[bookmark: _Ref399006623][bookmark: _Toc92513360][bookmark: _GoBack]3GPP TSG-RAN WG4 Meeting #107                                          R4-2307147
Incheon, KR, May 22 – May 26, 2023

Source: 	Huawei, HiSilicon
Title: 	Further consideration on LP-WUS/WUR
Agenda Item:	8.21.2
Document for:	Approval
Introduction
Further discussions on the issues identified on LP-WUS/WUR were continued in RAN4 last meeting. Progress and issues to be further studied are captured in the WF [1]. What have been agreed so far include:
· Frequency range: 
· RAN4 focus on FR1 frequency ranges first priority, 2.6GHz can be selected as an example band.
· UE types: 
· Based on RAN1 agreements, RAN4 should consider all the UE types mentioned in the SID, e.g. IoT devices, Wearable devices, and e-MBB devices.
· SNR evaluation: 
· RAN1 is performing SNR evaluation, the WUS SNR analysis can be done in RAN1. RF impairment aspects, e.g. frequency error and ADC sampling accuracy, if identified and confirmed, can be sent to RAN1 for consideration
To our understanding, the remaining main issues RAN4 could further discuss include:
· Architecture relevant issue (including down selection)
· Guard RBs between LP-WUS and NR signals
In addition, there are some pending issues to be confirmed or triggered by RAN1:
· Whether a dedicated band for WUS is needed
· Wait for RAN1 response for further discussion and decision
· LP-WUS power boosting
· RAN4 should study the power boosting if triggered by RAN1, to check whether the values are feasible from RAN4 perspective
· Whether the case when the WUS/WUR is same as NR channel bandwidth
· e.g. 5MHz WUS within 5MHz NR CBW (Max 25 RBs/15kHz SCS), is considered for LP-WUS/WUR evaluation.
For the issues pending on RAN1 inputs, only the last one was sent to RAN1 in the LS [2]. RAN1 may not be aware that dedicated band and power boosting issues are waiting for their response. It would be better to include the RAN4 agreements in an LS to RAN1 to exchange the information among the WGs.
This contribution provides further analysis on addressing the remaining issues.
Discussion
LP-WUR architectures
General consideration
There were a lot of discussion in last meeting on the alternative WUR architecture proposed in [3]. Actually, it is just a variant of the existing LP-WUR architectures considered by RAN1. Therefore, RAN4 agreed that:
Issue 2-1-4: general views for WUR architectures
· Architecture in P3 could belong to the variant of general architectures mentioned in RAN1 LS.
Furthermore, RAN1 sent additional reply LS on LP WUR architectures in [4], in which agreements on some updated WUR architectures are captured, e.g. updated receiver architectures for FSK and for OFDMA-based signals/channels. In our views, the updated architectures are still the variants of main architectures mentioned in the original LS by RAN1, i.e. architectures for RF envelope detection, Heterodyne architecture with IF envelope detection and Homodyne/zero-IF architecture with baseband envelope detection implementations. To avoid more discussions in RAN4 arguing which variants should be considered, which should not, we think that as long as the variants belong to the general architectures mentioned in RAN1 LS, they can be considered without prejudice. 
Proposal 1: As long as the variant LP-WUR architectures belong to the architectures mentioned in RAN1 LS, they can be considered in RAN4 evaluation.
Architecture down selection
Per the discussion and WF in last meeting, architecture down selection should be further discussed in this meeting.
· RAN4 further evaluate the pros and cons of each architecture based on agreed framework and selected scenario. Make decision on architecture down-selection next meeting and send decisions to RAN1.
There are two main issues are related to the decision on down selection of LP-WUR architectures.
Firstly, what matters is the understanding of the coverage target. Though there is no conclusion in RAN4, but most company are in favor that the coverage of LP-WUR should be comparable of main radio. To fulfill the target, at least the UE should have better noise figure. Table 1 reflects the discussion in RAN1. It is also the common understanding in RAN4 that REFSENS for RF ED based architecture is the worst one.
Table 1: Performance metrics for the receiver architectures [5]
	
	RF ED
	Zero-IF ED
	IF ED

	Power consumption range
	<10uW
	300~600uW
	<1000uW
>Zero-IF ED

	NF
	High
	Medium
	Low

	Sensitivity/coverage
	[bookmark: OLE_LINK31]>-70dBm
	-96dBm~-102dBm
	>-110dBm

	cost/complexity
	[bookmark: OLE_LINK28]Low
	Medium
	High

	Interference suppression capability
	[bookmark: OLE_LINK26]Low
	[bookmark: OLE_LINK27]Medium
	High


