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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)


For simplicity, OOK bit is the same as OOK symbol in the contribution, since 1 OOK symbol carries 1 OOK bit.

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 bits per OFDM symbol
	1
	M, where M>1
	Large number of OOK bits can reduce time duration

	Support FDMed OOK bits
	Can support but needs guard band
	No need to support
	FDMed OOK bits 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 transform precoding may not be optimal
	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 near rectangle shape in time domain flatness always cause frequency domain spreading
	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 bit’
	ISI present for OOK bits in an OFDM symbol due to without CP protection
	



Discussion of OOK-1
From above table, it can be observed that OOK-1 may cause long time duration of an LP-WUS. 
Observation 1: OOK-1 may cause long time duration of an LP-WUS.
If OOK bits carried by an LP-WUS is less, OOK-1 may not cause long time duration. Therefore, if OOK bits carried by an LP-WUS is limited, OOK-1 can be supported for R19 LP-WUS.
Proposal 1: If OOK bits carried by an LP-WUS is limited, OOK-1 is can be supported for R19 LP-WUS.
For OOK-1, Manchester coding is beneficial for “power balance” across OFDM symbols, since OOK bits for bit 0 and bit 1 have equal number across OFDM symbols. From UE perspective, OOK bits pair 01 or 10 can enable “energy comparing” algorithm which does not need threshold determination in pure OOK detection.
Proposal 2: Manchester coding can be supported for OOK-1.

Discussion of OOK-4
As mentioned in above table, OOK-4 may result in a little bit worse shape in time/frequency domain than OOK-1. 
Observation 2: OOK-4 may result in a little bit worse shape in time/frequency domain than OOK-1.
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, e.g.
· (1, 2) Manchester coding scheme: If length of information bit is 1, i.e. “0” and “1”, code length after Manchester coding is 2, e.g. “01” and “10”. 
· (2, 4) Manchester coding scheme: If length of information bit is 2, i.e. “00”, “01”, “10” and “11”, code length after Manchester coding is 4, e.g. “0001”, “0010”, “0100” and “1000”.
Actually, to achieve power bosting, we should assume Manchester coding is not applied across OFDM symbols. With this assumption, OFDM sequences of OOK-4 can be designed together with Manchester coding. It is straightforward that M that is the number of OOK bits in an OFDM symbol for OOK-4 is also code length after Manchester coding, e.g. M=2 or 4.
· M=2 for OOK-4: (1, 2) Manchester coding scheme is used. There are two OFDM sequences for OOK bits “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 bits “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 3: 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.
It is expected that well-designed OFDM sequences of OOK-4 can have acceptable waveform shape in time domain and frequency domain. Therefore, OOK-4 can be supported.
Proposal 3: If OFDM sequences for OOK-4 are well-designed together with Manchester coding, OOK-4 can be supported.
In our view, M=2 and/or 4 is enough for OOK-4. More values of M for OOK-4 will raise complexity of OFDM sequences design.
Proposal 4: For OOK-4, M=2 and/or 4 are enough.
In addition, for OOK-4, there could be ISI present for OOK bits in an OFDM symbol due to without CP protection. Fortunately, with Manchester coding, since there is one OOK bit “1” for output coded bits and M is equal to length of output coded bits, ISI will only cause spreading along edge of the OOK bit “1” for output coded bits. Thus, ISI impact is not so large.
Proposal 5: Manchester coding can be supported for OOK-4.
On the other hand, one solution is to use pilot for channel estimation and then use channel equalization or consider multi-path channel in sequences correlation. 
It was proposed in SI by some companies to add a preamble (i.e. a known reference signal) at the head of LP-WUS, which can be regarded as pilot. In our view, reference signal can be used by LR to mitigate ISI.
Proposal 6: For OOK-4, reference signal at the head of LP-WUS can be considered.

