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Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver for NR (WID in RP-222644 [1]), and it includes the following objectives.
	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 



This contribution summarizes the discussions on L1 signal design and procedure for low power WUS in RAN1#113 
Section 2 provides a summary of the outcome. Section 3 documents the initial proposals and consequent detailed discussions. TDOCs are referenced in Section 4.
At this point, please provide kindly input at least to proposals and questions marked with FL1-Hi, but it is allowed to comment to FL1-Lo as well.
Outcome
FL1-Hi-Proposal-11c
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing [PSS/SSS], periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing [PSS/SSS potentially assisted by PBCH DMRS/TRS] for synchronization, existing [PSS/SSS potentially assisted by PBCH DMRS/TRS] may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.

FL1-Hi-Proposal-9:
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR and relaxation of RRM measurements in MR considering
· periodic reference signal(s) is/are used for measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, sequence based on LP-WUS-waveform (LP-SS)
· FFS: periodicity, content, e.g. cell ID in case SSB is not used
· MR performs measurements 
· Alt1: based on the NR existing relaxation methods for neighboring cell measurement and Alt3.
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Note: the case where serving cell measurements are always performed by LP-WUR even if MR is ON, e.g. WUR and MR coverage is equal case, is not precluded.
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR


FL2-Hi-Proposal-1a: 
For waveform generation 
· For OOK-4, the time domain sequence with varied phase such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. Flattening in frequency domain provides robustness against frequency selective fading. Low PAPR in time domain reduces required [power dynamic range at gNB.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· [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-OFDMA generation.]
· FFS: Knowledge of sequence(s), at the receiver, may improve performance at the receiver.
· FFS: 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.
· FFS: For OOK and FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity may causes power leakage and impacts demodulation performance.’]
· FFS: Quantization of generated waveform in frequency domain to 64QAM has low impact on performance and reduces complexity of waveform generation.
· FFS: Repetition of a sequence used in LP-WUS generation in frequency can be used to improve diversity, at the expanse of overhead.

FL1-Hi-Observ-6:
Observation:
· If LP-WUS is supported in a carrier in a band other than the band of MR
· LP-WUR may support less bands than MR.
· RRM measurements in LP-WUR carrier are not applicable to MR carrier when LP-WUS is in a carrier in a band other than the band of MR.

FL1-Hi-Proposal-8: 
LP-WUS location can be flexibly configured within a carrier.

FL1-Lo-Concl-1: 
Whether LP-WUS is associated with BWP or not may be discussed further in WID. 

FL1-Hi-Proposal-13:
· LP-WUS information can be carried by: 
· Alt 1: by sequence(s) detection/selection 
· m-Sequence of length 31,63 or 127 chips. 
· ZC sequence
· PN sequence
· Gold codes 
· Alt 2: by encoded bits 
· Type of encoding scheme
· Manchester Code 
· Walsh code 
· Polar code
· Other code are not precluded
· CRC should can be used
· Alt 3: by MO position (as group ID for paging)
· At least for the case “by encoded bits”, [further study whether] LP-WUS information needs to be preceded by known (FFS: one or more sequence(s)).

FL1-Lo-Proposal-17:
Upon wake-up from ultra-deep-sleep, support at least PO monitoring followed by legacy procedures
· consider support of dynamic PO, i.e. PO outside of regular paging frame to reduce latency
· consider whether LP-WUS monitoring can be configured together with PEI monitoring. 

LP WUR signals and procedures
Waveform Generation 
	Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation




Flattening

· The sequence with more randomized phase such as ZC sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. [9]
· Flattening provides robustness against frequency selective fading (or equivalently increasing the frequency diversity)
· ZC clearly outperforms rectangular signal by 5dB [7]
· Concentrated waveform outperforms ZC <1dB with ideal timing [7]
· for OOK-1, uniformly distributed frequency spectrum density can be achieved. [4]
· signal modification can be used to make the PSD of LP-WUS flatter to ensure good detection performance in frequency selective channels and intercell interference mitigation/randomization. [4]

Sequences to flatten spectrum are:
· Random phase [20]
· SSS[ 23]
· Random QPSK [6][10][23]
· ZC [20][9]
· Random QAM [23]

3 companies see that PAPR is increased with randomized phase
· PAPR is increased for random QPSK[6], but impact is hard to simulate [6]
· PAPR is increase by 3dB for ZC/QPSK [13]
· Flatten spectrum has better performance, but results in more fluctuation of power in time domain. Complex detection may be required. [22]

Whether there is a need to standardize

· The spectrum shape knowledge at receiver is beneficial for design of filter [20] [13] -> specification is beneficial.
· Though UE can decode LP-WUS without knowing the sequence for each ON symbol, different sequence for a ON symbol has impact on detection performance [9]

Pre-storing 

· DFT samples can be pre-stored to reduce complexity of generation [20][7]. 
· Depending on further LP-WUS design, pre-storing may have quite many configurations. [23]
· OOK-4 Mapping of DFT/LS output can be mapped to 64QAM, with low impact on performance and reducing complexity. This can ensure no new requirements are needed. [23]

Other signal adjustments

· For FSK phase correction is needed to keep phase contiguous between symbols, discontinuity causes power leakage and FSK demodulation performance [23]
· Pulse shape filter to be used to reduce ICI from LP-WUS to other NR signals [8]
· -1/1 alternation needed to match CP-OFDMA generation [7]


FL1-Hi-Proposal-1: 
For waveform generation 
· For OOK-4, the sequence with more randomized phase such as ZC or QAM sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. Flattening in frequency domain provides robustness against frequency selective fading. Low PAPR in time domain reduces required dynamic range at gNB.
· It is recommended to standardize waveform generation, because different sequences may have different performance and the knowledge of spectrum shape helps in selection of receive filter.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB if configuration flexibility of LP-WUS is kept small.
· For FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity causes power leakage and impacts demodulation performance.
· When DFT is employed in OOK-4, -1/1 alternation may be needed to match CP-OFDMA generation.
· Quantization of generated waveform to 64QAM has low impact on performance and reduces complexity of waveform generation.
· If needed, pulse shaping can be used to reduce leakage to SCs of other NR signals and channels.

	Company
	Agree Y/N
	Comments

	CTC
	N
	The frequency repetition should also be added in the OOK-4 generation to against frequency selective fading, it is not a coverage enhancement solution, but a waveform generation method. Since inputs after LS-square optimization in different frequency positions has different results, the phase rotation factor is utilized to multiply the frequency inputs in different frequency positions, and only in this way, the time domain waveform can acquire the same results and creates a superimposed effect. Besides, considering the frequency energy is centralized, some non-centralization part can be just cut off and replaced by the centralized inputs, as illustrated in the picture:


It is not a simple repetition solution, so should be regarded as a waveform generation method and added to the sub-bullet.

	FL
	
	I cannot find above mention in the contribution, this needs more detail before can be captured.

	Spreadtrum
	
	Generally fine for it.
Since M is small number, maybe precoding can be like sequence mapping, i.e. bit sequence input and complex number sequence output. It can be also codebook based. Spec can capture the sequence mapping or codebook. In this way, OOK-4 and OOK-1 can be jointly designed.

	Huawei, HiSilicon
	Partially Y
	For the 1st bullet, we prefer to use ‘varied’ instead of ‘randomized’. The benefit of flattened spectrum comes from the different phases, and it is less impacted whether the phases are randomly generated by gNB or determined based on particular ZC sequence or QAM sequence. As also discussed by the 2nd bullet, if the waveform generation is standardized, saying it ‘randomized’ is not technically correct.
For the 2nd bullet, we support it. Specifying the waveform generation also provides the benefit of allowing LP-WUR to receive LP-WUS by sequence detection.
For the 3rd bullet, we are not sure what’s the meaning of ‘if configuration flexibility of LP-WUS is kept small’
For the 4th bullet, ‘phase correction’ seems to be that ‘there is a phase error/noise to be corrected’. However, based on our simulation results, FSK demodulation is not impacted by phase noise. We see the motivation from [23] is to further improve the performance by ensuring phase continuity. However, it is not clear how much the performance can be improved by the phase continuity. On the other and, the same issue due to phase non-contiguity also exists for OOK. Therefore, we prefer to change it as ‘For OOK and FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity may causes power leakage and impacts demodulation performance.’

For the 5th bullet, we are OK.
For the 6th bullet, mapping the signal to 64QAM constellation will change the shape of waveform in time domain, which may cause valleys of sampling depending on different sampling rate. More results are needed before we can say ‘low impact on performance’. Also, it is not sure whether the mapping to 64QAM can reduces the complexity. Further investigation is needed. Thus for the time being, we suggest to remove this bullet.
For the 7th bullet, we are OK.

To summarize, we suggest the following modifications
For waveform generation 
· For OOK-4, the sequence with more varied randomized phase such as ZC or QAM sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. Flattening in frequency domain provides robustness against frequency selective fading. Low PAPR in time domain reduces required dynamic range at gNB.
· It is recommended to standardize waveform generation, because different sequences may have different performance and the knowledge of spectrum shape helps in selection of receive filter and sequence detection by LP-WUR.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB if configuration flexibility of LP-WUS is kept small.
· For OOK and FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity may causes power leakage and impacts demodulation performance.
· When DFT is employed in OOK-4, -1/1 alternation may be needed to match CP-OFDMA generation.
· Quantization of generated waveform to 64QAM has low impact on performance and reduces complexity of waveform generation.
· If needed, pulse shaping can be used to reduce leakage to SCs of other NR signals and channels.



	MTK1
	
	For waveform generation 
· For OOK-4, the sequence with more randomized phase such as ZC, the existing NR sequence, or QAM sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. Flattening in frequency domain provides robustness against frequency selective fading. Low PAPR in time domain reduces required dynamic range at gNB.
· It is recommended to standardize waveform generation, because different sequences may have different performance and the knowledge of spectrum shape including the sequence helps in selection of receive filter and sequence detection for detection enhancement.

O1: since SSS can be used, reusing the existing NR signal has less spec impact and it should not be precluded.
O2: it is feasible for LPWUR to perform sequence detection within the OOK ON duration to further improve its coverage performance.

	
	Closed
	




FL2-Hi-Proposal-1a: 
For waveform generation 
· For OOK-4, the time domain sequence with varied phase such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum within reasonable dynamic range of RE power in frequency domain and good PAPR in time domain. Flattening in frequency domain provides robustness against frequency selective fading. Low PAPR in time domain reduces required [power dynamic range at gNB.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· [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-OFDMA generation.]
· FFS: Knowledge of sequence(s), at the receiver, may improve performance at the receiver.
· FFS: 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.
· FFS: For OOK and FSK, phase correction may be required to keep phase contiguous between symbols, discontinuity may causes power leakage and impacts demodulation performance.’]
· FFS: Quantization of generated waveform in frequency domain to 64QAM has low impact on performance and reduces complexity of waveform generation.
· FFS: Repetition of a sequence used in LP-WUS generation in frequency can be used to improve diversity, at the expanse of overhead.


	Company
	Agree Y/N
	Comments

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	




Waveform scheme enhancements 

E1: Receiver agnostic waveform

Consider waveform design that can be received by multiple receivers, for some it can be only OOK other receiver is able to receive e.g. ZC cyclic shift. [18][20][13][25]

E2: OOK-2 with additional segments (remove square brackets)
· OOK-2 + 2 additional segments [1]
· Alt 1: the two segments carry known reference signals and have fixed location.
Alt 2: the two segments carry known reference signals and follow a frequency hopping pattern.
Alt 3: the two segments carry a signal that is FSK modulated.

E3: Inner-GB free FSK/OOK
· IF segments without GBs are all modulated with sequence of good auto-correlation properties. Information is carried by number of segments used. Additionally linear phase can be applied to introduce PSK. [1]




E4: For “Study how to generate segment in time domain, e.g. OOK-1 or OOK-4“

FSK-3a (): Multiple FSK frequency segment-pairs are created with OOK-4 [9]. Information is carried by only frequency segment selection.




FSK-3b (RAN1#112 should covers this) information is carried by both time and frequency segment selection for ON signal. [7]
	Information bit
	Time domain waveform
	Frequency domain position

	00
	ON-OFF
	f1

	01
	OFF-ON
	f1

	10
	ON-OFF
	f0

	11
	OFF-ON
	f0






E5: Combination of FSK-1 and FSK-2 [7][17] (RAN1#112 should covers this)
· May have better frequency diversity and resilience to timing error.

FL1-Hi-Question-1: 
Any of above enhancement schemes should be captured in TR?
	Company
	Agree Y/N
	Comments

	Spreadtrum
	
	In our view, OOK-1 and OOK-4 can be combined, e.g. single branch envelop detection, and OOK-1/2 and FSK can be combined, e.g. two branches envelop detection. They can be detected by I/Q two branches detection (OFDMA-based signal/channel 

	Huawei, HiSiicon
	
	We think at least E1, E2, E4 and E5 can be captured in the TR since good explanation of the generation is provided in the tdocs as well as link performance results.
For E1, we understand the motivation is to say OOK can be received by receiver receiving ZC sequence. In this case, there can be a single ZC sequence to improve the detection performance, or multiple ZC sequences (different cyclic shift) to carry more bits. To covering both the cases, we suggest to modify it as ‘for some it can be only OOK other receiver is able to receive e.g. ZC sequence cyclic shift’

For E4, since we already have the agreement ‘Study how to generate segment in time domain, e.g. OOK-1 or OOK-4’, it is fair the capture the corresponding design to answer this question. But we are not sure what ‘RAN1#112 should covers this’ mean for FSK-3b.