Secondly, multi-band support is an obvious drawback for the RF ED architecture, which is also a concerned issue by RAN1 as mentioned in the LS. RAN4 already made conclusion on multi-band support for different LP-WUR architectures, and it was reflected in the reply LS to RAN1 [6]. 
· RF envelop detection architecture is more appropriate for single-band operation 
· IF/BB envelop detection is more appropriate for multi-bands operation. Multi-band here still means that only one band at a time is being received.
With the Cons of poor coverage performance and incapable of supporting of multi-band operation, also considering the preference of companies in last RAN4 meeting, we think that RAN4 can rule out the RF ED LP-WUR architecture.
Proposal 2: Given poor coverage performance and incapable of supporting of multi-band operation, it is proposed to rule out RF ED LP-WUS architecture for the following RAN4 evaluation.
Guard RB evaluation
Filter assumptions
In both RAN1 and RAN4 evaluation of LP-WUS, Butterworth filter is assumed in the simulation, which is also captured as agreement in RAN4 WF [1].
Table 1: LP-WUS evaluation scenarios
	NR RF channel BW
	5MHz for 1.4MHz WUS; 20MHz/100MHz for 5MHz WUS

	Guardband of NR channel
	Unchanged, defined in Clause 5.3.3 in TS 38.101-1

	WUS BW within NR channel
	1.44MHz, 5.04 MHz

	WUS RB allocation (Note 1)
	[6] RB in 1.44 MHz, total 8 RBs, or other number of RBs
[24] RB in 5.04 MHz, total 28 RBs, or other number of RBs

	WUS placement within NR channel
	3 cases: 
· case 1: Center; 
· case 2: edge; 
· case 3: between center and edge of NR channel

	Guard RB size of LP-WUS
	· 0 RB, 1RB at each side, 2RBs at each side, or other number of RBs. 
· Asymmetric guard RB can also be considered

	ACS interferer
	According to RF CBW

	Filter characteristic
	2nd to 5th order Butterworth
Both analog and digital filter can be considered

	Filter passband BW
	At least WUS bandwidth (number of RBs), depends on guard RB size

	LO frequency
	Case 1: In the middle of WUS (modeling fixed WUS position)
Case 2: In the middle of RF channel (modeling flexible WUS location)


The frequency response of 3rd and 5th order Butterworth filters are shown as below:
[image: ]   [image: ]
Figure 1: Frequency response of Butterworth filters
From the frequency response curves, obviously the rejection outside of the pass band is not as good as what we assumed for ACS requirement, where the filter rejection using guard band as transition band could be as high as 30dB. 
One aspect should be highlighted is that Butterworth filter is assumed for analog part for the LP-WUR. The frequency response shown in Figure 1 is just synthesized in theory, which does not consider the implementation constraints. The real implemented filter could have worse out-of-band rejection capability for the same assumed filter orders. 
Proposal 3: The possible degradation of filter rejection for real implementation should be counted in evaluation of guard RBs for LP-WUS.
LP-WUS waveform assumptions
For the time being, three main kind of LP-WUS waveforms are considered in RAN1, i.e. MC-ASK (OOK), MC-FSK, and CP-OFDMA waveforms, in which there are 4 OOK options, 2 FSK options and one OFDM based option. The agreements for these LP-WUS waveforms are attached in the Annex of the contribution. 
During the discussion in last RAN4 meeting, it seems companies are more in favor to focus on the issues included in the RAN1 LS and carry out the corresponding RAN4 evaluation, while leave the LP-WUS design issues to RAN1 unless some issues which may have impact to the WUS signal design are identified in RAN4, otherwise, the WUS design relevant issue should be triggered by RAN1 only. We think that is a good direction to pursue in RAN4 evaluation, which is helpful to reduce the RAN4 workload as well as to avoid the overlapping work between RAN4 and RAN1. 
On the other hand, ideally, it would be good that RAN4 evaluation is based on converged options filtered by RAN1. However, it may be hard to reach consensus soon on the waveforms in RAN1. In that case, the RAN4 evaluation should consider all possible LP-WUS waveform options.
Proposal 4: RAN4 evaluation for the issues identified so far should consider all possible LP-WUS waveforms.
ACS
Adjacent channel selectivity (ACS) is a measure of a receiver's ability to receive an NR signal at its assigned channel frequency in the presence of an adjacent channel signal at a given frequency offset from the centre frequency of the assigned channel. For NR, the ACS is derived based on co-existence study and ACS is the ratio of the receive filter attenuation on the assigned channel frequency to the receive filter attenuation on the adjacent channel(s). The said receiver filter usually is the baseband channel filter. According to the co-existence study, throughput loss than 5% is considered as the metric to derive the requirement. While for LP-WUS, the purpose in the study of ACS is not for justification of co-existence between contained LP-WUS and adjacent NR carrier, but to evaluate the possible guard RBs in-between the different signals. Since the waveform of LP-WUS, i.e. OOK, FSK, etc., is different from NR signal, the performance metric should not throughput loss based as usual. In our view, 1% BLER is more appropriate for guard RB evaluation.
Table below reproduced from the specification [7] lists conditions for case 1 of ACS requirement for NR bands <2700MHz with 5, 10MHz CBW. We can use it as assumptions to simulate the guard RBs vs. performance degradation of LP-WUS with interference from the adjacent NR carrier. 
Table 7.5-3: Test parameters for NR bands with FDL_high < 2700 MHz and FUL_high < 2700 MHz, case 1 [7]
	RX parameter
	Units
	Channel bandwidth (MHz)