1.2 Information carrying
In SI, it was concluded that information bits can be carried by OOK sequence or encoded OOK bits. For OOK sequence, LR (low-power Receiver) can detect OOK sequence by correlation. For encoded OOK bits, LR may demodulate OOK bits one by one and the perform CRC check. Pros and Cons for OOK sequence and encoded OOK bits are listed in the following table.
Table 2: Pros and Cons for OOK sequence and encoded OOK bits
	
	OOK sequence
	Encoded 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) with Manchester coding
	Comparable
Good-correlation-property OOK sequences with Manchester coding
	

	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


Since OOK is just 1 or 0, OOK sequence are not so different from encoded OOK bits. For encoded OOK bits, CRC bits can be regarded as a part of OOK sequence. It means that LR can perform sequences detection, even if information is carried by encoded bits. 
Observation 4: There is no much difference between OOK sequences and encoded OOK bits.
On the other hand, so-called 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). From this perspective, encoded OOK bits is not really OOK bits with FEC.
Observation 5: Encoded OOK bits is not really OOK bits with FEC.
From above observations, it can be concluded so-called encoded OOK bits is just another way to construct OOK sequences, e.g. by information bits plus CRC bits with Manchester coding.
Proposal 7: For LP-WUS, study the OOK sequences constructed by conventional sequence design or information bit plus CRC bits, each with Manchester coding.

1.3 Information carried by overlaid OFDM sequence
Whether overlaid OFDM sequence in an OOK bit can provide information was widely discussed in SI and WID discussion. There was strong controversial. As mentioned by some companies, it is actually related to how many OFDM sequences overlaid in an OOK bit.
Observation 6: Whether overlaid OFDM sequence in an OOK bit can provide information is actually related to how many OFDM sequences overlaid in an OOK bit.
In our view, it can be further discussed in OFDM sequences design, e.g. how many OFDM sequences overlaid in an OOK bit.
Proposal 8: For LP-WUS, whether overlaid OFDM sequence in an OOK bit can provide information can be further discussed in OFDM sequences design, e.g. how many OFDM sequences overlaid in an OOK bit.

LP-SS design

1.4 Waveform
Like LP-WUS waveform, OOK-1 and OOK-4 has Pros and Cons respectively. It should be noted that large number OOK bits is also useful for pure OOK receiver to perform sync and L3 measurement. Therefore, we think like LP-WUS, OOK-1 and OOK-4 can be supported by LP-SS.
Proposal 9: OOK-1 and OOK-4 can be supported for R19 LP-SS.

1.5 Information carrying
Like LP-WUS, information bits can be carried by OOK sequences. For LP-SS, whether information bits can be carried by LP-SS is FFS.
Proposal 10: For LP-SS, whether information bits can be carried by LP-SS is FFS.
If information bits can be carried by LP-SS, to reduce complexity of blind detection for LP-SS, information can be carried by OOK sequences at least.
Proposal 11: For LP-SS, if information bits can be carried by LP-SS, information can be carried by OOK sequences at least.

1.6 With or without overlaid OFDM sequence
Different from LP-WUS, whether OOK of LP-SS has overlaid OFDM sequence has not be decided. As mentioned above, OFDM sequence overlaid on an OOK bit 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 bit (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. Therefor, For LP-SS, OOK with overlaid OFDM sequence can be supported.
Proposal 12: For LP-SS, OOK with overlaid OFDM sequence can be supported.

1.7 Information carried by overlaid OFDM sequence
In our view, for LP-SS, before we have conclusion on whether information bits can be carried by LP-SS , we postpone the issue whether overlaid OFDM sequence in an OOK bit can provide information.
Proposal 13: For LP-SS, before we have conclusion on whether information bits can be carried by LP-SS, we can postpone the issue that whether overlaid OFDM sequence in an OOK bit can provide information.

Coverage

1.8 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 14: We should jointly consider power consumption and determination of coverage target for LR.

1.9 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.
[bookmark: _GoBack]Table 3: 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 bit “1” but large number of OOK bit “0”
	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 7: With Manchester coding, some enhancements, e.g. “FEC”, “Spreading code in time domain” and “Power boosting”, are already realized.
Time repetition, i.e. “Time domain repetition”, “With combining before envelop detection”, or beam sweeping, i.e. “Transmit diversity”, can improve coverage. They have duplicated functions. 
Observation 8: Time repetition and beam sweeping may have duplicated function.
In general, beam sweeping is used for broadcast channels, e.g. SSB and paging, by default. Therefore, beam sweeping can be supported as baseline, and time repetition is FFS. Moreover, beam sweeping is more power efficient for LR.
Proposal 15: Beam sweeping can be supported as baseline, and time repetition is FFS.

1.10 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 bit 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 16: 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.
It should be noted that even if these two types of LR have the similar sampling rate, they may still have different coverage, since LP with capability of OFDM sequence detection can enable coherent detection which usually has better performance than envelop detection if frequency/time error is small enough. Therefore, whether coverage target is determined by LR with capability of OFDM sequence detection or LR without capability of OFDM sequence detection should be discussed.
Proposal 17: Whether coverage target is determined by LR with capability of OFDM sequence detection or LR without capability of OFDM sequence detection should be discussed.