For E5, it is a straightforward and easy extension of FSK. We can capture it by either a new FSK scheme, or a modification/extension of FSK-1.

	MTK1
	
	Support E1.

O1: If the sequence for spectrum flattening is standardized, it is feasible for LPWUR to perform sequence detection within the OOK ON duration to further improve its coverage performance.

	
	
	

	
	
	



Comparison of waveforms 
Comparison of waveforms 
Decision metrics and aspects

· It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements. [23]
· It should be possible to multiplex the LP-WUS with other NR transmissions in time or frequency domain without causing interference. [23][21]
· It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions. [23]
· possibility to generate waveform at gNB using existing hardware, this being a hard decision factor. [27]
· flexible bitrate within fixed TF resource, this being a benefit. [27]
· Power Consumption at LR. [2]
· Data rate. [2]
· Coverage and Mobility. [2]
· Spectrum and Resource utilization. [2]


FL1-Hi-Proposal-2 
When selecting the waveform(s) for LP-WUS, consider the following qualitative aspects in addition to agreed KPIs, 
· possibility to generate waveform at gNB using existing hardware.
· waveform not triggering any new emissions or compliance requirements. 
· possibility to multiplex LP-WUS with other NR signals in time and frequency domain.
· [possibility to reuse unused LP-WUS resource for other NR signals.]
· support of mobility measurements.

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	

	CTC
	Y
	

	Spreadtrum
	Y
	

	Huawei, HiSilicon
	Partially Y
	We are generally fine with this proposal, but for the 4th bullet, if the resources of LP-WUS is reused for other NR signals, there will be unpredictable interferences to LP-WUR, especially for envelope-based detection. Thus, we suggest remove this bullet as one KPI. 

	MTK1
	Y
	



General observations and performance without impairments
OOK
· OOK+Manchester is supported as they can be detected with extremely low power consumption. [14]

OOK-1 
· OOK-1+Manchester outperformed FSK-1 by 4dB [8]
· in the ideal cases, the OOK-1 can achieve best performance at the cost of low data rate. The OOK4 is worse than OOK-1. However, the payload/data rate can be much higher. [21]
· OOK-1 has advantage with ISI compared to OOK-4 [6]
· for OOK-1, the data rate/chip rate of LP-WUS highly depends on the SCS of OFDM symbol used for LP-WUS generation. [4]
· OOK-1 has better reliability [3]

OOK-2
· OOK-2 loss to OOK4 [10]
· 12dB [10]
· 9dB [21]
· FSK-1 has almost the same performance with Manchester coded OOK-2 in the situation without timing error and with slight timing error [26]
· provides system capacity in scenarios where coverage is not an issue [3]
· provides additional ways to exploit more frequency resources for higher data rate or frequency diversity. [4]
· OOK-4/OOK-1 outperforms OOK-2 when same bit-rate and TF resources [6 ]


OOK-3

· OOK-3 9dB loss to OOK-1 [10]
· Worst performance among OOKs [3]
· OOK-3 may not fulfill RAN4 requirement on gNB Tx RE dynamic range. [4]
· OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS. [4]
· Complex at receiver [13]

OOK-4
· OOK-4 outperform OOK-1 and it outperforms OOK-2 [7]
· OOK-4/OOK-1 outperforms OOK-2 when same bit-rate and TF resources [6]
· OOK-4 [6]
· For the same code rate, the priority of value of M is (M=4) > (M=8) > (M=2);
· For the same value of M, the priority of Manchester code rate is (Code Rate=1/2) > (Code Rate=1/4)
· OOK-4 extended Manchester coding in ideal conditions can recover loss of performance due to increased M [13]
· [bookmark: _Toc134963525]OOK-4 can improve resource efficiciency and M=4 performance is still OK [16]
· OOK-4 is to be supported for higher data rate, and OOK-1 for low data [17]
· OOK-4 can improve resource efficiciency and M=4 performance is still OK [16]
· OOK-4 outperforms OOK-2. [23]
· OOK-4 does not improve coverage [23]

FSK1/2
· [bookmark: _Toc134963524]The performance of 2-FSK is worse than OOK-1 about 3 dB when the data rate is same at the performance of 1% BLER, and the complexity of receiver is more than OOK-1. [23]
· [bookmark: _Toc134963526]With less complexity in the receiver, the performance of the case (Seg=4, FSK-1) is worse about 3 dB at 1% BLER compared with the case of (Seg=4, FSK-2). [23]
· The performance decreases about 4 dB for the case of (Seg=4, FSK-2) compared with the case of Seg=2 at 1% BLER. [23]
· OOK-1+Manchester outperformed FSK-1 by 4dB [8]
· More reliable than OOK [3]
· More complex receiver than OOK [3]
· Deprioritize if no significant gain shown [22]
· Suffers from reduced size of segments, especially FSK-2 [2]
· frequency offset prone waveform
· less robust to fading
· Power boosting of FSK-2 may cause issues in waveform generation. [2]
· Can be received easily with MR [2]
· FSK has less frequency diversity due to smaller segments. [20]

OFDMA
· An OFDMA-based LP-WUS design can easily incorporate time and frequency synchronisation capabilities. Such as include preamble to improve synch and use sequences rather than data [14]
· Doubts that OFDMA receiver with low-power components can provide better performance than OOK/FSK. 
· An OFDMA-based LP-WUS design can operate at SNR = -6dB with MDR and FAR < 0.1%. [14]
· [bookmark: _Toc134963529]The detection performance of existing SSS-based signal with WUR using time domain correlation is similar to that of WUR using frequency domain correlation and both provide significantly better performance than that of OOK-based WUS (with the same number of symbols used for the signal). [23]
· [bookmark: _Toc134963531]Other cell interference results in some performance degradation when the interference is stronger than the signal (e.g., ~2dB degradation for -3dB SIR compared to no interference case). The degradation is smaller compared to OOK-based WUS.
· It is observed that the required SNR values at BLER=10% based on receiver 1 (without FFT) becomes smaller with the increase of the length of ZC sequence under ideal case. [6]
· Receiver with FFT performs better [6]


Other waveforms

· [bookmark: _Ref134180159]Envelope IF signal generation/reception has ~1 dB / ~1.5 dB performance improvement over conventional OOK LP-WUR with the proper selection of IF at 2.6 GHz / 4 GHz carrier frequency. [1]

FL1-Hi-Observ-1:
Observation:
· OOK-1 has the best performance among OOK schemes. It is robust to ISI, compared to OOK-4 M>1, due to presence of CP in every OOK symbol. However, has bit-rate lower than OOK-4. Data rate can be increased by increasing SCS.
· OOK-2 has significantly worse performance than OOK-1/OOK-4, however if system BW is available, it may be used to increase data rate by increasing LP-WUS BW.
· OOK-3 has the worst performance among OOK schemes. OOK-3 may not fulfil RAN4 requirement on gNB Tx RE dynamic range and OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS. OOK-3 is more complex to receive compared to other OOK waveforms. 
· OOK-4 performance decreases with increased M. For, M up to 4 the loss is tolerable. In ideal conditions, Manchester coding can recover loss from increased M. OOK-4 improves spectral efficiency compared to OOK-1, however, does not improve coverage.
· When 4 segments are used for FSK, FSK-1 performance is worse than that of FSK-2. FSK-2 with 2 segments performs 4dB better than FSK-2 with 4 segments.
· FSK suffers from reduced size of segments, especially FSK-2, this resulting in waveform being frequency offset prone and less robust to fading. Further, study FSK performance compared to OOK with Manchester coding. (e.g. FSK-1 vs OOK-4 M=4 Manchester 1/2)
· OFDMA waveform is shown to perform superior compared to OOK/FSK waveforms. Study further its sensitivity to time error, frequency error and phase noise. OFDMA receiver with FFT performs better than receiver without FFT. 

	Company
	Agree Y/N
	Comments

	Xiaomi
	Y
	Generally fine. But for OFDMA waveform, the higher power consumption compared to receiver without FFT should also be included. 

	CTC
	Partly Y
	From our simulation, OOK-4 can outperform OOK-1, so the description ‘OOK-1 has the best performance among OOK schemes’ is doubted for us. 

	Spreadtrum
	Partially Y
	Reasonable, but OFDMA waveform seems not so sensitive to time error, since CP can cover some time error.

	Huawei, HiSilicon
	Partially Y
	We don’t agree with the 1st bullet. Based on our evaluation, OOK-4 outperforms OOK-1 when there is no time/frequency error. Actually based on our observation, some simulation results do not align the total time/frequency resources when comparing OOK-1 and OOK-4 (more resources and thus better performance for OOK-1).
For the 2nd bullet, we suggest to remove ‘significantly’ since we only observe 1~2dB gap between OOK-1 and OOK-2.
For the 4th bullet, we suggest to remove the last sentence, since based on our evaluation OOK-4 has better performance than OOK-1.
For the 5th bullet, the second sentence is too specific. We observed different performance gap between different number of segments. So we suggest to make it more general like ‘FSK-2 with 2 segments performs 4dB better than FSK-2 with 4 segments’

For the 6th bullet, when M=2, the size of frequency segment is the same for FSK-1 and FSK-2. So we’d like to clarify the condition as ‘especially FSK-2 with M>2’. Also the last sentence ‘Further, study FSK…’ seems not to be a part of observation, so we suggest to remove it. 

For the 7th bullet, similarly, the sentence ‘Study further its sensitivity to time error, frequency error and phase noise’ is not proper to be in an observation. We suggest to remove it (note the that in the following sections anyway the performances regarding impairment cases are discussed). For the last sentence, in our view, whether performance with FFT outperforms performance without FFT depends on the sequence property. It is too early to conclude on this, thus we suggest to remove it.

To summarize, we suggest the following changes
· OOK-1 has the best performance among OOK schemes. It is robust to ISI, compared to OOK-4 M>1, due to presence of CP in every OOK symbol. However, has bit-rate lower than OOK-4. Data rate can be increased by increasing SCS.
· OOK-2 has significantly worse performance than OOK-1/OOK-4, however if system BW is available, it may be used to increase data rate by increasing LP-WUS BW.
· OOK-3 has the worst performance among OOK schemes. OOK-3 may not fulfil RAN4 requirement on gNB Tx RE dynamic range and OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS. OOK-3 is more complex to receive compared to other OOK waveforms. 
· OOK-4 performance decreases with increased M. For, M=4 the loss is tolerable. In ideal conditions, Manchester coding can recover loss from increased M. OOK-4 improves spectral efficiency compared to OOK-1, however, does not improve coverage.
· When 4 segments are used for FSK, FSK-1 performance is worse than that of FSK-2. FSK-2 with 2 segments performs 4dB better than FSK-2 with 4 segments.
· FSK suffers from reduced size of segments, especially FSK-2 with M>2, this resulting in waveform being frequency offset prone and less robust to fading. Further, study FSK performance compared to OOK with Manchester coding. (e.g. FSK-1 vs OOK-4 M=4 Manchester 1/2)
· OFDMA waveform is shown to perform superior compared to OOK/FSK waveforms. Study further its sensitivity to time error, frequency error and phase noise. OFDMA receiver with FFT performs better than receiver without FFT. 


	MTK1
	
	Observation:
· OOK-4 performance decreases with increased M. For, M up to 4 the loss is tolerable. In ideal conditions, Manchester coding can recover loss from increased M. OOK-4 improves spectral efficiency compared to OOK-1, however, does not improve coverage.
· OFDMA waveform is shown to perform superior compared to OOK/FSK waveforms. Study further its sensitivity to time error, frequency error and phase noise. OFDMA receiver with FFT performs better than receiver without FFT. 

