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Introduction
In RAN1#113, the following were agreed for studying the low-power wake-up signal and procedures [1]: 
	Agreement
· 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 
Agreement
Power pooling between OFDM symbols is not assumed for evaluation purposes. Average EPRE is defined per OFDM symbol.
Agreement
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.
Agreement
· For Idle/Inactive mode, study offloading of RRM measurements of serving cell to LP-WUR under certain conditions, if any, and relaxation of serving/neighboring cell RRM measurements in MR considering
· Periodic reference signal(s) is/are used for LP-WUR measurements.
· FFS: reference signal(s) to measure, e.g. PSS/SSS/PBCH DMRS, LP-WUS waveform sequence, LP-SS
· FFS: periodicity, content
· MR performs measurements 
· Alt2: with relaxed periodicity if RRM measurement in MR is relaxed.
· FFS: Condition for relaxation if any
· Can apply for both neighboring and serving cell
· Alt3: only when reference signal(s) based measurements by LP-WUR satisfy certain condition(s), e.g. are below threshold.
· FFS threshold.
· Above MR measurement under certain conditions can apply for both neighboring and serving cell
· Potentially with relaxation methods for MR neighboring cell measurement 
· Other alternatives are not precluded
· FFS: Feasibility of RRM measurements of neighbor cells by LP-WUR
Agreement
· For waveform generation the following observations are made
· Flat spectrum in frequency domain provides robustness against frequency selective fading compared to concentrated energy in frequency domain.
· for OOK-4, sequence before DFT/LS with variation in phase via such as ZC, M-sequence or QAM sequence can achieve more flattened spectrum.
· Sequences(s) used in LP-WUS symbol generation with different pulse shape or spectral shape may have different performance. 
· Knowledge of sequence(s) used in LP-WUS waveform generation may improve performance for at least a receiver with I/Q branches
· Further discuss the following potential observations for waveform generation:
· When DFT is employed in OOK-4 (M>=2), -1/1 alternation in time or frequency shift in frequency domain may be needed to match CP-OFDM generation.
· Pre-storing of the generated frequency domain samples at gNB may reduce complexity of waveform generation at gNB with memory requirement depending on number of possible combination. This may be up to gNB implementation.
· quantization of generated waveform in frequency domain to existing constellation (e.g. 64QAM) has low impact on performance and reduces complexity. This may be up to gNB implementation.
· Repetition of a sequence(s) used in LP-WUS generation in frequency can be used to improve diversity for MC-OOK and robustness against frequency offsets for MC-FSK.
Agreement
· Study the following techniques/mechanisms to enhance coverage performance of LP-WUS
· low complex channel coding 
· FEC
· spreading code in time domain
· time domain repetition 
· with combining before or after ED
· time-domain interleaving
· Note: Also Manchester coding can be considered as channel code   
· non-contiguous transmission in the frequency domain
· frequency domain repetition 
· frequency-hopping
· power-boosting
· transmit diversity
· study whether any above techniques could be transparent to UE.
Agreement
· For Idle/Inactive mode, following options for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE can be considered for study
· Alt 1a: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 1b: 
· gNB transmits legacy paging indication and LP-WUS
· UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria
· This behavior may apply based on channel condition, e.g. when coverage is sufficient/insufficient.
· Alt 2: 
· activation and/or deactivation of LP-WUS monitoring in a cell is based on signalling.
· Paging misdetection performance shall not be impacted.
Agreement
· In RRC CONNECTED mode, study benefit of LP-WUS over existing Rel-15, R16, and R17 power saving techniques for following functionalities: 
· LP-WUS with similar functionality as R16 DCP. 
· LP-WUS activates/resumes PDCCH monitoring when LP-WUS is received.
· interaction with legacy power saving techniques, if any 
· other functionalities are not precluded
· for evaluation 
· companies to report 
· assumption on MR sleep state when LP-WUR is monitoring LP-WUS
· deep sleep,
· light sleep, 
· micro sleep
· how to activate/deactivate LP-WUS monitoring and deactivate/activate PDCCH monitoring
· LP-WUS waveform
· In RRC CONNECTED mode, LP-WUS monitoring can be activated/deactivated by at least one or more of
· by gNB RRC signaling, with or without UE assistance.
· by gNB L1/L2 LP-WUS activation/deactivation signaling, with or without UE assistance.
· based on pre-configured condition(s), such as timer. 
· LP-WUS monitoring by UE is known to gNB, study whether it could be transparent to gNB.
· other options are not precluded.


