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Introduction
This email summary covers the discussions in AI 9.20 for Rel-18 LPWUS.
Topic #1: General and Workplan
Companies’ contributions summary
	T-doc number
	Company
	Proposals / Observations

	R4-2301565
	vivo
	Workplan for Rel-18 low power WUS RF
Proposal: Approve the proposed RAN4 workplan for Rel-18 low-power Wake-up Signal and Receiver SI.

	R4-2302276
	Qualcomm Inc.
	Proposal 6: Aim to provide feedback to RAN1 in multiple batches aligned with RAN4 progress instead of waiting until all answers are fully complete.

	R4-2302374
	Huawei, HiSilicon
	Proposal 12: It is proposed to send reply LS to RAN1 with some clarification issues.

	R4-2301566
	vivo
	[bookmark: _Hlk128042079]Proposal 10: RAN4 agreements and clarification questions can be sent via phase-1 reply LS.

	R4-2301104
	Samsung
	Proposal 9: It is proposed to reply RAN1’ LS along with some clarification items.

	R4-2301568
	vivo
	draft reply LS to RAN1 on low-power wake-up receiver architectures 

	R4-2302375
	Huawei, HiSilicon
	draft reply LS

	R4-2300456
	Nokia
	Draft reply LS



Open issues summary
Before Meeting, moderators shall summarize list of open issues, candidate options and possible WF (if applicable) based on companies’ contributions.
Sub-topic 1-1 Workplan for LP-WUS/WUR SI
Issue 1-1: SI Workplan
· Proposals
· Proposal: Approve the proposed RAN4 workplan for Rel-18 low-power Wake-up Signal and Receiver SI, in R4-2301565. (vivo)
· Recommended WF
· TBA

Sub-topic 1-2 reply LS to RAN1
Moderator: several contributions share views on how to reply LS to RAN1. Given the first meeting of SI in RAN4, suggest to focus on technical discussion on WUR architecture first, and then discuss which information could be replied to RAN1.
Issue 1-2-1: management on Reply LS to RAN1
· Proposals
· Proposal 1: Aim to provide feedback to RAN1 in multiple batches aligned with RAN4 progress instead of waiting until all answers are fully complete. (Qualcomm, vivo)
· Recommended WF
· TBA

Issue 1-2-2: Clarification questions to RAN1 within on Reply LS 
· Proposals
· Proposal 1: Agreements and clarification issues can be sent in reply LS. (Huawei, vivo, Samsung)
· Recommended WF
· TBA

Issue 1-2-3: Content in Reply LS to RAN1
· Proposals
· Proposal 1: Focus on technical discussion on WUR architecture first, and then discuss which information could be replied to RAN1 in this meeting. (Moderator)
· Recommended WF
· TBA

Topic #2: LP-WUR architectures
Main technical topic overview. The structure can be done based on sub-agenda basis. 
Companies’ contributions summary
	T-doc number
	Company
	Proposals / Observations

	R4-2300499
	Nokia, Nokia Shanghai Bell
	1. The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time. 
Receiver specifications defined in TS38.101-1 [3] and TS38.101-2 [4] should be used as baseline for requirements such as ACS, guard band etc. 
There should be no impact of LP-WUS on the existing gNB emissions and compliance requirements.
Sample performance parameters of different components of the receiver chain should be included in the study report.
Following observations and conclusions are made regarding the ZeroIF receiver architecture
This architecture supports a high degree of reuse of the NR main radio components.
To support more than one band, the receiver could use a wideband LNA or multiple LNAs supporting smaller frequency area. 
As the bandwidth of the WUS signal is expected to be scaled according to the sub carrier spacing the LP filter will most likely be required to have different cut off frequencies, e.g., one configuration for each sub-band spacing configuration. 
DC offset cancellation loop to attenuate the DC signal though could cause information loss.
A higher linearity mixer is required with image rejection. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds.
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements.
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero-IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero-IF receiver architecture. 
At least following RF impairments for Zero-IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.

Following observations and conclusions are made regarding the IF-envelope detector architecture
There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement.
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate. 
LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise.
Following observations and conclusions are made regarding the RF envelope detector architecture
The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.
RF envelope detector architecture should be de-prioritized.