O1: It is all about settings, e.g., given 1 information bit, 12 RB, 1 OFDM symbol, OOK-4 with M=4 can outperform to OOK-1 in FAR, leading to better MDR and coverage improvement.
O2: It is only true when there is no synchronization error, e.g., given 50ppm CFO, OFDMA receiver without FFT may perform better.     




	closed
	
	



FL2-Hi-Observ-1a:
Observation:
· OOK-1 has the best performance among OOK schemes. It is robust to ISI, compared to OOK-4 M>1, due to presence of CP in every OOK symbol. However, has bit-rate lower than OOK-4. Data rate can be increased by increasing SCS.
· OOK-2 has significantly worse performance than OOK-1/OOK-4, however if system BW is available, it may be used to increase data rate by increasing LP-WUS BW.
· OOK-3 has the worst performance among OOK schemes. OOK-3 may not fulfil RAN4 requirement on gNB Tx RE dynamic range and OOK-3 is not able to fully utilize the gNB transmission power, thus degrades the coverage of LP-WUS. OOK-3 is more complex to receive compared to other OOK waveforms. 
· OOK-4 performance decreases with increased M. For, M up to 4 the loss is tolerable. In ideal conditions, Manchester coding can recover loss from increased M. OOK-4 improves spectral efficiency compared to OOK-1, however, does not improve coverage.
· When 4 segments are used for FSK, FSK-1 performance is worse than that of FSK-2. FSK-2 with 2 segments performs 4dB better than FSK-2 with 4 segments.
· FSK with M>2 suffers from reduced size of segments, especially FSK-2, this resulting in waveform being frequency offset prone and less robust to fading. Further, study FSK performance compared to OOK with Manchester coding. (e.g. FSK-1 vs OOK-4 M=4 Manchester 1/2)
· OFDMA waveform is shown to perform superior compared to OOK/FSK waveforms.. Study further its sensitivity to time error, frequency error and phase noise. OFDMA receiver with FFT performs better than receiver without FFT in ideal conditions. 

	Company
	Agree Y/N
	Comments

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	




FL1-Hi-Proposal-20:
Focus on the following comparisons:
· cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· FSK1/2 M=1 and OOK-4 M=2 with Manchester coding ½
· FSK1/2 M=1 and OOK-2 M=2 with Manchester coding ½
· OOK-1 Manchester coding ½ and OOK-2 M=2 coderate 1/4
· OOK-1 Manchester coding ½ and OOK-4 M=2 coderate 1/4
· FSK1/2 M=1 and OOK-1 M=1
· FSK1/2 M=2 and OOK-4 M=2 
· OFDMA 1 symbol with other waveforms without matching T-F resources

· At least time and frequency impairments should be included. 
· time offset 1, 2 and 4 us
· frequency offset 10, 50 and 100 ppm  


	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	Partially Y
	First, we’d like to clarify does this proposal only for the agreed waveforms? Does any further enhancement (e.g. concentrated waveform, joint modulation of OOK/FSK) included or not? We think it is fair to allow further enhancement, so we want to add a bullet to capture this

Also, on the frequency offset, 100ppm seems to be a too high value. This is some value without any correction. Thus we suggest to remove it.

Focus on the following comparisons:
· cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· FSK1/2 M=1 and OOK-4 M=2 with Manchester coding ½
· FSK1/2 M=1 and OOK-2 M=2 with Manchester coding ½
· OOK-1 Manchester coding ½ and OOK-2 M=2 coderate 1/4
· OOK-1 Manchester coding ½ and OOK-4 M=2 coderate 1/4
· FSK1/2 M=1 and OOK-1 M=1
· FSK1/2 M=2 and OOK-4 M=2 
· OFDMA 1 symbol with other waveforms without matching T-F resources

· At least time and frequency impairments should be included. 
· time offset 1, 2 and 4 us
· frequency offset 10, 50 and 100 ppm  
· Further improvement of the signal generation for the agreed waveforms is allowed.

 

	MTK1
	
	Focus on the following comparisons:
· cross-waveform-comparison
· OFDMA 1 symbol with 12 RBs and other waveforms with/without matching T-F resources

· At least time and frequency impairments should be included. 
· time offset 1, 2 and 4 us
· frequency offset 1, 2, 5, 10, 50 and 100 ppm

O1: giving 12 RB for OFDMA is enough. In our t-doc, we evaluate OOK-4 and OFDMA given the same T-D resources and the same information bits.  
O2: 1, 2, 5 ppm are needed to evaluate the limit of reusing the OFDMA signal.

	
	
	

	
	
	

	
	Thread closed
	




FL2-Hi-Proposal-20b:
Focus on the following comparisons:
· cross-waveform-comparison
· OOK-1 M=1 and OOK-4 M=1 (may not need to be simulated, difference can be only in frequency domain sequence used)
· OOK-1 with M x higher SCS than NR, and OOK-4 M
· M=2,4
· OOK-4 M=2 and OOK-2 M=2
· OOK-3 M=1 and OOK-1 M=1 
· OOK-1 and OOK-2 M=2 with further reduced coderate/increased sequence length
· OOK-1 and OOK-4 M=2 with further reduced coderate/increased sequence length
· FSK1/2 M=2 and OOK-1 M=1
· FSK1/2 M=4 and OOK-2 M=2
· FSK1/2 M=4 and OOK-4 M=2 
· OFDMA 1 symbol 12RB with other waveforms with or without matching T-F resources
· Manchester coding 1/2 is applied to OOK for both encoded bits and sequence comparisons.
· At least time and frequency impairments should be included. 
· residual time offset 1, 2 and 4 us
· residual frequency offset 1,2,5, 10, 50, 
· showing tolerance higher than above values is not precluded  
· Further improvement of the signal generation for the agreed waveforms is allowed. (As in section 3.2)
 

	Company
	Agree Y/N
	Comments

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



Frequency error
OOK-1
· Option OOK-1 with conventional and envelope IF generation/reception can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS. [1]
· OOK more robust than FSK. [20]

OOK-2
· Interference leakage between Option OOK-2 frequency segments can degrade LP-WUS detection performance, ≤ 10 ppm frequency error at 2.6 GHz carrier frequency can be tolerated using 4 SCs (at 30kHz SCS) guard band between segments and a 5th order filter. [1]
· ADC with 1-bit resolution and frequency error of 10ppm ruins performance [3]
· In the situation with larger carrier frequency error, Manchester coded OOK-2 could be more tolerant than FSK-1, depending on the bandwidth and guard band design for the LP-WUS [26]

OOK-3
· Performance is worse than OOK1/4 [3]
· Suffers from frequency offset [2][4]


OOK-4
· [bookmark: _Ref134180231]LP-WUS waveform Option OOK-4 with  segments can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS. [1]
· insensitive to phase noise [4]

FSK-1/2
· [bookmark: _Ref134180289]LP-WUS waveform FSK-2 based on envelope IFs with  bits can tolerate up to 100 ppm frequency error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS. [1]
· Resilient to 20-30ppm [7]
· For FSK, the resilience against frequency error does not depend only on inter-segment guard band, but is also related to signal bandwidth. [7]

Other
· If GBs cover frequency error, then no impact for OOK schemes [7]
· [bookmark: OLE_LINK131]For LP-WUS with Option OOK-1 (higher SCS), OOK-2 and OOK-4, the capability of mitigating impact of frequency error is, Option OOK-1 > Option OOK-4 > Option OOK-2. [6]
· Focusing on LPWUS content and payload design for LPWUR, assuming NR SSB reuse and considering a 2us timing error, 2ppm frequency error kept by PLL/FLL and synch, and RRM offloading support. [25] 
· Sequence-based OOK/FSK modulation has better coverage performance than energy detection, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered. [7]

OFDMA
· The detection performance with time-domain correlation is robust (no degradation observed) for up to 50ppm frequency error. [23]
· Sensitive, e.g., 3.5dB at 1% BLER due to 5ppm [4]

FL1-Hi-Observ-2: 
Observation:
· For segment-based waveforms, single-segment schemes (OOK1, OOK-4) are more robust to frequency error than multi segment schemes (OOK-2, FSK-1/2), unless guard-bands between segments can accommodate frequency error. 
· It is shown that single-segment OOK and FSK with envelop IF schemes can be robust up to 100pm error. While for multi-segment scheme, if insufficient guard-band between segments is used, degradation even at 10ppm has been observed. On the other hand, using larger guard-band between segments degrades the performance, because energy carried by the segment decreases. 
· OFDMA waveform robustness to frequency error should be further studied. OOK-3 suffers from frequency offset more than other waveforms.

	Company
	Agree Y/N
	Comments

	Spreadtrum
	
	Generally fine

	Huawei, HiSilicon
	N
	We don’t see the results to justify the different robustness to single-segment schemes and multi-segment schemes. Based on our observation, for OOK and FSK, OOK-1/OOK-2/OOK-4 and FSK-1/FSK-2 are robust to frequency error and phase noise. We can capture this directly
For the 2nd bullet, why we need to discuss ‘insufficient guard-band’ case? We think the size of guard-band also belongs to part of the signal design. Also, when the size of guard-band increases, the power of segments can be boosted accordingly. So the last sentence is not valid.


	Huawei, HiSilicon
	Y
	We are OK for this

	FL
	
	I added clarification that FSK that tolerate 100ppm is the one with Envelop IF

	
	
	



Time
OOK-1
· [bookmark: _Ref134180154]Option OOK-1 with conventional and envelope IF generation/reception can tolerate up to  timing error at 2.6 GHz carrier frequency and 1 RB (at 30kHz SCS) guard band on each side of the LP-WUS. [1]
· OOK-1 robust (<1dB degradation) up to 4us timing error [23]

OOK-2

· LP-WUS waveform Option OOK-2 can tolerate up to  timing error at 2.6 GHz carrier frequency and 4 SCs (at 30kHz SCS) guard band between frequency segments. [1]
· Manchester coded OOK-2 is more tolerant to timing error than FSK-1. [26]

OOK-3


OOK-4

· [bookmark: _Ref134180245]Impact of timing error to performance is significant for OOK-4 [7]
· A timing error of  can result in ~5dB LP-WUS detection performance degradation for LP-WUS waveform Option OOK-4 with  segments at 2.6 GHz carrier frequency and 30kHz SCS. [1]
· [bookmark: _Ref134180251]LP-WUS waveform Option OOK-4 with  segments can only tolerate up to  timing error at 2.6 GHz carrier frequency and 30kHz SCS. [1]
· OOK-4 with 2-bits per OFDM symbol robust (<1dB degradation) up to 2us timing error [23]
· OOK-4 with 4-bits per OFDM symbol robust (<1dB degradation) up to 1us timing error [23]
· OOK-4 not robust to timing error, may need preamble [2]


FSK-1/2

· [bookmark: _Ref134180301]LP-WUS waveform Option FSK-2 based on envelope IFs with  bits can tolerate up to  timing error at 2.6 GHz carrier frequency and 30kHz SCS without performance degradation and up to  with  dB degradation. [1]
· FSK more robust than OOK [20]
· FSK quite robust <2dB loss with 4us error [7]
· FSK is more sensitive to missing GBs. [20]


Other
· For Option OOK-1 (higher SCS), Option OOK-2 and Option OOK-4, capability of mitigating impact of time error is Option OOK-2 > Option OOK-1> Option OOK-4. [4]
· Focusing on LPWUS content and payload design for LPWUR, assuming NR SSB reuse and considering a 2us timing error, 2ppm frequency error kept by PLL/FLL and synch, and RRM offloading support. [25] 
· Sequence-based OOK/FSK modulation has better coverage performance than energy detection, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered. [7]


FL1-Hi-Observ-3: 
Observation: For 30kHz
· OOK-1 link performance is robust up to [4] us timing error. 
· OOK-2 link performance is robust up to [2] us timing error.
· OOK-4 link performance is robust up to 
· 1us timing error when M=4 and M=8.
· 2us timing error when M=2.
· FSK-1/2 link performance is robust up to [4]us timing error.

	Company
	Agree Y/N
	Comments

	Spreadtrum
	
	We don’t understand why FSK-1/2 is more robust than OOK-2, since they are both FDMed segment for envelop detection

	Huawei, HiSilicon
	Y
	We are OK for this

	MTK1
	
	30kHz SCS should be captured to make these numbers valid.

	FL
	
	added 30kHz
OOK-2 is less robust, due to spectral leakage caused by small LP-WUS inner GB between segments.
results check is needed to confirm values

	
	
	



GBs and ACI
· [bookmark: _Toc134963503]For OOK-1 [23]
· [bookmark: _Toc134963504]For 5 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 2 RBs total GB is provided. 
· For 1.4 MHz WUS bandwidth, performance impact due to adjacent subcarrier interference is minimized if 0.5 RBs total GB is provided.
· For LP-WUS detection, guardband of 11SCs can mitigate up to 3dB ACI [6]
· GB 24SCs@ACI=10dB -> 3dB loss [6]
· Other cell interference results in some performance degradation when the interference is stronger than the signal (e.g., ~2dB degradation for -3dB SIR compared to no interference case). The degradation is smaller compared to OOK-based WUS.


FL1-Lo-Observ-4: 
Observation: Two companies simulated impact of Adjacent channel interference, showing 0.5RB at LP-WUS 1.4MHz and 2RB at 5MHz LP-WUS BW would be required for 3dB ACI .

	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	N
	Based on the curves provided in [23], we don’t see big performance difference for 1RB and 2RB @5MHz. So we think we need further discuss on this.

	MTK1
	
	Observation: Two companies simulated impact of Adjacent channel interference, showing 0.5RB at LP-WUS 1.4MHz and 2RB at 5MHz LP-WUS BW would be required for 3dB ACI.

O1: to our understanding, it is for 3dB ACI only.