This paper discussed the aspects of physical channel/signals for the low-power wakeup receiver (LP-WUR), the system design associated with low-power wake up signal (LP-WUS) and waveform, and the related procedure of using LP-WUR to achieve UE power saving. 
[bookmark: _Hlk114132307]Signal waveform for LP-WUR and system design
Link performance of OOK and FSK waveform
The performance of various waveform generation schemes (i.e. OOK-1/OOK-2/OOK-3/FSK-1/FSK-2) under the impacts from frequency error and timing error are investigated and evaluated. 
In the evaluation, we assume the time-domain resource i.e. LP-WUS length=8 OFDM symbols for all modulation schemes. For the simulation assumption, some signaling processing components, such as ADC, and mixer, are assumed to be ideal with the sampling rate at 15.36MHz. The frequency errors of Mixer are not taken into account in the evaluation. The general simulation assumptions are shown in Appendix.
The demodulation of OOK and FSK waveform by the LP-WUR would not have persistent time and frequency tracking, estimation and compensation. The timing error would generate the inter-symbol interference of OOK/FSK waveforms between OFDM symbols to degrade the OOK/FSK demodulation performance. The frequency error would have the results of the inter-channel interference between the OOK/FSK tones or between the OOK/FSK and neighboring channels. The LP-WUR demodulation performance of OOK and FSK would be severely degraded by the frequency and timing errors. The simulation of OOK and FSK waveforms includes the timing error caused by time drifting and frequency error caused by frequency instability of local oscillator. The detail analysis in the literature has been illustrated in [2].
OOK/FSK demodulation performance degradation by frequency error 
We evaluate the case of frequency errors 0 ppm, 50 ppm, 100 ppm and 200 ppm on various waveform generation schemes. 
· OOK-1
[image: ][image: F:\3GPP RAN1#114\9.11.3仿真\北理工仿真\0727\OOK_result\OOK-1 with Manchester Frequency error.emf]
[bookmark: _Ref142052468]Figure 1: Impact of frequency error to OOK-1
Figure 1 shows that the performance loss of OOK-1 caused by frequency error is marginal since the neighboring NR channels/signals are not modeled in the simulation. The OOK-1 with Manchester code can get around 5.48dB performance gain comparing to that of OOK-1 without Manchester code. 
· OOK-2
[image: ][image: ]
[bookmark: _Ref142065129][bookmark: _Ref142479574]Figure 2: Impact of frequency error to OOK-2
From Figure 2, we can see that the frequency error generates inter-channel interference between the OOK tones and degrade the OOK-2 demodulation performance. The degradation of the OOK-2 demodulation performance increases as the number of tones increases (e.g., OOK-2 M=4 is around 2 dB worse than that of M=2). The OOK-2 demodulation performance is severely degraded when the frequency errors are large at 100 ppm or 200 ppm. The BLER performance curve becomes flat for OOK-2 M=2 with 200 ppm frequency error and M=4 with 100 ppm and 200 ppm frequency errors. The severe inter-channel interference dominates the received OOK-2 signals and degrades the BLER performance, which the BLER performance is around 0.5 for OOK-2 M=4 with 200ppm frequency errors. For OOK-2 M=2, the 1% BLER performance with 0 ppm, 50 ppm, 100 ppm frequency errors are -1.2d, -1.2dB and -0.4dB, respectively. For OOK-2 M=4, the 1% BLER performance 0 ppm and 50 ppm frequency errors are 0.8dB and 1.4dB, respectively.
· OOK-4
[image: ][image: ]
[bookmark: _Ref142665627]Figure 3: Impact of frequency error to OOK-4
The OOK-4 M-bits modulated signals are generated by FFT/LS transformation. In the OOK-4 demodulation, the received signals would perform the inverse transformation (IFFT/LS) first before demodulation. The frequency error would be mitigated during the inverse transformation since the IFFT process is an orthogonal transformation between time and frequency domains and mitigates the frequency error during the transformation. Figure 3 shows that as the increase of the frequency error, performance loss of OOK-4 demodulation is marginal. 
· FSK-1
[image: ][image: ]
[bookmark: _Ref142665671]Figure 4: Impact of frequency error to FSK-1
[bookmark: _Hlk142606910]The frequency error would have severe impact on the FSK demodulation performance. From Figure 4 we can see that FSK-1 demodulation performance degrades severely when the frequency error is over 100 ppm. For FSK-1 M=1, the BLER demodulation performance at 10-2 with frequency error 0 ppm, 50 ppm, 100 ppm are -5.1dB, 1.2dB and 2.1 dB, respectively. For FSK-1 M=2, the BLER performance at 10-2 with frequency error 0 ppm and 50 ppm are 5.13dB and 6.4dB, respectively.
· FSK-2
[image: ]
[bookmark: _Ref142054700]Figure 5: Impact of frequency error to FSK-2
The inter-channel interference caused by frequency errors leads to severe degradation in FSK-2 demodulation performance as shown in Figure 5. From Figure 5, we can see that the BLER performance were flat out with frequency error over 100 ppm. For FSK-2, the FSK-2 demodulation performance at 10-2 with frequency error 0 ppm and 50 ppm are -3.6dB and -2.8dB, respectively.
Table 1: Performance loss of various waveform generation schemes under different frequency errors
	
	Performance loss (in dB)

	Generation schemes
	FE=50 ppm
	FE=100 ppm

	OOK-1
	0
	0

	OOK-2 M=2
	0
	0.8

	OOK-2 M=4
	0.6
	NA

	OOK-4 M=2
	0
	0

	OOK-4 M=4
	0
	0

	FSK-1 M=1
	6.3
	7.2

	FSK-1 M=2
	1.27
	NA

	FSK-2 M=2
	0.8
	NA


Observation 1: The BLER performance of OOK/FSK waveform would be degraded by the frequency error, which would generate inter-channel interference. The frequency error would barely degrade the BLER performance of OOK-1. The frequency error has severe impact to the BLER demodulation performance of OOK-2 M=2 and 4 and FSK-1 and FSK-2. The impact of frequency error to the BLER performance increases as the number of tones increase for OOK-2 and FSK. The transformation in OOK-4 would mitigate the impact of frequency to the BLER performance. 
The OOK/FSK performance degradation by timing error 
· OOK-1
[image: ][image: ]
[bookmark: _Ref142059072]Figure 6: Impact of timing error to OOK-1
· OOK-2
[image: ][image: ]
[bookmark: _Ref142059973]Figure 7: Impact of timing error to OOK-2
[bookmark: _Hlk142609293][bookmark: _Hlk142608934]The timing error would create the inter-symbol interference and thus degrade the OOK-1 and OOK-2 demodulation performance. In particular, the intense degradation of OOK-1/OOK-2 demodulation performance is observed with excessive inter-symbol interference when the timing error is longer than the CP. The timing error would be mitigated by the Manchester coding scheme as shown in Figure 6 since the two encoded bits are located in the adjacent symbols. From Figure 7 we can see that the maximum timing error that OOK-2 can tolerate is 2 us. For OOK-2 M=2, the BLER performance at 10-2 with timing error 0 us, 1 us and 2 us are -1.2dB,-1.2dB and -0.77dB, respectively. For OOK-2 M=4, the BLER performance at 10-2 with timing error 0us, 1 us and 2 us are 0.8dB, 0.8dB and 1.27dB, respectively.
· OOK-4
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[bookmark: _Ref142665825]Figure 8: Impact of timing error to OOK-4
[bookmark: _Ref142060851][bookmark: _Hlk142609431]The OOK-4 demodulation performance would be severely degraded by the timing error since the FFT/LS transformation would propagate the timing error during transformation to the adjacent channels of OOK-4 with M=2 and 4. From Figure 8 we can see that the BLER vs SINR curve flat out at the end for all cases. For OOK-4 M=2, the BLER performance at 10-2 with timing error 0 us, 1 us and 2 us are -3.4dB, -2dB and -0.3dB, respectively. For OOK-4 M=4, the BLER performance at 10-2 with timing error 0 us and 1 us are 1.25dB and 4.7dB, respectively.
Observation 2: OOK-4 M=2 shows 1.4dB and 3.1dB performance loss when timing errors are 1us and 2us, respectively. OOK-4 M=4 shows 3.45dB performance loss when timing error is 1us.
· FSK-1
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[bookmark: _Ref142061338]Figure 9: Impact of timing error to FSK-1
[bookmark: _Hlk142609505]The timing error would create the inter-symbol interference only when it is longer than CP and thus degrade the FSK demodulation performance as shown in Figure 9. For FSK-1 M=1, the BLER performance at 10-2 with timing error 0 us, 1 us and 2 us are -5.1dB, 0.8dB and 1.34dB, respectively. For FSK-2 M=2, the BLER performance at 10-2 with timing error 0 us, and 1 us are 5.13dB, 5.23dB and 5.28dB, respectively.
· FSK-2
[image: ]
[bookmark: _Ref142061679]Figure 10: Impact of timing error to FSK-2
Similar to FSK-1, the inter-symbol interference caused by timing error would degrade the FSK-2 demodulation performance when timing error is longer than CP. From Figure 10 we can see that the BLER performance of FSK-2 would not be degraded by timing error if the timing error is less than 2 us (smaller than CP length). For FSK-2 M=2, the BLER performance at 10-2 with timing error 0 us, 1us and 2 us are -3.6dB, -3.6dB and -3.16dB, respectively.
Observation 3: FSK-2 M=2 shows 0dB and 0.44dB performance loss when timing errors are 1 us and 2 us, respectively.
Table 2: Performance loss of various waveform generation schemes under different timing errors
	