	R4-2301104
	Samsung
	Observation 1: For LP-WUR architecture design, the tradeoff between coverage and power consumption should be carefully evaluated.
Proposal 1: The architecture design for LP-WUR should strive to comparable REFSENS with legacy signals, which is considered as one criteria for architecture selection.
[bookmark: _Hlk128040120]Proposal 2: Ask for RAN1’s further clarification on the targeted power consumption and coverage, which has huge impact on the architecture design (component selection) and requirement discussion.
Proposal 3: Ask for RAN1’ s further clarification/determination on the applicable device type for LP-WUS. If both IoT/wearables and eMBB are considered, could IoT/wearables be the first priority?
Observation 2: Homodyne/Zero-IF architecture with BB envelop detection could be considered as a tradeoff solution between coverage and power consumption.
Proposal 4: It is proposed to exclude RF envelop detection architecture for LP-WUR.
Proposal 5: If LP-WUS is multiplexed with existing NR signal in frequency, it should be guaranteed that all existing unwanted emission requirements (ACLR, OBUE, transmitter spurious emissions, corresponds to clause 6.6.3/4/5 of 38.104) shall also apply if the BS supports LP-WUS operation in NR in-band, while defining specific guard band size might be unnecessary and is not recommended for mixed numerologies.
Observation 3: With the assumption that the architecture design for LP-WUR should strive to comparable REFSENS with legacy signals, the ACS for main radio could be considered as a starting point for LP-WUS, while exact evaluation could be performed after we reach consensus on more indispensable condition, such as NF.
Proposal 6: Heterodyne architecture and homodyne/zero-IF architecture can support multi-band operation for LP-WUS, as well as LP-WUS to be configured on different carriers and in different position with a carrier. 
Proposal 7: RF envelop detector is not suitable for supporting multi-band operation (i.e. a wide frequency range) with good performance.
Proposal 8: The feasible noise figure should be formulated based on the criteria that the architecture design for LP-WUR should strive to comparable REFSENS with legacy NR signals.
Proposal 9: It is proposed to reply RAN1’ LS along with some clarification items.

	R4-2301252
	ZTE Corporation
	Observation 1. The comparative coverage for LP-WUS as normal NR channel is desirable. If coverage LP-WUS is smaller than normal NR channel, power saving benefit with LP-WUS would loss when UE is located in the cell edge. 
Proposal 1. Deprioritize the RF ED architecture for LP-WUR architecture. 
Observation 2. 1Rx antenna port is for LP-WUR architecture, which means no diversity gain(3dB) is considered comparing with NR 2Rx antenna port architecture.
Proposal 2. The same NF as NR for LP-WUR could be used as starting point.
Observation 3. Whether guard band is needed depends on the LU-WUS modulation type, which rely on the RAN1’s agreement.
Proposal 3. It is feasible to locate the LP-WUS within the carrier.
Proposal 4. The existing gNB emissions requirement should remain unchanged when introduction of LP-WUS.
Observation 4. Both ZIF and heterodyne architecture with IF can support multi-band capability. 

	R4-2301566
	vivo
	Observation 1: ACS for main receiver is verified based on throughput measurement which is not suitable to be reused for LP-WUR/WUS evaluation. 
Observation 2: There is no Adjacent Sub-Carrier Selectivity (ASCS) requirements for normal receiver, RAN4 needs to figure out a new approach to evaluate reasonable Adjacent Sub-Carrier interference suppression/rejection level. 
Observation 3: The maximum BW for LP-WUS is still under discussion in RAN1 from 1.4MHz up to 20MHz, as well as configurability.
Observation 4: Due to envelop detection in analog domain for LP-WUS, the analog filter performance in each architecture would be a main solution to suppress adjacent sub-carrier/channel interference.
Observation 5: Guard band is desired for WUS, adjacent subcarrier interference suppression could be achievable in RF/IF/BB envelop detection architecture. RF envelop detection architecture may need additional High-Q RF BPF.
Observation 6: For a certain interference suppression level, there is trade-off between filter order and guard band.
Observation 7: When the WUS is placed at the edge of channel, it may mainly suffer adjacent channel interference. RF BPF and IF/BB BPF can be served for interference suppression.
Observation 8: In general, RF envelop detection architecture is more appropriate for Single band operation, otherwise RF BPF bank with switch should be used. 
Proposal 1: RAN4 should identify a new approach to evaluate reasonable adjacent channel interference suppression level as recommendation to RAN1.
Proposal 2: For Adjacent Sub-Carrier interference suppression discussion, RAN4 should consider different LP-WUS bandwidth, but, some typical bandwidth can be selected as examples to reduce the analysis burden, e.g. 1.4MHz, 5MHz, and 10MHz, 20MHz.
Proposal 3: Assume WUS can be flexibly placed in any position of the carrier.
Proposal 4: General evaluation approach for ACS and ASCS for LP-WUR is recommended, i.e., study feasible Adjacent Sub-Carrier interference suppression level for each architecture, based on assumed typical filter characteristic (e.g. filter order and cut-off frequency) and LP-WUS guard band design. 
Proposal 5: RAN4 recommend different NF value for different LP-WUR architecture. Additional relaxation should be considered compare with normal receiver.
Proposal 6: RAN4 should study feasible LP-WUS power boosting level. 
Proposal 7: In the reply LS, it should be suggested that RF envelop detection architecture is more appropriate for single-band operation, and IF/BB envelop detection is applicable for both single and multi-bands operation. 
Proposal 8: RAN4 focus on FR1 frequency range, as first priority.
Proposal 9: RAN4 assume 1RX architecture for LP-WUR as starting point.