	
	
	

	
	
	

	
	
	



Sampling frequency
OOK-4
· [bookmark: _Ref134180215]A sampling frequency of 1.12 MHz may be sufficient for LP-WUS waveform Option OOK-4 with  segments but a sampling frequency of 3.4 MHz may be required when  segments are considered. [1]
· [bookmark: _Ref134180222]LP-WUS waveform Option OOK-4 with  segments at raw data rate of 224 kbps experiences ~2 dB performance loss compared to  segments at 112 kbps. [1]
· Higher sampling rate is needed for OOK-4 compared to using higher SCS, at the same rate [1][2] 
· If sampling is dropped under 2BW, performance loss is shown for OOK-4 [7]

FSK-1/2
· [bookmark: _Ref134180272][2] LP-WUS waveform Option FSK-2 based on envelope IFs with  bits at information data rate of 56 kbps experiences only <1 dB performance loss using sampling frequency of 0.96 MHz compared to 3.84 MHz.
· [7] FSK robust against down-sampling below 2x BW [7]
· In terms of link level performance, a reasonably low sampling rate can be feasible to reduce the LP-WUR complexity for both Manchester coded OOK-2 and FSK-1. [26]

ADC
· [23][10][2][4][6] 4+ bits ADC should be utilized.
· An ADC bit width of 3 or 4 are sufficient for LP-WUS waveform Option FSK-2 based on envelope IFs with  bits at information data rate of 56 kbps to achieve close to ideal ADC performance.

General 
· Sampling better be 2x BW rather than 2x bit-rate, otherwise received energy is lost[20]
· For LP-WUS with bandwidth of 4.32MHz (i.e., 12 RBs with SCS=30KHz), sampling rate 7.68MHz is prioritized[6]

FL1-Hi-Observ-5: 
Observation:
· For a waveform, LP-WUS sampling frequency should be twice the LP-BW rather than twice a LP-WUS bitrate. However, FSK has been shown to be robust even with sampling rate lower than twice the LP-BW. 
· ADC of 4bits or more bits is sufficient required to prevent link performance degradation. 

	Company
	Agree Y/N
	Comments

	Spreadtrum
	
	Sampling rate is related to OOK symbol rate, since envelop detection is used.

	Huwei, HiSilicon
	Y
	We are generally fine with the observation.
For the 2nd bullet, maybe it is better to say ‘DC of 4 or more bits is sufficient required to…’, but we can also live with FL’s version

	FL
	
	updated according to HW comment 

	
	
	

	
	
	



Phase noise and IQ imbalalnce

· OOK-4 is not sensitive to phase noise [4]
· OFDMA is sensitive to phase noise [4]
· Sequence-based OOK/FSK modulation with OFDMA receiver, has better coverage performance than energy detection receiver, even if phase noise and I/Q imbalance, frequency error within 10ppm and 1us timing error are considered. [7]
· Sensitive, e.g., 2.5dB performance loss at 1% BLER for 120uw free-running oscillator [4]

FL1-Lo-Proposal-3: 
OOK/FSK is robust to phase noise. Study further whether phase noise impacts OFDMA waveform more than OOK/FSK waveform. 
	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	
	Though we observed robustness for sequence-based detection regarding phase noise and IQ imbalance, we are OK to further discuss it.

Besides, based on our results, OOK and FSK are robust to phase noise. We suggest we can at least capture this.

	
	FL
	updated according HW comments

	
	
	

	
	
	

	
	
	




Other
Speed has no impact [23]


CP-issues
· Extended CP is not supported. [22]
· For OOK option-4, due to absence of CP between two adjacent OOK symbols within one OFDM symbol, the performance would degrade due to ISI, if the number of OOK symbols per OFDM symbol is large. [9]
· How to utilize CP as useful signal should be studied [12]
· Whether and how to deal with CP rejection issue at the receiver when LP-WUS is generated for the multiple OFDM symbols [22]
· Insert padding symbol at the end of the OFDM symbol to ensure correct CP behaviour. The receiver will have to discard the padding symbol upon reception in Fig. 5a. [2]
· Dynamically change the OOK symbol duration as illustrated in Fig. 5b. [2]
· Zeroing out tail samples of each MC-OOK symbols before DFT spreading [2]
· With good timing knowledge, e.g. thanks to preamble, CP can be discarded at the receiver. [4]
· Discuss on whether LP-WUS waveform is transmitted in CP duration of MR OFDM symbol for NR signal/channel which is overlapping with. [17]




Figure 1 Illustrated OOK-4 a issue of CP

FL1-Lo-Proposal-4: 
At least when LP-WUS timing and CP duration is known, UE may discard CP at the receiver. Study further whether any enhancement to the modulation of OOK-4 OFDMA symbol in the below figure is needed.


	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	Y
	

	MTK1
	Y
	On top of timing, LPWUR may need at least CP duration, depending on the SCS 

	
	
	

	
	
	

	
	
	




Different SCS between NR signals/channels and LP-WUS
	Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 




Mixed SCS beneficial only for OOK/FSK [22]
· 15 kHz, 30 kHz, 60 kHz, and 120 kHz, for FR1;
· specification supports mixed SCS [9][8]

If single IFFT is used:  WUS may have 60 kHz SCS by modulating every other subcarrier for WUS, but then masking/nulling after IFFT is not possible when other NR transmission are multiplex. ->Two IFFTs are needed increasing complexity. [23]

Two IFFTs mixed in time domain
· May need new hardware [9]
· Higher complexity [2][23][9]
· increase complexity at gNB is negligible [8]
· If Mixing in time domain, why it needs to be then CP-OFDMA based signal. [2][8]
· for OOK-1, separate IFFT branch corresponding to higher SCS than that of NR signal can be used to achieve higher data rate, with the cost of additional gNB implementation complexity. [4]


Handling of spectral leakage is relevant for mixed SCS case [8]
· guard bands may need to be increased [17]


FL: [8] thinks that complexity increase at gNB is only negligible for generating two waveforms and mixing them in time domain. This aspect may be discussed in offline.

FL1-Hi-Proposal-5:
For a case of LP-WUS SCS is different to SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with LP-WUS transmission agree on the following observations.
· O1:  If higher data rate is expected to be supported, SCS of LP-WUS should be higher than SCS of NR transmissions in FR1.
· O2: NR specification supports FDM and TDM multiplexing of signals/channels generated with different SCS. It may be feasible from specification point of view to support the case.
· O3: Compared to gNB supporting a single SCS within the carrier, the case of LP-WUS SCS is different to SCS used for other NR transmissions will increase complexity at gNB, may require new hardware, pulse shaping, or additional guard bands, and may impact performance of legacy UE(s) due to spectral leakage.

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Partially N
	For O3, we do not think new hardware will be needed. Supporting multiplexing of channels of different SCS, such as SSB/CORESET0/PDSCH is already supported in current spec.

	CTC
	Y
	

	FL
	
	@Xiaomi, spec yes, but field not. 

	Spreadtrum
	Y
	

	CATT
	
	OK with O1 and O2
Not O3. There is no additional complexity at gNB in waveform generation and multiplexing of different numerology, which is supported since Rel-15.

	Huawei, HiSilicon
	N
	For O1, higher data rate can also be achieved by higher order of OOK-2/OOK-4/FSK-1/FSK-2. So we suggest to remove it.
For O2, though NR specification supports mixed SCS, but currently the waveform is still under discussion including the ACS/ASCS. Before more results are obtained, it is too early to conclude whether it is feasible. So we suggest to remove the second sentence.
For O3, we think it does require new hardware and leads to impact to legacy UEs, so we suggest to remove the ‘may’

· O1:  If higher data rate is expected to be supported, SCS of LP-WUS should be higher than SCS of NR transmissions in FR1.
· O2: NR specification supports FDM and TDM multiplexing of signals/channels generated with different SCS. It may be feasible from specification point of view to support the case.
· O3: Compared to gNB supporting a single SCS within the carrier, the case of LP-WUS SCS is different to SCS used for other NR transmissions will increase complexity at gNB, may require new hardware, pulse shaping, or additional guard bands, and may impact performance of legacy UE(s) due to spectral leakage.






Design aspects of mixed SCS between LP-WUS and NR signals:

· Different SCS between LP-WUS and other NR signals can be supported, in fact, in this case LP-WUS does not need to have SCS at all [8]. 
· Specification supports already FDM and TDM of different SCS [9]
· Support 15 kHz, 30 kHz, 60 kHz, and 120 kHz, for FR1 and for MC-ASK/ MC-FSK, and no extended CP needed [17]
· Guard band is needed between NR signals and LP-WUS with mixed SCS, but Guard band is need for LP-WUS anyway irrespective of SCS [9]
· The SCS of LP-WUS should be equal to or larger than the SCS of DL BWP. [16]  
· CP from later symbol could omitted to match NR signal 
· GB is needed, but GB is need for LP-WUS anyway [9]

Why not to support mixed SCS between LP-WUS and NR signals:

· Spectral leakage is shown [12], it can be alleviated by pulse shaping but not removed. 
· Number of SCS gNB needs to perform grows exponentially with increased SCS of LP-WUS to NR difference. [12]
· Mixed SCS increases complexity to UE as well, if MR would detect LP-WUS in RRC connected [12].
· Different SCS between WUS and NR signals causes large impacts to network [15]
· Larger GBs would be needed if LP-WUS is higher SCS than NR signals.
· There is significant gNB impact from mixed SCS support [27].
· gNBs do not currently support mixed SCS [9].

FL summary: Mixed numerology could be supported by specification, and existing FR1 and FR2 supported SCSs could be re-used for LP-WUS, on the other hand, complexity of gNB implementation is pointed out by 3 companies. One company points out that complexity may increase also for UE in some scenarios.

FL1-Higher-Proposal-4:  Capture in TR:
SCS of LP-WUS can be different to SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with. SCS of LP-WUS should be higher than SCS of NR transmissions and 30 kHz, 60 kHz, and 120 kHz SCS can be considered in FR1 for LP-WUS.  However, mixed SCS between NR transmissions and LP-WUS increases complexity at least at the gNB and makes this deployment scenario less attractive than the deployment scenario where SCS of a CP-OFDM symbol used for LP-WUS generation is the same as SCS used for other NR transmissions. 

	Company
	Agree Y/N
	Comments

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	


TF resource and SNR
	
Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· Working assumption: 
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS
· 
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· receiver architecture type and its relative power consumption
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.








Power pooling between 
· No power pooling between OFDM symbols. [2][7]
· power pooling between OFDM symbols may not be possible [4]
· The requirements for power pooling between OFDMA symbols seem not being defined, however, power pooling between OFDMA symbols may impose need for more strict requirements for dynamic range, and impose challenges to meet existing EVM requirements.  [27]


Other input
· Alt1 can be used for OOK and FSK, but not OFDMA [6] here total energy could be used instead in definition of SNR. [6]
· Confirm WA [6]
· Whether PAPR is increased and whether it has impact should be studied [6]


FL1-Hi-Proposal-6:
Power pooling between symbols is not allowed. Average EPRE is defined per symbol.

	Company
	Agree Y/N
	Comments

	CTC
	Y
	

	Spreadtrum
	Y
	

	Huawei, HiSilicon
	Y
	We are fine for this and suggest to clarify it as ‘between OFDMA symbols’

	
	
	

	
	
	Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.




Bandwidth and location
BW
LP-WUS BW size 

	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
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





Configurable BW

BW flexible/configurable size is supported [1][5][11]
· 6~24 PRB @ 15kHz SCS or 4~12 PRB @ 30kHz SCS [21]
· Starting-RB and Number of PRBs [19]

Fixed BW
· 12PRBs which would be 2.16MHz in 15kHz SCS and 4.32 in 30kHz SCS [27]
· 10MHz, 20Mhz [3]


Performance 
· larger bandwidth may provide better performance (e.g., due to potential power boosting and relatively lower PAPR) and robustness due to potential frequency domain diversity at the price of overhead [3][2]
· 6RB or more has acceptable performance[10] 
· Placing LP-WUS in the middle of carrier BWP can create holes in NR legacy channels, but restricting it to the edges or implementing flexible bandwidth configuration can prevent such holes in the middle of carriers. [5]
· Increased BW increases energy per bit and frequency diversity, at expance of overhead [23]


More justification is needed to capture in TR if larger than 5MHz LP-WUS is recommended for FR1. [25]


Guard-bands 
· GB configurable based on ACI [6]
· LP-WUS guard band size 1MHz [28]


FL1-Lo-Proposal-7:
From RAN1 point of view, it is beneficial to support flexible BW size <=5MHz

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	Supporting a small bandwidth is necessary, since currently, most companies think LP WUS and NR channels are multiplexed on the same band, a wider BW would increase the difficulty for co-existence 

	CTC
	Y
	

	CATT
	Y
	May I ask the intention of this proposal, is it to discuss whether the size of the LP WUS BW can be configured flexible or the BW size should be no more than 5MHz? 

	Huawei, HiSilicon
	N
	For the time being, it is still not clear whether larger BW size is needed to achieve better coverage performance. Thus we want to keep the door open to BW >5MHz.

Regarding the ‘flexible’, we think maybe one or several sizes can be considered instead of fully flexible, since it impact the BW of filters within LP-WUR.

