to FR2.

Coverage

1.14 SNR target
It was agreed to study SNR target to evaluate LP-WUS performance in RAN1#116.
	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 WID, target coverage of LP-WUS and LP-SS are both similar to coverage of Msg3 PUSCH. The target SNR to achieve coverage of Msg3 is to be aligned among different companies. Once the target SNR is aligned, we can compare performance/overhead of different LP-WUS schemes.
In RAN1#116bis, assumptions for target SNR calibration were further discussed and some conclusions were drawn.
	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


For the number of Tx chain equal to 1, problem may arise that whether precoder cycling can provide obvious gain.
At least for legacy NR channels, precoder cycling is done in frequency domain, and UE can perform channel estimation and compensation, since DMRS in frequency domain has the same precoder as data in frequency domain. There is additional Rx gain. For example, precoder cycling at transmitter will randomize “digital beam angle”, and channel estimation and channel compensation at receiver will amplify channel gain from “digital beam angle” towards receiver to get additional Rx gain.
For LP-WUS, if precoder cycling is done in time domain, we can consider preamble as DMRS in time domain, and LR can perform channel estimation and compensation in time domain. However, the time varying of channel may let gain of precoding cycling vanished. If precoder cycling is done in frequency domain, we can also consider preamble as DMRS in frequency domain, and LR can perform channel estimation and compensation in frequency domain. However, complexity of channel compensation in frequency domain seems too large and no LR will implement it. Therefore, there is no additional Rx gain for LP-WUS when precoder cycling is done at gNB. If there is no additional Rx gain for LP-WUS, we think precoder cycling from multiple Tx chains may not have obvious gain for LP-WUS. 
Anyway, to proceed, we need to confirm there is no precoder cycling in time or frequency domain for gNB transmitting LP-WUS.
Proposal  23: For calibration of the target SNR, confirm there is no precoder cycling in time or frequency domain for gNB transmitting LP-WUS.

1.15 Tradeoff between coverage and power consumption
It is common understanding that there is tradeoff between coverage and power consumption of LR. It was almost acceptable in SI stage that there could be different levels for power consumption for different assumptions/scenarios for LR. Here, we assume power consumption can be paid for better coverage, but power consumption should not be greater than upper bound in power model of SI.
It is also notable that whether LP-WUS without any coverage enhancements can achieve coverage target is still FFS.
Therefore, we should jointly consider power consumption and determination of coverage target.
Proposal 24: We should jointly consider power consumption and determination of coverage target for LR.

1.16 General techniques for coverage enhancements
Whether LP-WUS without any coverage enhancements can achieve coverage target is still FFS.
In SI stage, it was concluded that coverage enhancement can be studied.
	-	Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
-	low complex channel coding 
-	FEC
-	spreading code in time domain
-	time domain repetition 
-	with combining before or after ED
-	time-domain interleaving
-	Note: Also Manchester coding can be considered as channel code     
-	non-contiguous transmission in the frequency domain
-	frequency domain repetition 
-	frequency-hopping
-	power-boosting
-	transmit diversity
-	study whether any above techniques could be transparent to UE.


For above enhancement, our views are shown in the following table.
Table 4: Comparing coverage enhancements
	Enhancements
	Discussion
	Transparent to UE?

	Low complex channel coding
	FEC
	Complicated FEC is not necessary. Manchester coding is enough
	No

	
	Spreading code in time domain
	Manchester code can be consider as a spreading code
	No

	
	Time domain repetition
	May be beneficial
	No

	
	With combining before or after envelop detection
	Combining before envelop detection can be applied if time domain repetition is enabled
	Yes (up to UE implementation)

	
	Time-domain interleaving
	May be not necessary, since time domain repetition may be good enough
	

	Non-contiguous transmission in the frequency domain
	May be not necessary, since bandwidth of LP-WUS can be adjusted as large as possible (within 5MHz)
	

	Frequency domain repetition
	May be not necessary, since bandwidth of LP-WUS can be adjusted as large as possible (within 5MHz)
	

	Frequency-hopping
	May be not necessary, since bandwidth of LP-WUS can be up to 5MHz which can provide frequency diversity gain
	

	Power-boosting
	It can be done in Manchester coding for OOK-4, since there are small number of OOK symbol “ON” but large number of OOK symbol “OFF”
	No

	Transmit diversity
	It can be done by beam sweeping at gNB, which is used for broadcast channel as default
	No


It can be observed that with Manchester coding, some enhancements, e.g. “FEC”, “Spreading code in time domain” and “Power boosting”, are already realized.
Observation 6: With Manchester coding, some enhancements, e.g. “FEC”, “Spreading code in time domain” and “Power boosting”, are already realized.