	Performance loss (in dB)

	Generation schemes
	TE=1 us
	TE=2 us

	OOK-1
	0.02
	0.52

	OOK-2 M=2
	0
	0.43

	OOK-2 M=4
	0
	0.47

	OOK-4 M=2
	1.4
	3.1

	OOK-4 M=4
	3.45
	NA

	FSK-1 M=1
	5.9
	6.44

	FSK-1 M=2
	0.1
	0.5

	FSK-2 M=2
	0
	0.44



Observation 4: The inter-symbol interference caused by timing error would degrade the demodulation performance of OOK and FSK waveform when the timing error exceeds the CP length. 
System design associated with LP-WUS signals and waveform
About system design for LP-WUS, it is necessary to support the LP-WUS coexistence with other NR legacy channels. The considerations of the system design associated with LP-WUS signals and waveform are summarized as follows,
· Inter-channel interference (ICI) from other channel
· Pulse shape filter
· Reference timing from local oscillator or slave-drive by NR oscillator
The details of above considerations are discussed as following subsections. 
Inter-channel interference from other channel
The LP-WUS design should take into account of ICI from/to the neighboring NR channels, e.g., PDCCH, PDSCH, CSI-RS and SSB, when LP-WUR is operating at the same NR carrier. When LP-WUS multiplexed with NR at the NR operation band, the ICI from/to existing NR channel/signal will decrease LP-WUS detection performance. Therefore, LP-WUS design target should be considered to reduce the ICI between LP-WUS and NR signals when they are multiplexed at the NR carrier. Guard band is one interference mitigation technique to avoid interference from/to adjacent neighboring channels. 
Proposal 1: It is expected to support TDM and FDM multiplexing between LP-WUS and NR legacy channel/signal. The LP-WUS design should take into account inter-channel interference mitigation techniques when LP-WUS and NR signals are multiplexed in the same NR carrier. 
Pulse shaping filter
[bookmark: _Hlk127486213] The pulse shape filter is the filter at the transmitter to limit the transmission signals rolling off to the adjacent channels. One example of the pulse shaping filter is the raised-cosine filter as shown in Figure 11. The raised-cosine filter is a filter frequently used for pulse-shaping in digital modulation due to its ability to minimize the ICI. The raise cosine function from the fact that the non-zero portion of the frequency spectrum of its simplest form (β =1) is a cosine function, 'raised' up to sit above the horizontal function. The pulse shaping filter would minimize the transmitted signal to the adjacent channels at the transmitter. Thus, the LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel.  
[image: ]
[bookmark: _Ref127486035]Figure 11: An example of Raise Cosine Filter as the pulse sharping filter for LP-WUS with different roll-off factors
Proposal 2: The LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel. 
Reference timing from local oscillator or slave-drive by NR oscillator
The time drift/frequency drift wander of reference clock for reference timing from local oscillator or slave-drive by NR would result in timing error/frequency error for LP-WUS monitoring. The error would impact the LP-WUS monitoring window length and even introduce unnecessary wake-up or miss the WUS detection for a UE. It is shown in following Figure 12.
[image: ]
[bookmark: _Ref127375968]Figure 12: Illustration of timing error
From Figure 12, duty-cycle based LP-WUS associated with the DRX and PO would allow the turning ON and OFF of the LP-WUR for the power saving. The unlocked oscillator used for LP-WUR is inexpensive and has loose frequency stability in the range of ±50- 80 ppm, which far away from UE frequency stability requirement of ±0.1 ppm. If the duty cycle based LP-WUR would need to turn ON and OFF to align with the periodicity of DRX or PO, the frequency stability of LP-WUR for the detection of wakeup signal needs to be calibrated and adjusted to reduce the effect caused by frequency drifting for better detection performance. However, the power consumption of wakeup receiver would increase due to the increase of power consumption of external components if the oscillator used for LP-WUR would need to in lock with the NR clock for accurate detection of the wakeup signals.
Therefore, the periodic synchronization to reference timing is needed to address for reducing the timing error/frequency error. Considering the system design, the enough time resource for LP-WUS monitoring window needs to be reserved.
Proposal 3: The timing error/frequency error caused by drift and wander of reference clock would impact the system design for LP-WUS monitoring and detection. The enhancement to reduce the timing error/frequency error for synchronization and LP-WUS monitoring window should to be studied.
Network support of LP-WUR/LP-WUS
The LP-WUR architecture considers several alternatives, which include the RF-based envelop detection, IF-based envelop detection and BB-based envelop detection to trigger the activation/deactivation of the NR receiver at the UE. The considerations of the network operation for achieving UE power saving by LP-WUR with limited receiver sensitivity or restricted maximum coupling loss are discussed as follows.
System support of LP-WUR needs to inform UEs through broadcast channels
The power consumption of the LP-WUR depends on the receiver architecture and its achievable receiver sensitivity. The receiver sensitivity in dBm would determine the maximum range of the coupling loss/path loss in the radio propagation from the gNB with a given Tx power in dBm, which could derive the maximum coverage area. Since the LP-WUR intends to prioritize the UE power saving, the coverage area of 164 dB coupling loss with the support of data rate at least 160 bps for DL/UL defined in NR system[3], could not be reused. The LP-WUR is hard to achieve the receiver sensitivity over -100 dBm with data rate at 160 bps with the power consumption target in the range of µW or nW. Thus, only selected network deployment scenarios could support the limited coverage aspect of LP-WUR, such as indoor hotspot or dense urban coverage scenarios with inter-site distance less than 200 meters. The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcasting the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.  
Proposal 4: The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.  
UE capability of LP-WUR support