	MTK1
	N
	We do not see good support for flexible BW. If it is for different PRB numbers due to SCS, e.g., 24 PRB for 15kHz and 12 PRB for 30kHz. It is irrelevant to flexible BW size, but configurations.




 Placement
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)




Band and carrier 

Prioritize same carrier discussion [26]
· LP-WUS params are acquired with inter-frequency measurements in different carrier [10]
· MR may have to perform relaxed RRM measurements to maintain the NR serving cell link in a power efficient way. [4]
· LP-WUR may also need to perform measurement at least for fallback purpose. [4]

 LP-WUS in different carrier than MR [3][5][6][7][10][4][28] (in lower-band)
· different carrier of the same band [6]
· LP-WUR can support only subset of bands, and can camp on cell with LP-WUS, no need to support different band/carrier LP-WUS [7][6][5] 
· avoids co-exitance issues, such as multiplexing and impact to legacy performance [3]
· at least for connected mode UE should be able to receive LP-WUS in different band/carrier, since MR cell if forced to UE. [7]

Other 
5MHz BW of LP-WUS will not fit to GB [6]
Both FDD and TDD supported [21]

Position is within carrier/BWP
· Flexible [1][3][2][5][8][6][16]
· Edge [5]

Association to BWP
· left for WID [4]
· dedicated BWP [5]
· inside and outside initial DL BWP [16]

FL1-Hi-Observ-6:
Observation:
· If LP-WUS is supported in a carrier in a band other than the band of MR
· LP-WUR may support less bands than MR.
· RRM measurements in LP-WUR carrier are not applicable to MR carrier when LP-WUS is in a carrier in a band other than the band of MR.

FL1-Hi-Proposal-8: 
LP-WUS location can be flexibly configured within a carrier.

FL1-Lo-Concl-1: 
Whether LP-WUS is associated with BWP or not may be discussed further in WID. 

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Partially Y
	Generally fine. But what does “Measurements in LP-WUR carrier are not applicable to MR carrier” mean?

	CTC
	Partially Y
	Similar with Xiaomi, what does “Measurements in LP-WUR carrier are not applicable to MR carrier” mean?

	Spreadtrum
	Partially Y
	Similar view as Xiaomi/CTC. We don’t think MR cannot process LP-SS (if specified).

	CATT
	Partially Y
	OK with FL1-Hi-Proposal-8 and FL1-Lo-Concl-1.

	Huawei, HiSilicon
	Y
	We are OK for the FL1-Hi-Proposal-8 and FL1-Lo-Concl-1

For FL1-Hi-Observ-6, the 2nd sub-bullet should be with condition
· Measurements in LP-WUR carrier are not applicable to MR carrier when LP-WUS is in a carrier in a band other than the band of MR.


	MTK1
	Partially Y
	OK for the FL1-Hi-Proposal-8 and FL1-Lo-Concl-1


 RRM measurements 
	Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)

Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements





Offloading and relaxation

R16 relaxation employs the following criteria [25]
· Low-mobility criterion: (SrxlevRef – Srxlev) < SSearchDeltaP for a period of TSearchDeltaP; Note: Based on the fluctuation of serving cell's RSRP.
· Not-at-cell-edge criterion: Srxlev > SSearchThresholdP, and, Squal > SSearchThresholdQ, if SSearchThresholdQ is configured. Note: Based on a comparison between serving cell's RSRP (or RSRP & RSRQ) with absolute thresholds.
based on those two methods are supported.
	Measurement Relaxation Methods
	Description

	Method 1
	Relax measurements with longer intervals (scaling factor) as defined in TS 38.133

	Method 2
	Stop measurements for up to 1 hour




What is the signal to be measured

Offloading RRM measurement to LP-WUR based 
· on LP-WUS [3][5]
· on SSB, deprioritize LP-SS [10][23]
· but somewhat more capable received needed for SSB reception [23]
· for OFDMA receiver [6]
· on LP-SS [12][20][6][14][16][28]


Whether and how to relax measurements at MR
Relaxation of RRM when UE supports LP-WUS [10][12][22]
· dependent of UEs group number [5]
· the RRM measurement by MR can be skipped if LP-WUR satisfies certain condition(s), e.g. above threshold, or can be relaxed with larger measurement periodicity. [9]
Do not relax RRM measurements [25]


Whether to support offloading of neighbor cell measurements to LP-WUR
[only/at least] serving cell measurements by LP-WUR, deprioritize offloading of neighbor cell measurements by LP-WUR due to large specification overhead. [9][20][23][8?][6][17][24][28]
· especially if LP-SS is used [24]

Study also neighbor cell measurements, re-selection and hand-over [22][21][24][11][14]
· focus only on intra-cell neighbor cell re-selection [11]
· neighbor-cell tracking area, of group of cells can be signaled to UE, while UE hears one of LP-WUSes in the area, no need to wake-up MR. [14]


On contributed options

Opt-1: Offload RRM measurements of serving cell to LP-WUR and no RRM measurements on MR [4]
· If the measurement results on LP-WUR is lower than a pre-configured threshold, UE starts RRM measurements on MR. [7] [17][6]
· No neighbour cell measurements, or relaxed neighbour cell measurements performed by MR. 
Opt-2: Relaxation of RRM measurements of serving cell and neighbour cell on MR, and no RRM measurements on LP-WUR. [4]
· UE determines whether to exit RRM relaxation based on measurement results for the serving cell and neighbour cell.
Opt-3: Serving cell RRM measurements are performed on LP-WUR, and Relaxed RRM (for serving and/or neighbour cells) measurements are performed on MR. [6] [4]
· UE switch back to RRM measurements on MR without relaxation, if the measurement results from MR and/or LP-WUR is lower than an pre-configured threshold(s). 
Opt-4: Neighbor measurements are performed by LP-WUR, resource coordination needed in between the cells [7][6]


Other

Clarify the mobility assumption for the purpose of LP-WUS evaluations [2]
Study whether how to combine LR and MR measurement [17]


FL1-Hi-Proposal-9:
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR and relaxation of RRM measurements in MR considering
· periodic reference signal(s) is/are used for measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, sequence based on LP-WUS-waveform (LP-SS)
· FFS: periodicity, content, e.g. cell ID in case SSB is not used
· MR performs measurements 
· Alt1: based on the NR existing relaxation methods for neighboring cell measurement and Alt3.
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Note: the case where serving cell measurements are always performed by LP-WUR even if MR is ON, e.g. WUR and MR coverage is equal case, is not precluded.
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	

	CTC
	Y
	

	Spreadtrum
	
	Generally fine

	Huawei, HiSilicon
	Y
	For the newly added Alt1, in out understanding, Rel-16 RRM relaxation is based on the serving cell measuremrent results to decide whether neighboring cell measurement is relaxed. It is not clear on how it would be used if serving cell measurement by MR is assumed to be relaxed (otherwise, there is no power saving benefit). If the Alt.1 is based on the LP-WUR measurement of serving cell, then what is the difference from Alt.3. some clarification is needed. Furthermore, R16/R17 relaxation methods targets for low mobility cases or cell center cases, which restricts the scope of this study. Considering the above reasons, we suggest to remove Alt1.


	MTK1
	Y, but refine our view a bit
	· MR performs measurements 
· Alt1: based on ?R17? the NR existing relaxation methods for neighboring cell measurement and Alt3.

O1: with Alt3 but if MR needs neighbouring cell measurement, it highly degrades PSG. The revised alt1 is based on Alt3 under the existing relaxation requirements, e.g., Low-mobility, and Not-at-cell-edge.

	FL
	
	Updated Alt 1 accordign



Metrics

Metrics

· LP- RSRP [3][4][6]
· LP-RSRQ [4][6]
· LP-SINR [4], but SINR is not used for IDLE/INACTIVE mobility procedures by MR [7][6]
· Detection rate [4][27]
· For at least RRM serving cell measurement performed by LP-WUR based on reference signals(s), at least the following metrics can be considered [7]
· LP-RSRP: linear average of received power of resource of reference signal(s).
· LP-RSSI: linear average of received power over a RSSI resource. 
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 

Feasibility

· It is shown that accuracy of measurement by LP-WUR based on OOK, can be comparable to that of 1SSB [4]
· LP-RSRP,RSRQ,SINR are feasible [4]
· 42chip or averaging of factor 7 and 4bit ADC needed to ensure quality measurement of serving cell [23] -> but this is bit dependent at what target SNR to measure.
· For OOK using Manchester encoding, the RSRP measurement can be derived by comparing the power difference of the ON symbols and OFF symbols of the received signal [20]

Other

The granularity of the resource and the reference metric used for RRM measurements depend on the LP-WUS waveform and LP-WUR receiver types. [8]


FL1-Hi-Proposal-10: 
(as Working assumption)
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following feasible metrics for further study and evaluation
· LP-RSSI or Energy detection: linear average of received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Detection rate of always ON periodic reference signal(s) and/or LP-WUS 
· number of detected LP-SS within a period T
· ADC of at least 4bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence (LP-SS)
· Note: The definition of metrics could be further refined based on future study

	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	Y
	1) for RSSI, in 215 it is defined that “Received Signal Strength Indicator (RSSI), comprises the linear average of the total received power (in [W]) observed only per configured OFDM symbol and in the measurement bandwidth”.  It is emphasized that it is the total power receiver (which can include signal power, interference, noise etc.). Therefore, we should also describe LP-RSSI as a “total power”. Some suggested revision as following: 
a. LP-RSSI or Energy detection: linear average of received total power over a RSSI resource. 
i. FFS RSSI resource.
2) We see FL said ‘I removed LP-SINR because SINR has not been used’, but it is still in the proposal?

	MTK1
	Y
	

	
	
	FL1-Hi-Proposal-10: 
· For at least RRM serving cell measurement performed by LP-WUR based on reference signal(s), RAN1 identified at least the following metrics for further study and evaluation (including feasibility, complexity, power consumption, etc)
· LP-RSSI or Energy detection: linear average of total received power over a RSSI resource. 
· FFS RSSI resource.
· LP-RSRP: linear average of received power of resource of reference signal(s) or signal(s) parts. 
· FFS resource of reference signal(s) or signal(s) parts
· LP-SINR = LP-RSRP/(power of interference and noise) 
· FFS how to define “power of interference and noise”
· LP-RSRQ= [N x] LP-RSRP/LP-RSSI, where N is the factor of resource size difference for evaluation LP-RSRP and LP-RSSI. 
· Accounting AGC accuracy, ADC of at least 4 bits is required. 
· Note: Reference signal for performing measurements can be e.g. SSB (PSS/SSS/PBCH DMRS), LP-WUS-waveform sequence, LP-SS
· Note: The definition of metrics could be further refined based on future study 



	
	
	

	
	
	


 Synchronisation of LP-WUR 

Periodic LP-SS [18][19][20][4][5][7][6][11][14][16][17][21][24][9][14]
· no periodic LP-SS would result in continuous monitoring [18]
· can be common among groups [19]
· Reduces power consumption when paging rate is low [14]
· can assist fall-back in case of coverage is smaller than that of NR [6]
· can reduce overhead by reducing size of preamble, LP-SS can be common for all UE - groups [4][5][8]
· at least for the receiver that cannot receive SSB [7]
· the resource overhead of periodic LP-SS is marginal based on the requirement of time/frequency estimation, the overhead can be low to ~0.03%. [7]
· at least when duty-cycle is configured [14]
· at least for receivers that cannot receive SSB [24]
· Periodic LP-SS could be also formed by known one or more sequence(s) preceding LP-WUS [9] [14]

Aperiodic LP-SS as part of LP-WUS [10][18] 
· signal can be used for synchronization. However, it requires continuous monitoring by WUR, which is power consuming at the WUR. [20][6]
· with continuous monitoring [14]

SSB for envelop detection
· Further study on the reliability of using legacy NR signal (e.g., SS/PBCH block) for synchronization purpose, and if the reliability is not enough, a new signal with MC-OOK or MC-FSK waveform (e.g., LP-SS) can be studied; [22]
· It is noted that for LP-WUR with envelope detection, legacy synchronization signal cannot be used. [7]

SSB for OFDMA receiver
· for OFDM based receiver architecture, legacy NR signal (e.g., SS/PBCH block) to be served for synchronization purpose could be the baseline, and further study the impact to synchronization performance with the lowered complexity at the OFDM based receiver.  [22]

Properties of LP-SS

LP-SS same coverage as LP-WUS [19]
LP-SS same waveform as LP-WUS [5][16]
· or different [17]
LP-SS is sequence and cell-specific [22]

[2][7] provides discussion on how OOK-based LP-SS could be used for frequency tuning, shows that frequency error can be reduced <20kHz if SNR>5dB.
· Parallel branches, or phase is needed at receiver [7]

[4][5][6] 
sequence 
sequence + encoded bits [7][6]
· SI change and ETWS/CMAS information, tracking area information, and RAN area information [7][6]


Performance and periodicity

· 16bits preamble can be sufficient [4]
· Under the restriction of constant time-frequency resource allocation and same transmitting power, if no time/frequency error is assumed, the MDR of longer LP-WUS preamble sequence and shorter LP-WUS preamble sequence are nearly the same. [6]
· [7]
	Assumed residual time and frequency error
	Target time or frequency error
	Required periodicity of LP-SS

	Time error = 0us
Frequency error = 5ppm
	Time error = 2us
	398.4ms

	
	Frequency error = 10ppm
	50s




FL1-Hi-Proposal-11:
At least for LP-WUR that cannot receive existing OFDMA-based NR signals for synchronization, periodic synchronization signal used by LP-WUR (LP-SS) is required. Waveform used for LP-SS is the same as that of LP-WUS.  Study further
· required periodicity of LP-SS.
· structure of LP-SS
o   Alt1: sequence based only
o   Alt2: sequence + message with encoded bits
o   FFS: sequence
· whether to support additionally aperiodic synch signal for fine synchronisation
· feasibility of time/frequency estimation/correction for different waveforms/receivers architectures
· FFS: whether can be used as reference signal(s) for RRM measurements as well and vice versa.
Note:  LP-WUR for OFDMA-based LP-WUS may also receive LP-SS.