1.17 Comparing two types of LR
As mentioned above, there could be two types of LR, i.e. LR with capability of OFDM sequence detection and LR without capability of OFDM sequence detection. These two types of LR may cause different coverage performance.
For LR with capability of OFDM sequence detection, coherent detection for OFDM sequence is applied. The sampling rate is a little above bandwidth of LP-WUS, i.e. one complex-number sample per virtual subcarrier in FFT. For example, 7.68Msps sampling rate is used for 5MHz LP-WUS bandwidth (FFT size is 512 for 15kHz SCS).
For LR without capability of OFDM sequence detection, for envelop detection, in theory, one sample per OOK symbol is enough. It means that analog signal strength should be integrated before ADC. However, this will cause performance degradation due to lack of digital signal processing gain. Therefore, we think for LR without capability of OFDM sequence detection, the sampling rate similar to that of LR with capability of OFDM sequence detection can be assumed, e.g. the sampling rate is a little above bandwidth of LP-WUS.
Proposal 25: For fair comparison, we can assume the similar sampling rate for LR with capability of OFDM sequence detection and LR without capability of OFDM sequence detection.

Overhead

1.18 Tradeoff between overhead and coverage
There is also tradeoff between resource overhead and coverage. If information quantity is constant, larger overhead means smaller coverage. Likely, we should jointly consider determination of overhead target and determination of coverage target.
Proposal 26: We should jointly consider determination of overhead target and determination of coverage target for LR.

1.19 Comparing two types of LR
As mentioned above, the two types of LR may have different detection performance. 
If SNR target is to be aligned and is considered as benchmark at gNB side for LP-WUS configuration, resource overhead can be different for different type of LR. Therefore, we can evaluate resource overhead gap to support the design details for LP-WUS/LP-SS, e.g. whether to support coverage enhancement.
Proposal 27: Resource overhead gap for two types of LR can be further evaluated.

[bookmark: _Ref494215420][bookmark: _Ref502921678][bookmark: _Ref502921460]Conclusion
We have the following proposals.
LP-WUS design
Proposal 1: OOK-1 is generated in frequency domain as defined in SI captured in TR, i.e. not as a special case OOK-4 with M=1 for LP-WUS.
Proposal 2: For idle/inactive UEs, M=4 for OOK-4 can be supported at least for 15kHz SCS.
Proposal 3: For connected UEs, M=4 for OOK-4 can be supported.
Proposal 4: Manchester coding can be supported for OOK-1 based LP-WUS.
Proposal 5: Manchester coding can be supported for OOK-4 based LP-WUS.
Proposal 6: At least for OOK-4, preamble for LP-WUS can be considered.
Proposal 7: For idle/inactive UEs, Option 1 (i.e. bitmap) can be supported for information content carried by LP-WUS.
Proposal 8: For connected UEs, after mechanism of LP-WUS for connected UEs is determined, information content carried by LP-WUS can be decided.
Proposal 9: Consider the following mechanisms for information carrying by LP-WUS, and down-selection can be considered in future.
· OOK sequence
· OOK bits with CRC
· OOK sequence or OOK bits with CRC according to the number of information bits
Proposal 10: For LP-WUS, multiple OFDM sequences overlaid on an OOK symbol may have low priority.
Proposal 11: Single overlaid OFDM sequence is selected from multiple candidate overlaid OFDM sequences. The single overlaid sequence is on each OOK ‘ON’ symbol or OFDM symbol duration. OFDM-based LP-WUR can obtain the whole information bits by OOK ON/OFF pattern.
Proposal 12: If there is no preamble for LP-WUS, each element of the overlaid OFDM sequence is quantized to QPSK or QAM constellation point in frequency domain.

LP-SS design
Proposal 13: OOK-1 can be supported for R19 LP-SS.
Proposal 14: OOK-4 with M=2 or 4 can be supported for R19 LP-SS.
Proposal 15: It is assumed during our discussion/design that LP-SS waveform is the same as LP-WUS waveform, but this restriction may not have spec impact.
Proposal 16: Manchester coding can be supported for LP-SS.
Proposal 17: Support Option 2 (predefined rule) for OOK sequence generation for LP-SS.
Proposal 18: For LP-SS with or without overlaid OFDM sequence, Option 3 can be supported.
Proposal 19: For LP-SS, multiple OFDM sequences overlaid on an OOK symbol may have low priority currently, but cell ID can be considered in OFDM sequence generation.

Bandwidth for LP-WUS and LP-SS
Proposal 20: Support 12 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.
Proposal 21: Support 24 PRBs for LP-WUS and LP-SS with SCS 15kHz (blanked guard RBs are not included) for a channel bandwidth equal or larger than 5MHz.
Proposal 22: Agreements on PRB number does not applicable to FR2.

Coverage
Proposal  23: For calibration of the target SNR, confirm there is no precoder cycling in time or frequency domain for gNB transmitting LP-WUS.
Proposal 24: We should jointly consider power consumption and determination of coverage target for LR.
Proposal 25: For fair comparison, we can assume the similar sampling rate for LR with capability of OFDM sequence detection and LR without capability of OFDM sequence detection.

Overhead
Proposal 26: We should jointly consider determination of overhead target and determination of coverage target for LR.
Proposal 27: Resource overhead gap for two types of LR can be further evaluated.
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