On the other hand, the UE capability should have the capability of the implemented LP-WUR and the associated receiver sensitivity information for the coverage area of supported UE wakeup mechanism. UE will report its supported category of LP-WUR in the UE capability. The network would configure the UE wakeup mechanism by LP-WUR if network supports the category of LP-WUR in the deployment. 
Proposal 5: UE capability includes the receiver sensitivity of the LP -WUR. UE will report it’s supported of LP-WUR in the UE capability.  
Specification of waveform and configuration of LP-WUS
The signals and waveform are critical in the power consumption of LP-WUR. The MC-ASK (including OOK) waveform, MC-FSK waveforms, and OFDM-based signals/channels are discussed in RAN1#111. In general, the waveform of the wakeup signal for the LP-WUR should be designed with the target of minimizing power consumption and not restricted to the NR OFDM-based waveform. Thus, it is expected that network should support the potential LP-WUS waveform and configure the LP-WUS based on supporting waveform.
Proposal 6: Network should support the LP-WUS waveform configuration. 
Physical signals/channel design 
The NR network should configure and transmit the DL signals designed for the LP-WUR in order to support the UE wakeup mechanism by the LP-WUR in achieving the UE power saving. The network configuration of the wakeup signal transmission for the LP-WUR is discussed as follows.
Configuration of LP-WUS resource
For LP-WUS resource, time information and frequency information for LP-WUS should be configured. Furthermore, cell-specific or UE-specific configuration of LP-WUS resource could be supported. For cell-specific configuration of LP-WUS resource, all UEs associated to the cell would detect LP-WUS which results in unnecessary MR wake-up. For UE-specific configuration of LP-WUS resource, the UE would detect LP-WUS based on the specific resource and decrease the false alarm rate. However, the network overhead would be increased with the increasing of the number of UE. Therefore, the tradeoff between LP-WUS resource overhead and LP-WUS detection performance needs to be considered.
Proposal 7: Cell-specific or UE-specific configuration of LP-WUS resource could be supported.
Content of LP-WUS
For RRC_CONNECTED mode UEs, each UE has its specific traffic and data arrival time. The unique UE-ID could be configured in a cell. However, the unique UE-ID would increase LP-WUS information length and network overhead depending on the range of uniqueness of the UE-ID (e.g., uniqueness in global, region, or local area). Therefore, it could be further considered on the unique UE-ID within a group of cells (e.g., registration area). For RRC_IDLE/INACTIVE mode UEs, amount of UEs should be supported for paging. Base on the test and analysis in Rel-17 UE power saving enhancement, paging rate could be low to 1% in current network [4]. So the UE in RRC_IDLE/INACTIVE mode could be divided in multiple groups, and each group can be configured with a wake-up signal. Other information (e.g. cell information, SI change and ETWS/CMAS information, tracking area information, and RAN area information) should not be carried in LP-WUS. The cell information will be needed for RRM procedure, and SI change and ETWS/CMAS information, tracking area information. The RAN PLMN area information should be considered in LP-WUS if LP-WUS replace the function of paging. However, LP-WUS is used as the reference signal for RRM measurements would require additional capability in coverage and interference rejection for multi-cell identification as discussed in section 4.2. The LP-WUS needs to be designed to carry more bits in order to provide the all information carried by paging message, which will increase the UE power consumption. 
Proposal 8: For RRC_CONNECTED mode UEs, the LP-WUS should be designed to support the wakeup indication with unique UE-ID.
Proposal 9: For RRC_IDLE/INACTIVE mode UEs, the LP-WUS should be designed to support the early indication of paging of a paging group/sub-group without including any paging message, such as SI change indication, ETWS/CMAS information, tracking area, and RAN PLMN area information. 
Structure of LP-WUS
Two candidate structures for LP-WUS design are listed in RAN1#113. The comparison of the two alternatives would be analyzed as follows.
Alt 1: Sequence based LP-WUS
[bookmark: OLE_LINK113][bookmark: OLE_LINK114]Sequence based LP-WUS is non-coherent detection. The sequence with good autocorrelation and insensitive to timing/frequency error should be considered for the sequence design. M-sequence can achieve the best autocorrelation, but the limited number of m-sequence carries few information bits. Instead, the GOLD sequence generated from two basic m-sequences can handle the limited information problem of m-sequence. Although, the autocorrelation performance of GOLD sequence slightly weaker than that of m-sequence, it can carry more information bits by different sequences. Moreover, multi-stage sequence design is to combine the detection of multiple sequences to retrieve the information bits. It can reduce the bit overhead of the sequence and achieve the carrying more information bits. For example, assuming the LP-WUS carry the 1008 PCID, it needs 1008 different number of one-segment sequences. However, it only needs total 36 different number of sequence in three-stage (16*16*4=1008).
Furthermore, the LP-WUS can also carry UE-group information to offload the resource overhead. For RRC_IDLE mode, one LP-WUS occasion can associate with multiple continuous POs similar to the DCI format 2_7 as the PEI. The sequence based LP-WUS could be designed with the hierarchical structure with sub-group-level sequence-based LP-WUS, PO-level sequence-based LP-WUS and common sequence-based LP-WUS, as shown in Figure 13. If only one sub-group of UEs in a PO is paged, the corresponding sub-group-level sequence-based PEI is transmitted. If more than one sub-group of UEs shared same PO are paged, the corresponding PO-level sequence-based LP-WUS is transmitted. If more than one sub-group of UEs belongs to different POs are paged, multi-subgroup combination or common sequence-based LP-WUS is transmitted. Assuming one LP-WUS indicates 4 POs and 8 paging sub-groups in a PO, the total number of sequences associated with one LP-WUS occasion is 37(4*8+4+1=37).