[bookmark: PP5]   
	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	Generally fine, to make it more clear, suggest the modification that “whether to supporting additionally aperiodic synch signal for fine synchronisation”

	CTC
	N
	The introduction of a periodic synchronization signal will increase the NW overhead, Considering the LP-WUS does not frequently appear in the network, just using an aperiodic signal as a part of LP-WUS is preferred.

	Huawei, HiSilicon
	Y
	1) We are generally fine with this proposal. But for ‘Waveform used for LP-SS is the same as that of LP-WUS’, we also see the possibility of using different waveforms, for example FSK for LP-WUS while OOK for LP-SS. we don’t think it is needed to restrict the LP-SS has the same waveform as LP-WUS. Thus we suggest to remove this for the time being as shown following in red: 

At least for LP-WUR that cannot receive existing OFDMA-based NR signals for synchronization, periodic synchronization signal used by LP-WUR (LP-SS) is required. Waveform used for LP-SS is the same as that of LP-WUS.  Study further

	MTK1
	Y
	Note:  LP-WUR for OFDMA-based LP-WUS may also receive LP-SS.
It becomes additional complexity if synchronization and measurement has sufficient quality via PSS/SSS.  

	
	
	



FL1-Hi-Proposal-11b
Observation:
· Periodic LP-SS is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· course time synchronization of LP-WUR. 
· course frequency synchronization of LP-WUR.
· Periodic LP-SS may increase system overhead, which depends on LP-SS periodicity and resource required to fulfil the target functionality. Periodic signal if used for course synchronization may reduce overhead of signal preceding LP-WUS, if any.  LP-SS can be designed to be common among groups and such further reduce system overhead. 
· If LP-SS is supported, it should be able to receive it with the same receive architecture as used for LP-SS.
· At least receivers with I/Q branches may use SSB for the above functionality instead of LP-SS.
· LP-SS coverage should be equal or better than that of LP-WUS.

	Company
	Agree Y/N
	Comments

	
	Thread closed
	

	
	
	

	
	
	

	
	
	

	
	
	



FL1-Hi-Proposal-11c
The following observations are to be captured in the TR
· At least for LP-WUR that cannot receive existing [PSS/SSS], periodic LP-SS signal is beneficial for the following functionality.
· RRM measurements by LP-WUR, if supported 
· at least coarse time synchronization of LP-WUR. 
· at least coarse frequency synchronization of LP-WUR.
· Additional periodic LP-SS system overhead depends on LP-SS periodicity, system BW, # of beams, and resource required to fulfil the target functionality, etc. Periodic signal if used for coarse synchronization may reduce overhead of signal preceding LP-WUS, if any. LP-SS can be designed to be common among UE groups (cell-specific) and such further reduce system overhead. 
· For LP-WUR that can receive existing [PSS/SSS potentially assisted by PBCH DMRS/TRS] for synchronization, existing [PSS/SSS potentially assisted by PBCH DMRS/TRS] may be used for above functionality. 
· Periodic LP-SS coverage should be equal or better than that of LP-WUS.
· For fine time and frequency synchronization, a signal (e.g. preamble) preceding or part of LP-WUS may be used.

· For LP-SS study further
· required periodicity of LP-SS.
· structure of LP-SS
o   Alt1: sequence based only
o   Alt2: sequence + message with encoded bits
o   FFS: sequence


	Company
	Agree Y/N
	Comments

	
	
	

	
	
	

	
	
	

	
	
	

	
	
	



 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.




Regarding FFSes

· 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 [1][22]
· e.g. UE-group, -subgroup or -ID
· FFS: cell information [1][3][18][22][5][14][21](in sequence)[26][27]
· FFS: SI change [3][7][6][26](low priority) and ETWS/CMAS information[7] [6][26](low priority), tracking area information, and RAN area information [1][7][26]
· 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 [5]
· e.g UE-group, -subgroup or -ID
· indication to wake-up to PDCCH monitoring. [5]
· 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.


More on content
· Cell information can be in form payload or scrambling [18][26][27]
· Cell information can be in preamble or LP-SS [20][27]
· Other info than cell ID and information on which user(s) is/are targeted by the LP-WUS is not essential [18] and increased overhead [5][8]
· If there is space other info can be carried [22]

Delivery of information using MO location possible only with duty-cycle.
· UE group by MO timing, as for IDLE mode PO [11][8?][17]
· Cell ID by MO timing [17]
· Short message in dedicate MO [17]

Group/Subgroup/UE-ID
· Cannot make decision about group-ID before we know how many bits is UE-ID [7]
· UE-ID in RRC connected
· Also [11] considered reducing UE-ID size
· UE ID vs Group ID can be toggled dynamically by gNB [11]
· Similar as CIoT, i.e. subgroup [13]
· WUS-ID is associated with one cell [21]
· for large coded payload sizes, hundreds of repetitions need to match PDCCH performance. [23]

FL: Postpone discussion on “Group/Subgroup/UE-ID” until after we have more knowledge how much information can be carrier

FL1-Lo-Proposal-12: 
Update agreement
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 
· Cell ID can be carried also by LP-SS, MO timing, signal(s) preceding LP-WUS, scrambling
· 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.

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	
	For the red part, one thing to clarify, the cell in formation is carried in LP WUS, and in addition, the cell ID can be carried also by LP-SS, MO timing, signal(s) preceding LP-WUS, scrambling. Is it the right understanding?


	CTC
	
	The measurement process can obtain the PCI and the SIB information by measuring SSB in the IDLE/INACTIVE mode, so it seems not necessary to include the cell-ID in the LP-WUS if relaxed RRM measurement in MR is supported.

	Spreadtrum
	
	Cell ID can reduce false alert, e.g. LP detect the LP-WUS from neighboring cell

	CATT
	N
	Whether LP WUS carries cell information or not depends on the type of reference signal for RRM, which is still under discussion. We suggest to postpone it. 

	Huawei, HiSilicon
	N
	We are fine to remove “FFS” from the bullet. However, the newly added subbullet is just some examples, we don’t see strong need to have these examples.

	MTK1
	
	If LPSS can be supported, Cell ID is not needed in LPWUS



 Coding/structure 

	Agreement
· Study further following alternatives to carry the LP-WUS information using: 
· Alt 1: by sequence(s) detection/selection  [14]
· 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). 



KPIs
· Preamble
· MDR [1]
· FAR [1]
· Message
· MDR only [1]

Sequences [6][20][14][27][20][23]
· m-Sequence of length 31,63 or 127 chips. [27][20][23]
· ZC [6][14] and more
· PN [6]
· Gold codes [20][14][23]

Sequences Pros/Cons
· Using sequence detection/selection to carry the LP-WUS information may provide better coverage with compromised capacity and data rate and be more robust to frequency error. [26]
· if number of bits is small, sequence based is the choice otherwise encoded bits [22][6]
· [20] Sequence vs encoded bit +CRC, threshold is 10bits
· sequences are limited in information they can carry but good for synchronization [3][19]
· correlation is needed for sequences, which increases complexity [13]
· [23] Sequence based is superior lower overhead, synchronization, possibility of using existing signals, and potentially lower WUR power consumption
· Preceded known sequence can carry information [9]
· such as UE group [19]
· cell ID [20]

Coding [3][9][10][19][2][6][16][21]
· CRC support [1][10][19][2][6][21]
· Manchester Code [10][13][16][27]
· Walsh code [27]
· study methods to extend coverage and reduce misdetection probability by block coding. [7]
· maybe better to lower data rate rather than use Manchester code [22]
· shows that even with non-ideal synch, Manchester code is beneficial if bitrate and time-frequency resource are fixed. [4]
· Manchester coding provides 12dB gain for OOK-1 [8]
· Using encoded bits is more straightforward and flexible to achieve higher throughput and accommodate payloads for more functionalities and forward compatibility. On the other hand, channel encoding, CRC and reference signal design need more standardization efforts. [26]

 
    FL: Postpone down-selection between Sequence and Coding until after we have more knowledge how much information can be carried in LP-WUS


Preamble [3][9][2][4][6][14](OFDMA)
· Preamble two parts 
· It may be beneficial for some HW implementations to have a preamble for comparator threshold settling.  [2]
· Sync field may be added to help the LR to find the beginning of the WUS payload. The sync field pattern can be also used to distinguish content and target group. [2]
· Especially encoded bits should be preceded by by known one or more sequence(s) [4]

Other
[6] Decide on structure based on 
· UE specific or group specific
· Synchronization
· Training
· Check bits
· Boundary positioning

FL1-Hi-Proposal-13:
· LP-WUS information can be carried by: 
· Alt 1: by sequence(s) detection/selection 
· m-Sequence of length 31,63 or 127 chips. 
· ZC sequence
· PN sequence
· Gold codes 
· Alt 2: by encoded bits 
· Type of encoding scheme
· Manchester Code 
· Walsh code 
· Polar code
· Other code are not precluded
· CRC should can be used
· Alt 3: by MO position (as group ID for paging)
· At least for the case “by encoded bits”, [further study whether] LP-WUS information needs to be preceded by known (FFS: one or more sequence(s)).

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	Additionally, Alt 3 can be combined with either Alt 1 or Alt 2.

	CTC
	Y
	Alt 2 is preferred.

	Huawei, HiSilicon
	Partially Y
	For Alt 2, it is possible that the coding is polar. Also CRC may or may not be used.
We don’t see the strong need of preamble if LP-SS is supported, so we suggest to make it FFS.

· LP-WUS information can be carried by: 
· Alt 1: by sequence(s) detection/selection 
· m-Sequence of length 31,63 or 127 chips. 
· ZC 
· PN 
· Gold codes 
· Alt 2: by encoded bits 
· Type of encoding scheme
· Manchester Code 
· Walsh code 
· Block code
· Polar code
· Other code are not precluded
· CRC should can be used
· Alt 3: by MO position (as group ID forpaging)
· At least for the case “by encoded bits”, further study whether LP-WUS information needs to be preceded by known (FFS: one or more sequence(s)).



	FL
	
	Updated to comments

	
	
	



Coverage
	Agreement
· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.




Target statements
LR Coverage comparable to MR [16]
Target the same coverage for LP-WUS as for Paging PDCCH. [23]
Coverage may be needed more for LP-SS than LP-WUS [6]

Coverage improvement of LP-WUS
· channel coding [3][4]
· not considered [6]
· Manchester [13][9]
· time diversity [3][18][4][7][6](FFS)[9]
· pre-ED combining is more effective than post-ED combining [25]
· half the payload size help 3dB [4] (repetitions) [6] (2nd priority) 
· frequency diversity [3][18][4][7] [6](1st priority for hopping)
· hopping may need gaps [4] and retuning capa [27]
· ZC sequence [10] 
· frequency repetition solutions perform the best [10] [4][13]
· SFN transmission for LP-WUS [18]
· repetition in frequency domain 3dB [4][13]
· power boosting is effective way to improve coverage for OOK [4][7][6](1st priority)
· overlay/spreading-code to increase spectral efficiency [13][14] 
· time-domain reference symbols [11]
· spatial diversity 
· at transmitter: Small delay CDD, intra-OOK precoder cycling, shown are significant gains. [20]
· spatial diversity at receiver [7]
· not considered [6]

MNO statement on coverage
LP-WUS coverage comes at the cost of increased network overhead, resources utilization, and energy consumption. On the UE side it can increase the complexity of the LP-WUR which can diminish battery saving gains benefits. [15]

Fallback
Fall-back mechanism needed [3][15]
· and does not complicate LP-WUS design [15]
· agree on gNB configurable threshold for fall-back and a timer to remain in the fall-back operation.  [15]

Fallback criteria for coverage

· If LP-WUS coverage is insufficient, the following options can be considered for UE-specific enabling and disabling of LP-WUS
· Option 1: the UE determines whether to enable or disable LP-WUS monitoring [18]
· The gNB may provide configurable parameters for the UE to make such decision based on  
· Threshold measurement metric of LP-WUS/LP-SS reception [15][6][16]
· Detection rate of LP-WUS/LP-SS [6]
· The UE may notify the gNB on whether LP-WUS is enabled or disabled
· Option 2: gNB determines whether to enable or disable LP-WUS/WUR for a UE based on UE report [18]
· gNB may configure the rules/parameters for UE measurement/report


FL1-Hi-Proposal-14:
· Consider the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding
· time-domain repetition 
· frequency-domain repetition with combining before and after ED
· frequency-hopping
· power-boosting
· spatial diversity at transmitter (could be implementation specific)
· In case the channel condition of LP-WUS is not sufficient, a UE switches Main Radio to legacy operation based on 
· threshold measurement metric of LP-WUS/LP-SS reception. 
· detection rate of LP-WUS/LP-SS. 
· autonomous decision.
	