Overhead

1.11 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 18: We should jointly consider determination of overhead target and determination of coverage target for LR.

1.12 General techniques for overhead reduction
One overhead reduction is to reduce bandwidth of guard-band. The co-existence of LP-WUS and legacy signals/channel should be guaranteed when bandwidth of guard-band is reduced. There are some techniques to reduce bandwidth of guard-band.
· LR can reduce frequency error by correct it with assistance of LP-SS and/or reference signal at the head of LP-WUS.
· gNB can use the same SCS for LP-WUS and legacy signals/channels adjacent to LP-WUS in frequency domain.
· gNB can use small level of power booting for LP-WUS.
Observation 9: Dense LP-SS can reduce bandwidth of guard-band for LP-WUS.
Proposal 19: Reference signal at the head of LP-WUS can reduce bandwidth of guard-band for LP-WUS.
Technique-1 may have spec impact, e.g. LP-SS is dense enough and reference signal is at the head of LP-WUS.
Proposal 20: LP-SS periodicity and reference signal at the head of LP-WUS can be studied to reduce bandwidth of guard-band for LP-WUS.

1.13 Comparing two types of LR
As mentioned above, the two types of LR may have different detection performance. It means that required resource overhead to achieve the coverage target for the two types of LR may be also different. However, network may not know LR is in the coverage of LP-WUS reception, since network may not know which type of LR is to be addressed. Therefore, whether resource overhead can be different for different type of LR should be discussed.
Proposal 21: Whether resource overhead can be different for different type of LR should be discussed.
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We have the following proposals.
LP-WUS design: Waveform
Proposal 1: If OOK bits carried by an LP-WUS is limited, OOK-1 is can be supported for R19 LP-WUS.
Proposal 2: Manchester coding can be supported for OOK-1.
Proposal 3: If OFDM sequences for OOK-4 are well-designed together with Manchester coding, OOK-4 can be supported.
Proposal 4: For OOK-4, M=2 and/or 4 are enough.
Proposal 5: Manchester coding can be supported for OOK-4.
Proposal 6: For OOK-4, reference signal at the head of LP-WUS can be considered.

LP-WUS design: Information carrying
Proposal 7: For LP-WUS, study the OOK sequences constructed by conventional sequence design or information bit plus CRC bits, each with Manchester coding.

LP-WUS design: Information carried by overlaid OFDM sequence
Proposal 8: For LP-WUS, whether overlaid OFDM sequence in an OOK bit can provide information can be further discussed in OFDM sequences design, e.g. how many OFDM sequences overlaid in an OOK bit.

LP-SS design: Waveform
Proposal 9: OOK-1 and OOK-4 can be supported for R19 LP-SS.

LP-SS design: Information carrying
Proposal 10: For LP-SS, whether information bits can be carried by LP-SS is FFS.
Proposal 11: For LP-SS, if information bits can be carried by LP-SS, information can be carried by OOK sequences.

LP-SS design: With or without overlaid OFDM sequence
Proposal 12: For LP-SS, OOK with overlaid OFDM sequence can be supported.

LP-SS design: Information carried by overlaid OFDM sequence
Proposal 13: For LP-SS, before we have conclusion on whether information bits can be carried by LP-SS, we can postpone the issue that whether overlaid OFDM sequence in an OOK bit can provide information.

Coverage: Tradeoff between coverage and power consumption
Proposal 14: We should jointly consider power consumption and determination of coverage target for LR.

Coverage: General techniques for coverage enhancement
Proposal 15: Beam sweeping can be supported as baseline, and time repetition is FFS.

Coverage: Comparing two types of LR
Proposal 16: 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.
Proposal 17: Whether coverage target is determined by LR with capability of OFDM sequence detection or LR without capability of OFDM sequence detection should be discussed.

Overhead: Tradeoff between overhead and coverage
Proposal 18: We should jointly consider determination of overhead target and determination of coverage target for LR.

Overhead: General techniques for overhead reduction
Proposal 19: Reference signal at the head of LP-WUS can reduce bandwidth of guard-band for LP-WUS.
Proposal 20: LP-SS periodicity and reference signal at the head of LP-WUS can be studied to reduce bandwidth of guard-band for LP-WUS.

Overhead: Comparing two types of LR
Proposal 21: Whether resource overhead can be different for different type of LR should be discussed.
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