[bookmark: _Ref142661606]Figure 13: The total sequence-based LP-WUS corresponding to one LP-WUS Occasion
Alt 2: Encoded bits based LP-WUS
[bookmark: OLE_LINK104][bookmark: OLE_LINK105]Encoded bits based LP-WUS requires precise time/frequency channel tracking, timing offset, frequency offset and  doppler estimation and compensation. The detection performance would be suffered from heavily degradation from bad channel condition, e.g., larger time/ frequency error. The encoded bits from channel are correlated and require reliable demodulation. Since coherent demodulation has higher reliability than that of non-coherent demodulation, the message-based signal/channel would use coherent demodulation of the encoded bits. Moreover, additional preamble signal need to be associated with the WUS signal to help the LP-WUR find the beginning of the payload. Although the more information can be carried in the encoded bits, the complexity and power consumption is much worse in the receiver.
Proposal 10: The multi-level sequence based LP-WUS can be further studied for the reliable detection performance and low resource overhead.
Bandwidth of LP-WUS
In RAN1#112bis-e [5], it was agreed that at least one BW-size <=5MHz is recommended to be supported for RRC_IDLE/INACTIVE mode. While, for RRC_CONNECTED mode, the initial BWP could be configured 20MHz. The LP-WUS BW needs to be specified as default or broadcast in the system information for RRC_IDLE/INACTIVE mode UE. Therefore, the LP-WUS bandwidth could be configured differently between RRC_CONNECTED and RRC_IDLE/INACTIVE modes. Furthermore, the LP-WUS BW should include the guard-band between LP-WUS and other NR signals/channels or other LP-WUS. 
Proposal 11: The LP-WUS bandwidth could be configured differently between RRC_CONNECTED and RRC_IDLE/INACTIVE modes. 
Proposal 12: Same or different BW between RRC_CONNECTED and RRC_IDLE/INACTIVE mode should be supported. 
Placement of LP-WUS
In RAN1#112 [6] and RAN1#112bis-e [5], the placement of LP-WUS was discussed. The frequency location of LP-WUS should be flexible as that of SSB to enable the gNB configuration in placing the LP-WUS at the lower edge or upper edge of the carrier BWP in minimizing the inter-channel interference to neighboring NR channels/signals. Therefore, the frequency location of LP-WUS is flexibly configured by the gNB to improve resource utilize efficiency.
Proposal 13: The frequency location of LP-WUS can be flexibly configured by the gNB. 
SCS of LP-WUS
In RAN1#112 [6], the SCS of a CP-OFDM symbol used for LP-WUS generation were discussed for MC-ASK or MC-FSK waveform generation. The SCS used for LP-WUS and the SCS used for other NR transmissions can be same or different. The transmission waveform of LP-WUS does not need to be modulated with OFDM for the narrowband signals. The non-OFDM modulated waveform is a wideband signals without the given SCS. For OOK/FSK waveform, the allocated frequency resource for LP-WUS can be divided in to different granularity for each waveform, such as granularity in one or more PRBs or subcarriers. In this way, the IFFT can be omitted in transmitter for LP-WUS. For example, when the SCS of other NR transmissions are 15KHz and 30KHz, the PRB of LP-WUS can be 180KHz and 360KHz, respectively. 
Proposal 14: The SCS used for LP-WUS generation and the SCS used for other NR channels/signals in the same carrier can be different. 
When the SCS of the LP-WUS is different to SCS used by other NR channels/signals transmitted on the same CP-OFDM symbol, there is no additional complexity at gNB in waveform generation and multiplexing of different numerology, which is supported since Rel-15. The only consideration is the inter-symbol interference between LP-WUS and NR signals/channels when they multiplexed on the same OFDM symbol with different waveforms, which is different to the handling of multiplexing BWPs with different numerologies. The SCS is only significant to OFDM-based waveform and irrelevant to OOK/FSK modulation. The LP-WUR receiver should be implementation choice of reusing existing hardware or standalone hardware to reduce the UE’s power consumptions.  
Observation 5: There is negligible impact to the gNB and the UE when the SCS of LP-WUS is different to SCS used for other NR channel/signals.
Physical functionalities and procedures
LP-WUS monitoring
In previous meetings, the LP-WUS monitoring procedure includes contiguous monitoring and periodic monitoring occasions. The following Figure 14 and Figure 15 show the different UE monitoring methods of LP-WUS.
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[bookmark: _Ref142662228]Figure 14: UE Periodic monitoring of LP-WUS
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[bookmark: _Ref142662239]Figure 15: UE Continuous monitoring of LP-WUS
· Option1: The duty-cycle based LP-WUS associated with the DRX and PO would allow the LP WUR turning ON and OFF. As the long DRX cycle would be configured for MR working with the LP-WUR, it would save a lot of power by long off duration. However, the unlocked free running oscillator used for LP-WUR expects to be inexpensive and has loose frequency stability in the range of ±50- 80 ppm, which is far away from UE frequency stability requirement of ±0.1 ppm. If the duty-cycle based LP-WUR would need to turn ON and OFF to align with the periodicity of DRX for RRC_CONNECTED mode or PO for RRC_IDLE/INACTIVE mode UEs, the frequency stability of LP-WUR for the detection of wakeup signal needs to be calibrated and adjusted to reduce the effect caused by frequency drifting for better detection performance, which would increase the power consumption. Thus, the IF/Zero IF baseband LP-WUR turn into the sleep sate can degrade power consumption obviously, which is suitable for duty-cycle based LP-WUS monitoring.
· Option2: The low-power device need perform constant monitoring of wakeup signal at the configured LP-WUS transmission occasions in preparation of UE wakeup without the LP-WUR turning ON and OFF. The power gap of ON and off are small for RF envelop detector based LP-WUR. The RF envelop detector based LP-WUR keep continuous monitoring cannot consume much more power compared to duty-cycle based monitoring. But, the detection of LP-WUS would be impacted much small to the timing/frequency error without precise clock requirement. Thus, the RF envelop detector based LP-WUR is suitable for continuous monitoring of LP-WUS for little impacted to power saving performance and time /frequency error.
Proposal 15: The behavior of LP-WUS monitoring can be rely on the UE configuration of monitoring the LP-WUS transmission occasions with duty-cycle to align the duty-cycle with the periodicity of DRX for RRC_CONNECTED mode UEs or PO for RRC_IDLE/INACTIVE mode UEs.
Proposal 16: The IF/Zero IF baseband LP-WUR turn into the sleep sate can reduce power consumption, which is suitable for duty-cycle based LP-WUS monitoring.
Proposal 17: The RF envelop detector based LP-WUR is suitable for continuous monitoring of LP-WUS for little impacted to power saving performance and time /frequency error.
Synchronization
After MR turn into ultra-deep sleep state, the local oscillator for MR might not provide the reference timing information to the LP-WUR. The LP-WUR would use the reference time of its own local oscillator with frequency stability of ±80 ppm during the long ultra-deep sleep state of MR receiver. The drift and wander of the free running clock of LP-WUR would accumulate large timing and frequency errors in the timing reference generated for the LP-WUR. The RF based LP-WUR architecture can perform RF envelop detection of LP-WUS continuous with the tolerance of timing error caused the drifting of the timing reference from the local oscillator. Thus, there is no need of synchronizing with the network for the RF envelope detector in the receiving additional synchronization signals. However, baseband-based LP-WUR architecture and OFDM-based LP-WUR architecture need to acquire synchronization signal for calibrating the drift of local clock and oscillator. In previous meeting discussion, three options for synchronization signal used by LP-WUR are provided as following:
· Option 1: A preamble signal can be transmitted as part of LP-WUS. When data arrived at gNB, the preamble would be arrived along with LP-WUS to the LP-WUR. Since the preamble is a known reference signal, the LP-WUR would use the detected preamble to derive the timing and frequency offset for the compensation to the LP-WUS before detection. The length of preamble should be sufficiently long to improve the synchronization accuracy.
· Option 2: The synchronization signals are transmitted periodically and separately from LP-WUS to allow LP-WUR synchronizing with the gNB. The periodicity of the synchronization signals does not need to be aligned with the periodicity of the LP-WUS. In particular, the LP-WUS could accumulate multiple measurements of synchronization signals to improve the synchronization accuracy. The LP-WUR can use the synchronization signals to synchronize with the gNB, and to detect the LP-WUS for triggering wakeup of the MR receiver. In this case, the synchronization signals needs to be transmitted periodically. 