	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	

	Huawei, HiSilicon
	Y
	1) we see that some companies proposed “coherent combination before energy detection”. It could be also as one technique to improve target. So, we think it can be added. 
2)  ‘spatial diversity at transmitter’, it seems like an implementation. We are not sure it should be there.


	
	
	

	
	
	

	
	
	



 Inter-cell interference and multiplexing 
Interference mitigation by muting 
· would be of low complexity [1][9]
· increases overhead and is complex for network [1]

Interference randomization among cells [9]
OOK-1 ~4dB degradation for -3dB SIR compared to no inter-cell interference case [23]


By design of LP-WUS 
· envelope intermediate frequencies (IFs) to mitigate the impacts of intra-/inter-cell interference [1]




Multiplexing 

· Study in-band LP-WUS which can be multiplexed with NR channels/signals in different PRBs within a carrier. 
· Study mechanism to utilize unused LP-WUS resource for NR DL/UL signal/channels [9]
· For multiplexing of LP-WUSs for different UEs, study at least TDM, FDM, CDM. [7]


FL1-Lo-Proposal-15:
For LP-WUS, inter-cell interference can be mitigated by muting, which adds complexity at network side, other alternative is interference randomization that needs to be taken into account in LP-WUS design. 

	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	
	Maybe we need to first discuss the coverage performance then discuss this.

	
	
	

	
	
	

	
	
	

	
	
	



LP-WUS monitoring 
	Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 



The periodicity and offset for LP-WUS occasions can be configured by gNB. [9][18]
The “ON” duration of a LP-WUS occasion can be one or multiple consecutive OFDM symbols within a slot or over multiple slots. [9][18]
Support DRX operation [10][18][20][22][2][8][6](for IDLE)[17][24]

Advantage of DRX
· For the purpose of power saving, continuous monitoring could only make sense if the power consumption of WUR is so low [18]
· Continuous monitoring creates challenge for false alarm. [18][20]
· even with 24bit CRC
· DRX operation allows UEs to be multiplexed in time for WUS monitoring. [18]
· Latency is considered as one of the potentially advantages for continuous monitoring. However, the wake-up time needed for MR is already 20ms/400 ms, [18][23]
· Enables usage of more power consuming architectures with better sensitivity [2]

Disadavantage of DRX
· One potential disadvantage of DRX operation is that the network may need to transmit additional signals (e.g. periodic sync signal) to assist the UE in time/frequency synchronization [18]
· Duty cycle based monitoring of LP-WUR for LP-WUS detection may encounter a mismatch between the LP-WUR ON duration and the periodic LP-WUS or configured LP-WUS in a specific occasion. [5]

Continuous monitoring disadvantage
· False-alarms are problematic for Continuous-WUR [23]
· cause the energy consumption reduction to be smaller than for Duty-cycled WUR, and even smaller than the DRX baseline for longer DRX cycles. [23]

Other points of views
· Configured short periodicity (1slot) can achieve continuous monitoring. [4][14]
· Study beam sweeping [22]
· 400 ms in ultra-deep sleep and 20 ms in deep sleep is the lowest delay that can be achieved for MR wake-up, so e.g. 50ms periodicity is waste of power and resource [23]
· The start of LP-WUS occasion follows existing symbol/slot grid. [4][27][7]
· but can occur continuously [7][16] by proper configuration of duty-cycle = LP-WUS length.
· The periodicity of LP-WUS monitoring occasion is configurable by NW, FFS the values for periodicity. [4]
· Monitoring the LP-WUS in multiple occasions within a periodic monitoring window is not precluded. [4]


	[6]
	Option 1 (duty cycle)
	Option 2 (continuous monitoring)

	FAR in a duration Ton+ Toff 
	FAR1 for option1 is applicable on a time duration Ton
	FAR2 for option2 is applicable on a time duration Ton+ Toff and would be larger


	Delay for UE receiving wake-up signal
	Longer Toff brings longer delay
	Almost no delay.

	Suitable application scenario
	Time insensitive cases
	Time sensitive cases

	System overhead
	Require LP-SS
	May not require LP-SS

	sync
	Require higher sync accuracy
	Not sensitive to the sync accuracy



FL1-Hi-Proposal-16:
Start of monitoring occasions for LP-WUS can be configured within slot with symbol, where LP-WUS can be only transmitted at the starting position of a monitoring occasion. Monitoring occasions are configured at most once a slot.
· Monitoring occasions can be used for continuous monitoring or duty-cycle monitoring

	Company
	Agree Y/N
	Comments

	Xiaomi-1
	Y
	

	Spreadtrum
	N
	Slot structure means slot format? It is not necessary to change slot format for LP-WUS.

	Huawei, HiSilicon
	
	Before discussing the details verify what is the meaning of “..can be configured within NR slot structure.”

1) In our understanding, monitoring occasion is used to restrict the starting time of LP-WUS transmission, and it can be used for either continuously monitoring or duty cycled monitoring. This should be clarified in the proposal 
2) For the proposal that monitoring occasions can be configured within NR slot structure, we are fine with it but it is not clear regarding ‘at most once a slot’ at this stage.
Some suggested change is as following:

Monitoring occasions for LP-WUS can be configured within NR slot structure, where LP-WUS can be only transmitted at the starting position of a monitoring occasion. Monitoring occasions are configured at most once a slot.
· Monitoring occasions can be used for continuous monitoring or duty-cycle monitoring



	
	
	

	
	
	


 Procedures for MR upon wake-up from ultra-deep sleep
	Proposal-13(in RAN1#112): Study further pros and cons of the following procedures of MR wake-up from ultra-deep sleep
· Option 1: perform PO monitoring, and afterwards follow legacy procedures 
· Option 2: perform PEI monitoring, and afterwards follow legacy procedures
· Option 3: transmit PRACH for initial access, and follow legacy procedures 
· Option 4: monitor system information, and follow legacy procedures





Consider off-cycle on-demand PO/PEI [18][6][11]

Depends on LP-WUS performance requirement and the contents [17]
KPIs are design complexity of the LP WUS (e.g., payload, coverage), latency effects and synchronization precision from LP-WUR. [28]


Option 1 [4][5]
Option 1 is baseline, study whether support Option 2 and/or Option 3 [20][16][27]
Option 2: Perform PEI monitoring, and afterwards follow legacy procedures [6]

· Several companies state that LP-WUS should be rather an alternative to PEI.
· PEI if carry sub-group reduces payload of LP-WUS [9]
· PEI increases power consumption [9]
· largest latency among options [9]
· Once sub-grouping indication is carried by LP-WUS, UE does not need to monitoring PEI. 

Option 3: transmit PRACH for initial access, and follow legacy procedures [2]

· This option has quite many challenges 
· Plenty of spec impact and workload. 
· Increased overhead 
· PRACH option not because the content is too large, which would increase power consumption and degrade performance [9]
· Required LP-WUS contents for PRACH: all paging message carried in paging DCI and paging PDSCH. SI update info etc. 
· Full ID is needed 
· FAR / large-UE-groups would waste network resource. [18]


	Procedure after MR woken up by LP-WUS [4]
	Pros
	Cons

	Perform PO monitoring
	The basic function which is expected for the design of LP-WUS.
Required LP-WUS content [Note 1]: grouping indication.
Medium latency: wake-up latency [ Note 2] + paging latency
	

	Perform PEI monitoring
	
	largest latency: wake-up latency + PEI monitoring latency + paging latency
Once grouping indication is carried by LP-WUS, UE does not need to monitoring PEI.

	Transmit PRACH for initial access
	Lowest latency: wake-up latency
	Plenty of spec impact and workload.
Required LP-WUS contents: all paging message carried in paging DCI and paging PDSCH. SI update info etc.

	Notes: 
1, larger LP-WUS content, larger false detection rate of LP-WUS. 
2, wake-up latency includes 1) the delay caused by LP-WUS duty cycle 2) MR transition time (ramp up time and sync/re-sync time).




FL1-Lo-Proposal-17:
Upon wake-up from ultra-deep-sleep, support at least PO monitoring followed by legacy procedures
· consider support of dynamic PO, i.e. PO outside of regular paging frame to reduce latency
· consider whether LP-WUS monitoring can be configured together with PEI monitoring. 

	Company
	Agree Y/N
	Comments

	
	
	

	Xiaomi-1
	Y
	

	Huawei, HiSilicon
	
	The main bullet is related to the content, e.g., whether per UE indication or per group indication. Instead, to make progress we can add some condition on it.
We are OK with the sub-bullets

Upon wake-up from ultra-deep-sleep support at least for the case PO monitoring, support followed by legacy procedures for PO monitoring
· consider support of dynamic PO, i.e. PO outside of regular paging frame to reduce latency
· consider whether LP-WUS monitoring can be configured together with PEI monitoring.



	
	
	

	
	
	


 Activation/Deactivation procedures of LP-WUS
	Proposal-14(in RAN1#112): Study further the following LP-WUS monitoring activation and deactivation procedures
· Option 1: LP-WUS is activated/deactivated by gNB 
· e.g. SIB or Dedicated RRC
· Option 2: LP-WUS activated/deactivated implicitly based on criteria 
· Option 3: LP-WUS activated by UE autonomously 




· gNB broadcast or not support of LP-WUS in RRC this being baseline [8][6]
· UE-based criterion could be considered [6]
· study the activation/deactivation mechanism based on gNB configuration and UE initiated procedure with or without report to gNB.  [9]
· LP-WUS monitoring can be at least enabled or disabled on the cell level. RAN1 study whether MR can be periodically activated for paging monitoring if UE is activated for LP-WUS monitoring [20]
· if LP-WUS supported by gNB, UE may monitor paging or LP-WUS [27]
· explicit and implicit triggering mechanisms for the LR, and potential confirmation message(s) from the MR to the gNB [22]
· LP-WUS activated implicitly based on criteria is not feasible, since the activation of LP-WUS monitoring may requires a trigger from gNB [5]
· UE may not be able to activate the LP-WUS monitoring autonomously, since the UE do not know when the gNB will trigger the LP-WUR of UE to wake up the MR. [5]


[4]
[bookmark: PP18]For RRC idle/inactive mode, UE enters LP-WUS monitoring 
· Alt-1: via explicit network indication;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled. 
[bookmark: PP19]For RRC idle/inactive mode, UE exits LP-WUS monitoring 
· Alt-1: via explicit network indication e.g., when UE receives LP-WUS which indicates the UE to wake up;
· Alt-2: autonomously when pre-configured condition(s) are fulfilled e.g., UE moves out of coverage of LP-WUS/LP-SS. 
[bookmark: PP20]A UE fallbacks to legacy paging monitoring behaviors when it exits LP-WUS monitoring. 

[17]
· For IDLE/INACTIVE and CONNECTED modes
· The UE decides whether to monitor LP-WUS or not based on the information by the gNB whether the serving cell supports LP-WUS transmission or not
· The UE decides whether to monitor LP-WUS or not based on the UE’s own criteria
· E.g.) coverage or the state of the main radio
· For CONNECTED mode
· The UE decides whether to monitor LP-WUS or not by explicit indication.
· E.g.) DCI, dedicated RRC, and LP-WUS (and/or LP-SS)

[17] The following cases deserve further discussion regarding activation deactivation
· When LP-WUR is deactivated
· When LP-WUS cannot be received/detected by LP-WUR
· When RRM measurement by LP-WUR cannot provide a stable metric
· When RRM measurement for neighbor cell is required

FL1-Lo-Proposal-18:
For Idle/Inacitve mode, LP-WUS monitoring may be enabled by gNB in a cell for a UE
· Alt 1: gNB transmits paging PDSCH in addition to LP-WUS, UE monitors autonomously LP-WUS or paging PDSCH.
· Alt 2: activation and/or deactivation of LP-WUS monitoring is based on signalling. 
· Alt 3: activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria.

	Company
	Agree Y/N
	Comments

	Huawei, HiSilicon
	N
	First, we want to clarify the activation/deactivation is from gNB perspective or UE perspective. Second, the alternatives seem to be not orthogonal with each other. More discussion is needed to improve this proposal

	
	
	

	
	
	

	
	
	

	
	
	



 Connected mode 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.
Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1
· RLM/BFD/CSI are performed by UE Main Radio (MR) 
· RRM measurements are performed by UE Main Radio (MR)
· Ultra-deep sleep state is not allowed for MR.
· Study additional support of RRM measurement by LP-WUR for RRC connected mode
· Study RRC connected mode LP-WUS functionality/purpose/procedures
· Study RRC connected mode LP-WUS activation/deactivation procedures.
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 
· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.