	
	
	5, 10
	15 
	20, 25, 30, 35, 40, 45, 50, 60, 70, 80, 90, 100

	Power in transmission bandwidth configuration
	dBm
	REFSENS + 14 dB

	Pinterferer4
	dBm
	REFSENS + 45.5 dB
	REFSENS + 42.5 dB
	
REFSENS + 39.5 – 10log10(BWChannel /20)


	BWinterferer
	MHz
	5


Let’s assume REFSENS for LP-WUS is comparable with NR main radio, and the sensitivity degradation is the same as NR, i.e. 14dB, which means the 5MHz interferer is 31.5dB higher than the wanted signal. With such assumption, we can evaluate the required guard RBs using 3rd and 5th order Butterworth filters. 
For 5MHz CBW adjacent NR interferer, the existing guard band should be considered. In the simulation case, 500kHz GB is adopted between LP-WUS and NR signals.
Table 5.3.3-1: Minimum guardband for each UE channel bandwidth and SCS (kHz)
	SCS (kHz)
	5MHz
	10MHz
	15MHz
	20MHz

	15
	242.5
	312.5
	382.5
	452.5

	30
	505
	665
	645
	805

	60
	N/A
	1010
	990
	1330





The simulation is performed for OOK-1 option for 30kHz SCS. 
[image: ]
    Figure 2: Guard RB evaluation for ACS 