· Option 3: The LP-WUR would use the periodic synchronization signals for coarse synchronization. LP-WUR can further perform fine synchronization from the preamble signal before the LP-WUS. Thus, the synchronization signals could have sparse transmission occasion with less resource overhead.
[bookmark: _Hlk131716559]In conclusion, Option 3 provides the flexibility in the network configuration of synchronization signals and preambles to achieve more accurate synchronization performance with less resource overhead.
Proposal 18: The RF envelop detector in the LP-WUR architecture does not require accurate timing information for the detection of LP-WUS. 
Proposal 19: Option 3 provides the flexibility in the network configuration of synchronization signals and preambles to achieve obtain more accurate synchronization performance with less resource overhead.
Furthermore, the signal design for the period LP-SS and on-demand preamble signal are needed to be further studied. The preamble can be a fixed sequence, located in the head of LP-WUS signal before the payload, which help LP-WUR find the beginning of the payload. The sequence insensitive to the timing/frequency error and good detection performance is suitable for preamble signal like m-sequence, GOLD sequence. 
For the period LP-SS, the following two alternatives are introduced:
[bookmark: OLE_LINK112][bookmark: OLE_LINK115]Alt 1: New LP-SS
LP-SS is Cell-specific signal with known sequence without carrying additional information like Cell-ID, which is similar to CSI-RS. The sequence of LP-SS can be derived from a fixed sequence similar to the CSI-RS, but the generation method would be depended on the waveform of LP-WUS. Moreover, if cell-specific LP-SS is used, the LP-SS sequence could be derived from cell ID. 
Alt 2: Reusing PSS/SSS as LP-SS
[bookmark: OLE_LINK110][bookmark: OLE_LINK111]MR can acquire time and frequency synchronization from PSS/SSS and calibrate the drift of local clock and oscillator. Moreover, MR can obtain from PSS and  from SSS, the cell ID can be derived by  and. The PSS and SSS occupied 12 continuous PRB in frequency domain and 1 symbol in time domain, which is satisfied the resource overhead limitation of LP-WUS. Although the current PSS and SSS can help LP-WUR acquiring not only time and frequency synchronization but also Cell ID. It would demand large power consumption for SSB detecting as cell search. In conclusion, Alt 1: New LP-SS could be studied for LP-SS for low complexity and power consumption.
Proposal 20: Alt1: New LP-SS could be studied for LP-SS for low complexity and power consumption.
[bookmark: _Ref134453555][bookmark: _Hlk115249176][bookmark: _Hlk115249283]RRM measurement and procedures
In RAN1#113 [6], the details of related agreements e.g. reference signal(s), the MR procedure and the measurements metrics when LP-WUR performs RRM measurements were achieved. 
It may require the digital BB processing include FFT if the PSS/SSS/PBCH DMRS is used for LP-WUR measurements. The LP-SS can be used for LP-WUR measurements and synchronization with its periodic transmission. Further, the periodicity of LP-SSs should be studied considering power saving and target measurement accuracy. Considering measurement accuracy, LP-WUR may need to measure more LP-SS measurement results within a short periodicity. However, frequent measurement will increase UE power consumptions. Moreover, the cell-ID should be included in LP-SS. In addition, it is not feasible for RRM measurements of neighbor cells by LP-WUR. UE would not be able to measure neighboring cells when the LP-SS coverage is smaller than that of SSB.
Proposal 21: LP-SS can be used for LP-WUR measurements. 
Proposal 22: It is not feasible for RRM measurements of neighbor cells by LP-WUR.
The reference metric of RRM measurements, such as LP-RSSI, LP-RSRP, LP-RSRQ and LP-SINR as discussed in RAN1#112bis-e [5], needs to be decided after the waveform and the contents of LP-WUS is decided. The reference metric of RRM measurements is used to support the UE mobility for network access among cells, such as handover, cell selection/re-selection and inter-cell interference management. The reference metric of RRM measurements requires the specification of LP-WUS waveform and the associated receiver types. Thus, the granularity of the resource and the reference metric used for the RRM measurements depend on the LP-WUS waveform and LP-WUR receiver types. 
Proposal 23: The granularity of the resource and the reference metric used for RRM measurements depend on the LP-WUS waveform and LP-WUR receiver types.
Activation/Deactivation procedures of LP-WUS
RRC_IDLE/INACTIVE mode
In RAN1#113 [6], the activation and deactivation procedures of LP-WUS monitoring by LP-WUR for a UE were discussed with two alternatives. For IDLE/INACITVE mode, gNB transmits both legacy paging indication (i.e. PEI) and LP-WUS. The LP-WUS is used to replace PEI for indication of paging occasion to achieve further UE power saving. The LP-WUS configuration should be configured similar to that of PEI through NAS signaling along with the paging information. Then gNB can broadcast the LP-WUS configuration through SIB-1 or SIB-x. The details of the LP-WUS configuration may include: 1) whether LP-WUS can indicate multiple paging occasion (i.e. PO) 2) how many subgroups that a PO can associate 3) the relation between LP-WUS occasion and PO. 
Proposal 24: The configuration of LP-WUS should be discussed, e.g. whether LP-WUS can indicate multiple paging occasions (i.e. PO), how many subgroups that a PO can associate and the relation between LP-WUS occasion and PO. 
Based on the configuration, gNB transmits legacy paging indication and LP-WUS and the UE can decide monitor PEI or LP-WUS depending on alternatives that achieved in the RAN1#113 [7]. In this part, the alternatives are discussed as following:
· Alt1a: UE activation and/or deactivation of LP-WUS WUS monitoring is up to UE implementation.
In this alternative, the activation and/or deactivation procedures of LP-WUS WUS monitoring depends on UE implementation. There is no specification impact. 
· Alt1b: UE activation and/or deactivation of LP-WUS monitoring is based on preconfigured criteria.
In this alternative, a UE can automatically activate/deactivate LP-WUS monitoring when some pre-configured conditions are satisfied. For example, when the current channel quality smaller than a pre-defined threshold, UE monitors PEI or deactivate LP-WUS monitoring; otherwise UE monitors LP-WUS or active LP-WUS monitoring. 
· Alt2: activation and/or deactivation of LP-WUS monitoring in a cell is based on signaling.
In this alternative, it is cell-specific activation and/or deactivation of LP-WUS monitoring. This alternative should not be supported by considering different UEs in a cell have different channel qualities.
Proposal 25: For RRC_IDEL/INACTIVE mode, both Alt1a (i.e. up to UE implementation) and Alt1b (i.e. based on preconfigured criteria) can be supported for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE.
RRC_CONNECTED mode
In RAN1#113 [6], some potential alternatives on activation and deactivation of LP-WUS monitoring for RRC_CONNECTED mode UE were discussed. Different from the operation in RRC idle/inactive mode, the activation/deactivation procedure in RRC_CONNECTED mode can be well-controlled by gNB. For the option i.e. by gNB RRC signaling without UE assistance, gNB can determine to activate/deactivate LP-WUS monitoring without considering UE assistance information by RRC signaling. For example, gNB may apply the historical average channel quality information of all UE to determine whether activate or deactivate LP-WUS monitoring. In this alternative, power saving can be achieved without reporting. Considering the power saving is main target for LP-WUR, at least the options i.e. by gNB RRC signalling without UE assistance can be supported. 
Proposal 26: For RRC_CONNECTED mode, at least LP-WUS monitoring activated/deactivated by gNB RRC signaling without UE assistance can be supported.
MR behavior
RRC_IDLE/INACTIVE mode
In Rel-17, the paging early indication (PEI) by DCI format 2_7 was introduced to indicate whether RRC_IDLE /INACTIVE mode UE should decode the paging DCI and subsequent paging message at the configured paging occasion. However, the preparation and the coherent detection/decoding of the DCI format 2_7 on PDCCH for PEI periodically before the PO (Paging Occasion) still requires large UE power consumption. The LP-WUS is considered as the candidate to further reduce the UE power consumption in preparation and detection of the wakeup signals. Two schemes of LP-WUS designed with different functions are discussed as follows:
Scheme 1: LP-WUS in place of PEI and triggering the detection of PO
[bookmark: OLE_LINK106][bookmark: OLE_LINK109]Figure 16 shows that the LP-WUS is transmitted for waking up the target UE as the PEI when data arrival at gNB. Once the LP-WUS is detected by the LP-WUR, the MR is triggered to transition from the ultra-deep sleep state into the active state. The MR needs to acquire time and frequency synchronization from SSB/TRS and calibrate the drift of local clock and oscillator caused by long sleep time. After accomplishing the time and frequency synchronization, the MR can perform the coherent detection of the paging DCI in the time of first PO where UE is configured to monitor. 