Design principle
· design unified between Connected and IDLE mode [7]
· BW is same for LP-WUS for idle, connected and inactive modes  [28]
· BW different to IDLE [8]
· Design different to IDLE [17]

Functionality


Case1: C-DRX configured 
· Case1-1: UE wakes up from C-DRX based on receiving LP-WUS, this to replace DCP [9][18][4][16]
· Case 1-2: UE does not monitor USS until LP-WUS is received. Replace PDCCH skipping / SSSG switching [9][4][7][16]
· could be left to WID discussion

Case 2: C-DRX is not configured [9][18]
· LP-WUS resumes PDCCH monitoring upon reception of LP-WUS, [9][18][4]


Other content
LP-WUS indicated scheduling information [7]
Change of RRC [6]

Benefit unclear
Saving gain comparing with Rel-16 WUS triggered C-DRX operation is not clear as well [22]


Activation/Deactivation
[6] via gNB
[9] by gNB based on UE assistance 

[4 ]For RRC CONNECTED mode UEs, LP-WUS monitoring can be activated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS activation signaling.

[4] For RRC CONNECTED mode UEs, LP-WUS monitoring can be deactivated via:
· Option 1: RRC signaling
· Option 2: L1/L2 LP-WUS deactivation signaling. 
· Option 3: autonomously by UE if pre-configured condition(s) is fulfilled 

may start LP-WUS monitoring and stop PDCCH monitoring if it receivers an explicit indication in a DCI, or it may do so after it does not receiver any DCI for a time duration. [18]

RRM measurements by LP-WUR on LP-SS reduce interruptions, can be used in BWP without SSB. [18][11]

FL1-Hi-Proposal-19: 
· In RRC CONNECTED mode, LP-WUS may 
· replace DCP functionality.
· replace PDCCH skipping and SSG switching functionality. 
· activate/resume PDCCH monitoring when received. 
· In RRC CONNECTED mode, LP-WUS monitoring can be one or more of
· activated/deactivated by gNB RRC signalling, with or without UE assistance.
· activated/deactivated by gNB L1/L2 LP-WUS activation/deactivation signalling, with or without UE assistance.
· deactivated autonomously by UE if pre-configured condition(s) is fulfilled.
· In RRC CONNECTED mode, RRM measurements of serving cell can be based on serving cell measurement by LP-WUR defined in IDLE/Inactive mode (if supported). 



	Company
	Agree Y/N
	Comments

	Xiaomi-1
	
	For the following wording, does the UE need to support them all？
“o	activated/deactivated by gNB RRC signalling, with or without UE assistance.
o	activated/deactivated by gNB L1/L2 LP-WUS activation/deactivation signalling, with or without UE assistance.
o	deactivated autonomously by UE if pre-configured condition(s) is fulfilled.”

	Huawei, HiSilicon
	
	For the first part, we can discuss it under two issues: 1) the functionality of LP-WUS, 2) the relationship between LP-WUS and legacy UE power saving techniques.
For the 1), the 3rd bullet is OK. And we can add FFS for other functionalities. For 2), we can first discuss whether LP-WUS can be configured together with other techniques. If no serious issue found, details can be left to WI phase.

For the 3rd bullet, we suggest to delete it, as unclear how UE can be in IDLE/INACTIVE mode in this bullet.

· In RRC CONNECTED mode, LP-WUS’ functionality may be
· Replace DCP functionality.
· Replace PDCCH skipping and SSG switching functionality. 
· Activate/resume PDCCH monitoring when received
· Other functionalities are not precluded.
· In RRC CONNECTED mode, for the relationship between LP-WUS and legacy UE power saving techniques may 
· LP-WUS can be used with and without legacy power saving techniques, e.g. C-DRX, DCP, PDCCH skipping and SSSG swiching.




	
	
	

	
	
	

	
	
	


 Other 

1 Study enhanced beam related procedures for supporting LP-WUS in FR2 should be studied. [3]
2 Network assistance to be studied for LP-WUS/LR. [2]
3 [5] Study the following indication method for LP-WUS successful detection;
· Implicit derivation of LP-WUS detection from the first ACK message received from the MR, which is sent by the UE for receiving the data/signaling.
· Explicit derivation of LP-WUS detection, where the MR sent ACK message before receiving the signaling/data. 
4 [7] If there is time and frequency relationship between LP-WUS and legacy NR signal/channel(s) received by MR, then LP-WUR can assist the re-sync procedure of MR, which can reduce the power consumption and latency.
5 [8] Power model of OFDMA receiver needs to exist before OFDMA receiver can be captured in TR.
6 [8] Define UE capability to inform gNB about sensitivity. 
7 [8] Configuration aspect of LP-WUS. [8] 
· resource, UE/cell specific 
8 [6] Discuss whether to continue to monitor the LP-WUS and corresponding UE behavior when MR is on after detecting LP-WUS.
9 [6] Discuss the procedures when the LP-WUS is missed.
10 [17] Whether LP-WUS monitoring can be dynamically adapted.  
11 [bookmark: _Toc131701303][bookmark: _Toc134825733][bookmark: _Toc134827381][bookmark: _Toc134827391][bookmark: _Toc134827400][bookmark: _Toc135034821][bookmark: _Hlk134824964][25] To prevent the risk of a high FAR, UE should not turn MR off before LPWUR synchronizes with the network successfully. -> more an implementation?

FL1-Hi-Question-2: 
Any of above proposals should be discussed in RAN1#113?
	Company
	Agree Y/N
	Comments
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Appendix A: RAN1 Agreements
RAN1#111
	Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance

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

Agreement
For a UE support LP-WUR in IDLE/INACTIVE mode, 
· Study how to reduce UE power consumption due to existing RRM measurement requirements at least for mobility support, 
· study feasibility of RRM measurements performed by LP-WUR, at least for serving/camping cell, based on signals detected by LP-WUR
· FFS: measurement metric
· FFS: whether and how to identify cell/ tracking area 
· FFS: need for neighbouring cells
· FFS: need for relaxation of existing RRM measurement requirements (for UE)




RAN1#112
	Agreement
For MC-ASK waveform generation, where K is size of iFFT of CP-OFDMA, N is number of SCs used by LP-WUS including potential guard-bands, study further 
· Option OOK-1: Single-bit in 1 OFDM symbol, SCs of LP-WUS are 
· OOK=1 means all SCs are modulated
· OOK=0 means all SCs are zero power (from base-band point of view)
[image: ]
· Option OOK-2: Parallel M-bit OOK in frequency domain, 
· N SCs of LP-WUS is further separated into M segments (M=2 in Figure) possibly with guard-bands in-between and/or around 
· OOK=1 means all SCs in segment are modulated
· OOK=0 means all SCs in segment are zero power (from base-band point of view)
· FFS architecture.
[image: ]
· Option OOK-3: Multi-tone single-bit OOK
· N SCs of LP-WUS is separated into L segments (L=2 on Figure) without guard-bands in-between segment, but possibly around
· OOK=1 means 1 sub-carrier (known by UE) of each segment is modulated, rest of SC is zero power (from base-band point of view)
· OOK=0 means all SCs in all segments are zero power (from base-band point of view)
· FFS architecture
[image: ]
· Option OOK-4: Transform M-bit OOK in time domain 
· N SCs of OOK-1 are generated by a transformation (DFT/Least square)
· N’ samples are generated from M-bits 
· signal modification may or may NOT be used
· truncation or other additional modification may or may NOT be used, if not used, N is the same as N’
· N’ can be the same as K

[image: ]
· FFS modulated SCs are e.g. QAM symbols, sequences or other signals 
· Companies to report their assumptions
· potential guard-band SCs are zero power (from base-band point of view)
· [optionally, 2 additional segments, one always modulated and one always zero power (from base-band point of view) can be transmitted]
· Other options are not precluded (e.g. OOK-1 with multiple bits in one OFDM symbol)

Agreement
Study synchronisation signal used by LP-WUR, if needed, based on 
· Option 1: aperiodic signal transmitted as part of LP-WUS
· FFS: Whether the signal can additionally be transmitted separately from LP-WUS 
· Option 2: periodic signal transmitted separately from LP-WUS
· Option 3: Option1 + Option2

Agreement
For M-bit MC-FSK generation study further the following options
· Option FSK-1: N SCs of LP-WUS are separated to M pairs of segments with potential guard-bands in-between and around. 
· segment comprises one sub-carrier or multiple contiguous SCs
· in a pair of segments one segment is modulated, other segment is zero power (from base-band point of view)
· Option FSK-2: N SCs of LP-WUS are separated to 2^M segments with potential guard-bands in-between and around.
· segment comprises one sub-carrier or multiple contiguous SCs
· one segment from 2^M segments is modulated, other segments of SCs are zero power (from base-band point of view)
· M >0
· N >1
· Study how to generate segment in time domain, e.g. OOK-1 or OOK-4 
· Other options are not precluded.

Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 

Agreement
Study further pros and cons of the following monitoring behaviors of LP-WUR
· Option1: Duty cycle, corresponds to LP-WUR switches between ON/OFF states 
· Option2: Continuous monitoring, corresponds to LP-WUR is ON all the time 

Agreement
Study potential measurement metric used for RRM measurements performed by LP-WUR. 
· examples of measurement metric are signal quality, signal power, detection rate of LP-WUS/synch signal
· companies to report assumption of signal used for measurements

Agreement
· When evaluating and/or comparing link performance of MC-ASK, MC-FSK, and CP-OFDMA waveforms of LP-WUS at least
· raw information bit-size
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
· FFS: false alarm probability/rate
· FFS: misdetection probability/rate
               are kept [comparable or fixed]. Study at least
· impact of timing error
· impact of frequency error
· impact of phase noise and I/Q imbalance, if applicable
· impact of ADC resolution and sampling rate
· impact of interference
· impact of delay spread
· impact of doppler spread
· Companies to report
· how they modelled SINR
· time/frequency resources (including any guard bands) for the scheme
· false alarm probability/rate and misdetection probability/rate
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
· When comparing waveforms of LP-WUS, consider the impact to gNB for each of the waveform generation schemes. Consider whether there is impact to PAPR and a need for additional hardware for WUS.




RAN1#112bis-e
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)

Agreement
Update the RAN1#112 agreement as the following:
· [time/frequency resources (including any guard bands), if applicable]
· [total energy of LP-WUS across the time/frequency resources]
Working assumption: In place of the above deleted bullets:
· Alt 1:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· time/frequency resources used for LP-WUS (including any guard bands)
· Alt 2:
· average EPRE within the [time]/frequency resources used for LP-WUS (including any guard bands)
· SNR is calculated as average EPRE divided by power of noise [and interference].
· Companies to report whether and how power pooling across and within MR OFDMA symbols is used.
· FFS: PAPR applicable to LP-WUS

Agreement
Replace in RAN1#112 agreement
Companies to report
· power consumption of the MR if false alarm probability/rate not fixed across MC-ASK, MC-FSK, and CP-OFDMA waveforms
with 
· receiver architecture type and its relative power consumption

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.


Agreement
· For RRC connected mode, the following is assumed for LP-WUS study in RAN1
· RLM/BFD/CSI are performed by UE Main Radio (MR) 
· RRM measurements are performed by UE Main Radio (MR)
· Ultra-deep sleep state is not allowed for MR.
· Study additional support of RRM measurement by LP-WUR for RRC connected mode
· Study RRC connected mode LP-WUS functionality/purpose/procedures
· Study RRC connected mode LP-WUS activation/deactivation procedures.
· Study RRC connected mode LP-WUS BW, whether same as IDLE/Inactive mode or different 
· In RRC connected, study the relationship between LP-WUS and legacy UE power saving techniques.

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).

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

Agreement
Study further methods to modulate input signal of the DFT/Least-Square block for OOK-4, and methods to modulate input signal of N SCs for other MC-ASK/FSK schemes
· study methods with respect to 
· improving frequency diversity by flattening the spectrum, frequency repetition and frequency hopping
· impact to dynamic range of RE power in frequency domain
· FFS: impact to PAPR of generated time domain modulated MC-ASK/FSK symbol
· improving robustness to timing error necessary spectrum adjustment for compatibility with CP-OFDM generation

Agreement
· Study techniques/mechanisms to enhance coverage performance of LP-WUS
· Study potential gains available as well as drawback(s) of the technique(s)/mechanisms(s), e.g. system overhead, increased complexity network energy consumption etc…
· Study potential issues and corresponding solutions for the case when LP-WUS coverage is insufficient 
· At least study fallback mechanisms where the Main Radio switches to legacy operation in case the channel condition of LP-WUS is not sufficient, e.g. below threshold.
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222644 [1]), and it includes the following objectives.
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evaluation methodology
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factor devices including IoT use 
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up signal designs to support wake
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SS can be designed to be common among 


UE groups (cell
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ecific) and such further reduce system overhead. 
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