Observation 1: For ACS, From the simulation results against waveform OOK-1, it is observed that 5th order Butterworth can provide better performance under same condition. To have similar performance without ACI, about 600kHz guard band (roughly 2 RBs for 30kHz SCS and 4 RBs for 15kHz SCS) is needed to protect LP-WUS from interference of the adjacent NR carrier.
It is noted that the results are based on OOK-1 option, while there are 4 options are under discussion in RAN1 for OOK waveform, and OOK is not the only candidate waveform for LP-WUS. To have full picture of the possible guard RBs, ideally the simulation should be based on the option down selected by RAN1, but given the current progress in RAN1, since convergence of options may take some more time, simulations for other possible waveform options should be carried out afterwards. 
Observation 2: There are other waveform candidates are under discussion in RAN1. If no soon convergence of the candidates, more simulation would be needed to have a good view on the possible guard RBs between LP-WUS and NR signals.
Proposal 5: Guard RB evaluation should be based on RAN1 progress on the LP-WUS waveform. The final conclusion in RAN4 on the required guard RBs should be applicable for all possible LP-WUS waveforms considered by RAN1.
ICS
There was some discussion in last meeting on the term to describe the scenario to be analyzed in RAN4, i.e. 
· FFS whether use ICS to instead ASCS
Here we use ICS for the following analysis. For the Guard RB evaluation, power boosting is not considered, as that is an issue to be further triggered by RAN1 per the RAN4 agreement in last meeting, which means the PSD is the same for the signals counted in the simulation. The scenario is illustrated in Figure 3 as below:
[image: ]
Figure 3: Guard RBs for LP-WUS
As seen in section 2.2.3 that 5th order Butterworth filter can provide better performance, the following simulation is based on 5th order Butterworth filter only. Additionally, the frequency offset is considered as well in the simulation. 
[image: ][image: ]
a) Guard band 180kHz                          b)	Guard band 360kHz
Figure 4: Guard RB evaluation for ICS
Observation 3: For ICS, from the simulation results against waveform OOK-1, it is observed that at least 180kHz guard band is needed for protection of LP-WUS from interference of adjacent in-channel NR signals. To better counter the frequency offset effect, 360kHz GB would be preferred.
Observation 4: The required guard RBs are less for ICS compared to ACS.
Proposal 6: Since RAN4 already agreed the GB size is RB based granularity, it would be better to use ICS instead of ASCS to unify the terminology used in RAN4 evaluation. 
RF impairment impacts
RF impairments were also discussed by RAN4. 
Issue 2-3-6: RF impairment impacts
Agreements:
· ACS, ASCS and guard RBs study can consider the receiver RF impairments and the required wake-up signal SNR.
· FFS whether RAN4 should agree on a phase noise profile for wake-up receiver study
· FFS on the CFO assumed in simulation
· FFS on other receiver RF impairment modeling. 
As briefly discussed in section 1, the main issue in our view to be evaluated in RAN4 is guard RBs between LP-WUS and NR signals upon different WUS waveform candidates. Since it was already agreed that SNR should be evaluated by RAN1 with consideration of RF impairments, we think no further discussion on the impairments should be considered in RAN4 unless it has direct impact to the evaluation of guard RBs. 
Observation 5: It was already agreed that SNR evaluation should be performed by RAN1 with consideration of RF impairments.
Proposal 7: No need to have particular discussion of RF impairments unless it has direct impact on the evaluation of guard RBs between LP-WUS and NR signals.
Conclusion
This contribution provides our further consideration on LP-WUS/WUR in RAN4 relevant issues and some preliminary simulation results for guard RBs are provided. 
Proposal 1: As long as the variant LP-WUR architectures belong to the architectures mentioned in RAN1 LS, they can be considered in RAN4 evaluation.
Proposal 2: Given poor coverage performance and incapable of supporting of multi-band operation, it is proposed to rule out RF ED LP-WUS architecture for the following RAN4 evaluation.
Proposal 3: The possible degradation of filter rejection for real implementation should be counted in evaluation of guard RBs for LP-WUS.
Proposal 4: RAN4 evaluation for the issues identified so far should consider all possible LP-WUS waveforms.
Observation 1: For ACS, from the simulation results against waveform OOK-1, it is observed that 5th order Butterworth filter can provide better performance under same condition. To have similar performance without ACI, about 600kHz guard band (roughly 2 RBs for 30kHz SCS and 4 RBs for 15kHz SCS) is needed to protect LP-WUS from interference of the adjacent NR carrier.
Observation 2: There are other waveform candidates are under discussion in RAN1. If no soon convergence of the candidates, more simulation would be needed to have a good view on the possible guard RBs between LP-WUS and NR signals.
Proposal 5: Guard RB evaluation should be based on RAN1 progress on the LP-WUS waveforms. The final conclusion in RAN4 on the required guard RBs should be applicable for all possible LP-WUS waveforms considered by RAN1.
Observation 3: For ICS, from the simulation results against waveform OOK-1, it is observed that at least 180kHz guard band is needed for protection of LP-WUS from interference of adjacent in-channel NR signals. To better counter the frequency offset effect, 360kHz GB would be preferred.
Observation 4: The required guard RBs are less for ICS compared to ACS.
Proposal 6: Since RAN4 already agreed the GB size is RB based granularity, it would be better to use ICS instead of ASCS to unify the terminology used in RAN4 evaluation. 
Observation 5: It was already agreed that SNR evaluation should be performed by RAN1 with consideration of RF impairments.
Proposal 7: No need to have particular discussion of RF impairments unless it has direct impact on the evaluation of guard RBs between LP-WUS and NR signals.
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Annex
L1 signal design and procedure for low power WUS
R1-2302003	Summary of discussions on L1 signal design and procedure for low power WUS	Moderator (Nordic Semiconductor ASA)
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

R1-2302158	Summary#2 of discussions on L1 signal design and procedure for low power WUS	Moderator (Nordic Semiconductor ASA)
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.

R1-2302213	Summary#3  of discussions on L1 signal design and procedure for low power WUS	Moderator (Nordic Semiconductor ASA)
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.
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