[image: C:\Users\liyaomin\Desktop\scheme1.jpg]
[bookmark: _Ref127521497]Figure 16: The procedure of LP-WUS replacing PEI
Scheme 2: LP-WUS in place of PO indication
Figure 17 shows another design alternative of LP-WUS procedure for RRC_IDLE/INACTIVE UEs, which the LP-WUS replaces the function of both PEI and Paging as the direct paging indication to the UE. When the LP-WUR receives the LP-WUS for the specific UE, it is a paging indication without any paging information and the MR would be activated from ultra-deep sleep state. The MR would perform the RACH procedure for network access after acquiring time and frequency synchronization. In this scheme, the MR would use the LP-WUS as the paging indication and skip both PEI occasion and decoding of paging information at the paging occasion.
If the LP-WUS is used in place of paging indication, the LP-WUS needs carry additional paging information such as small message, SI change indication, ETWS and UE-specific information, in addition to the wakeup indication, not only in the camping cell but also in the registration area. The LP-WUS design needs to be able to support the contents of one-stage paging indication and paging information. In addition, the LP-WUS design needs to consider the length of LP-WUS, the interference from other Cell and UE (group), and the detection performance. These aspects would bring tremendous challenges for LP-WUS design and the power saving at the LP-WUR. 
[image: C:\Users\liyaomin\Desktop\2.jpg]
[bookmark: _Ref142666015]Figure 17: The procedure of LP-WUS replacing PO
In conclusion, the comparison between two schemes of LP-WUS procedure under power saving effect, information carried by the LP-WUS, payload of LP-WUS and specification impact are summarized in the Table 1.
[bookmark: _Ref127546319]Table 3: The comparison between scheme 1 and scheme 2
	
	Scheme 1:
 LP-WUS in place of PEI and triggering the detection of PO
	Scheme 2: 
LP-WUS in place of PO indication

	Power saving effect
	 Power saving of PEI detection with LP-WUR in place of DCI format 2_7.
	Power saving without additional detecting PEI, Paging PDCCH and associated paging information on PDSCH.

	Information carried by the LP-WUS
	Wakeup information 
	Wakeup information
SI change
ETWS
UE-specific information 

	Specification impact
	PEI
	PEI
Paging PDCCH
Paging information on PDSCH



Proposal 27: LP-WUS is used in place of the PO indication is not appropriate because it requires UE-specific LP-WUS to carry the paging indication for the group of UEs and associated paging information with unique ID in the registration area.
RRC_CONNECTE mode
In Rel-16/17, the wakeup signals/channels had been designed for C-DRX adaptation to further reduce UE power consumption by sending a wakeup signal (WUS) before the DRX ON duration to indicate whether UE needs to wake up at the configured DRX ON cycle. 
The DRX adaptation with UE wakeup by DCI format 2_6 for RRC_CONNECTED mode UEs was introduced in Rel-16 UE power saving by indication of UE wakeup only there is a DL traffic arrival at each DRX cycle to achieve UE power saving. The DCI format 2_6 is used to indicate whether UE needs to wake up at each DRX cycle to minimize the unnecessary PDCCH monitoring during DRX ON when there is no data for the given RRC_CONNECTED mode UEs. The UE wakeup mechanism by DCI format 2_6 for RRC_CONNECTED mode UEs provides a periodic indication to the UE wakeup or not to adapt at the next PDCCH monitoring occasion at DRX ON interval occasion to achieve UE power saving. However, the preparation and the coherent detection/decoding of the DCI format on PDCCH for wakeup indication periodically before the DRX still require large UE power consumption. 
Figure 18 shows LP-WUS in place of the DCP in indicating the UE wakeup to the active state. Due to the ultra-low power consumption of detecting LP-WUS compared to the preparation and detection of DCP, the LP-WUS as the wakeup indication in place of DCI format 2_6 can save significant UE power for RRC_CONNECTED mode UEs. Moreover, it can also be applied to the UEs without DRX configuration as the application of DCI format 2_6 would be restricted by DRX.
[image: ]
[bookmark: _Ref142666099]Figure 18: Rel-18 LP-WUS replace DCP
[bookmark: OLE_LINK7][bookmark: OLE_LINK8][bookmark: OLE_LINK85]Proposal 28: The LP-WUS as the wakeup indication could reduce detection power consumption of DCI format 2_6 and SSB. Moreover, it can also be applied to the UEs without DRX configuration as the application of DCI format 2_6 restricted by DRX.
Conclusion 
In this contribution, we have discussed the UE wakeup mechanism and the design of the physical layer structure and procedure in support of the LP-WUR in achieving UE power saving. We have the following observations and proposals: 
Observation 1: The BLER performance of OOK/FSK waveform would be degraded by the frequency error, which would generate inter-channel interference. The frequency error would barely degrade the BLER performance of OOK-1. The frequency error has severe impact to the BLER demodulation performance of OOK-2 M=2 and 4 and FSK-1 and FSK-2. The impact of frequency error to the BLER performance increases as the number of tones increase for OOK-2 and FSK. The transformation in OOK-4 would mitigate the impact of frequency to the BLER performance. 
Observation 2: OOK-4 M=2 shows 1.4dB and 3.1dB performance loss when timing errors are 1 us and 2 us, respectively. OOK-4 M=4 shows 3.45dB performance loss when timing error is 1us.
Observation 3: FSK-2 M=2 shows 0dB and 0.44dB performance loss when timing errors are 1us and 2us, respectively.
Observation 4: The inter-symbol interference caused by timing error would degrade the demodulation performance of OOK and FSK waveform when the timing error exceeds the CP length. 
Observation 5: There is negligible impact to the gNB and the UE when the SCS of LP-WUS is different to SCS used for other NR channel/signals.
Proposal 1: It is expected to support TDM and FDM multiplexing between LP-WUS and NR legacy channel/signal. The LP-WUS design should take into account inter-channel interference mitigation techniques when LP-WUS and NR signals are multiplexed in the same NR carrier. 
Proposal 2: The LP-WUS should take the pulse shape filter into consideration as the requirement to limit the ICI to the adjacent channel.
Proposal 3: The timing error/frequency error caused by drift and wander of reference clock would impact the system design for LP-WUS monitoring and detection. The enhancement to reduce the timing error/frequency error for synchronization and LP-WUS monitoring window should to be studied.
Proposal 4: The network support of UE wakeup mechanism by LP-WUR needs to inform all UEs by broadcast the configuration of wakeup signals through SIB-1 or SIB-x at a given cell.
Proposal 5: UE capability includes the receiver sensitivity of the LP -WUR.  UE will report it’s supported of LP-WUR in the UE capability.  
Proposal 6: Network should support the LP-WUS waveform configuration.  
Proposal 7: Cell-specific or UE-specific configuration of LP-WUS resource could be supported.
Proposal 8: For RRC_CONNECTED mode UEs, the LP-WUS should be designed to support the wakeup indication with unique UE-ID.
Proposal 9: For RRC_IDLE/INACTIVE mode UEs, the LP-WUS should be designed to support the early indication of paging of a paging group/sub-group without including any paging message, such as SI change indication, ETWS/CMAS information, tracking area, and RAN PLMN area information. 
Proposal 10: The multi-level sequence based LP-WUS can be further studied for the reliable detection performance and low resource overhead.
Proposal 11: The LP-WUS bandwidth could be configured differently between RRC_CONNECTED and RRC_IDLE/INACTIVE modes. 
Proposal 12: Same or different BW between RRC_CONNECTED and RRC_IDLE/INACTIVE mode should be supported. 
Proposal 13: The frequency location of LP-WUS can be flexibly configured by the gNB. 
Proposal 14: The SCS used for LP-WUS generation and the SCS used for other NR channels/signals in the same carrier can be different. 
Proposal 15: The behavior of  LP-WUS monitoring can be rely on the UE configuration of monitoring the LP-WUS transmission occasions with duty-cycle to align the duty-cycle with the periodicity of DRX for RRC_CONNECTED mode UEs or PO for RRC_IDLE/INACTIVE mode UEs.
Proposal 16: The IF/Zero IF baseband LP-WUR turn into the sleep sate can reduce power consumption, which is suitable for duty-cycle based LP-WUS monitoring.
Proposal 17: The RF envelop detector based LP-WUR is suitable for continuous monitoring of LP-WUS for little impacted to power saving performance and time /frequency error.
Proposal 18: The RF envelop detector in the LP-WUR architecture does not require accurate timing information for the detection of LP-WUS. 
Proposal 19: Option 3 provides the flexibility in the network configuration of synchronization signals and preambles to achieve obtain more accurate synchronization performance with less resource overhead.
Proposal 20: Alt 1: New LP-SS could be studied for LP-SS for low complexity and power consumption.
Proposal 21: LP-SS can be used for LP-WUR measurements. 
Proposal 22: It is not feasible for RRM measurements of neighbor cells by LP-WUR.
Proposal 23: The granularity of the resource and the reference metric used for RRM measurements depend on the LP-WUS waveform and LP-WUR receiver types.
Proposal 24: The configuration of LP-WUS should be discussed, e.g. whether LP-WUS can indicate multiple paging occasions (i.e. PO), how many subgroups that a PO can associate and the relation between LP-WUS occasion and PO. 
Proposal 25: For RRC_IDEL/INACTIVE mode, both Alt1a (i.e. up to UE implementation) and Alt1b (i.e. based on preconfigured criteria) can be supported for activation and deactivation of LP-WUS monitoring by LP-WUR for a UE.
Proposal 26: For RRC_CONNECTED mode, at least LP-WUS monitoring activated/deactivated by gNB RRC signaling without UE assistance can be supported.
Proposal 27: LP-WUS is used in place of the PO indication is not appropriate because it requires UE-specific LP-WUS to carry the paging indication for the group of UEs and associated paging information with unique ID in the registration area.
Proposal 28: The LP-WUS as the wakeup indication could reduce detection power consumption of DCI format 2_6 and SSB. Moreover, it can also be applied to the UEs without DRX configuration as the application of DCI format 2_6 restricted by DRX.
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Table 4: Simulation assumptions
	Attributes
	Assumptions

	Carrier Frequency
	2.6GHz

	SCS of OFDM generator for NR signal
	30Kz

	Configuration for LP-WUS signal
	OOK-1
OOK-2 M=2/4
OOK-4 M=2/4
FSK-1 M=1/2
FSK-2 M=2

	WUS duration
	8 OFDM symbols 

	T/F error
	FE: 50 ppm/100 ppm/200 ppm;
TE: 1 us/2 us/4 us

	MDR/FAR assumption
	The false-alarm rate (FAR) of LP-WUS is 1%

	gNB Channel BW 
	20MHz

	LP-WUS BW
	 5MHz including subcarriers for guard band

	
	 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS

	Filter 
	X=3
Y=4.32
cutoff frequency=2.61MHz

	Sampling Rate
	15.36MHz

	ADC bit width
	 ideal

	Channel Model
	TDL-C 300ns
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