	R4-2301623
	Xiaomi
	Proposal 1: the RF requirements for LP WUS receiver should be implementation agnostic.
Proposal 2: RAN4 should first consider define the NF and SNR based on the common impact of High-Q matching network and Envelope detection from the different LP WUS architectures.
Proposal 3: RAN4 need further consider the different impact factors from the different LP WUS architectures, then define one requirements.
Proposal 4: RAN4 need further confirm the number of LP WUS receivers, i.e., 1Rx or 2Rx.

	R4-2302276
	Qualcomm Inc.
	Observation 1: RF signal levels observed at antenna connector are similar for wake-up receiver and main receiver.
Observation 2: Without selectivity in the receiver, SINR can be very low due to adjacent subcarrier and adjacent channel interference.
Observation 3: In RF envelope detection there is little or no selectivity against adjacent channel interference and adjacent subcarrier interference.
Observation 4: RF envelope detector is not well-suited to support multiple operating bands. 
Observation 5: Heterodyne architecture with IF envelope detection can support multiple operating bands
Observation 6: While IF-filter can provide good selectivity against adjacent channels and even in-channel subcarriers which are not immediately adjacent to WUS, the selectivity may suffer if WUS location is flexible.
Observation 7: IF-filter size and cost and their impact to practicality of the WUR design may be prohibitive aspects and need to be considered in IF envelope detection feasibility.

Observation 8: zero-IF architecture can be also used for low-IF operation with very minor modifications.
Observation 9: Narrowband WUS in the middle of the RF channel enables baseband filter to provide the most suppression against unwanted signals, i.e. other subcarriers and adjacent channels.
Observation 10: RAN4 can provide analysis how guard band around wake up signal will impact SINR, but it is up to RAN1 to study how this impacts detection performance.  
Observation 11: Low power consumption needs to be balanced with negative impacts to performance.
Observation 12: RAN1 work can benefit from early feedback from RAN4, including feedback on principles how signal design choices and help RF performance and likewise how better RF performance can help signal detection by enabling higher SINRs.

Proposal 1: Average selectivity against adjacent subcarriers and/or adjacent channels as well as resulting SINR of the wanted signal at detector input can be used to evaluate and compare different RF architectures from selectivity perspective.
Proposal 2: Inform RAN1 that RF envelope detection does not provide sufficient selectivity against adjacent channel and adjacent subcarrier interference and it cannot support multiple operating bands with large frequency differences.
Proposal 3: Inform RAN1 that both IF and baseband envelope detection architectures benefit, i.e. they can provide more filtering towards unwanted signals, when there is no flexibility in the WUS location and WUS is placed in the middle of the RF channel.
Proposal 4: Inform RAN1 that especially baseband envelope detection benefits from more narrowband signal design. 
Proposal 5: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. For reference, 9 dB NF and -1 dB SNR is used for typical NR UE in reference sensitivity test case, but typical NR UE also has 2 receivers. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. 9 dB noise figure would not be possible to reach at least with RF envelope detection.


	R4-2302374
	Huawei, HiSilicon
	Observation 1: Coverage and power consumption targets are the fundamental assumptions for RAN4 study of LP-WUR, which should be clarified by RAN1 as soon as possible.
Observation 2: Device types to be studied in RAN4 also have impact on the following evolution. Clarification by RAN1 is also necessary.
Observation 3: Guard-band for mixed numerology is needed for performance protection, but no requirement is defined for such scenario in RAN4.
Observation 4: Image rejection for IF based LP-WUR can only be analyzed case by case. With proper IF frequency selection as well as the RF filter rejection, it looks like the REFSENS degradation for spurious response could be maintained in an acceptable level in a general sense. However, accurate estimation should be done case by case.
Observation 5: Architecture with RF envelope detection has the worst sensitivity due to large NF, which may not be suitable for further evaluation in RAN4’s study.
Observation 6: More relaxed frequency error can still guarantee the demodulation performance for LP-WUS.
Observation 7: Number of ADC bits has big impact on the required SNR, which in turn will have impact on the REFSENS requirement for LP-WUS and the capability to receive the smaller wanted LP-WUS with large adjacent interfering signals.

Proposal 1: Guard band for mixed numerology of LP-WUS and NR signals could be reserved from performance perspective, but it is left as BS implementation issue. No specific size of guard band for mixed numerology will be recommended by RAN4. 
Proposal 2: It is proposed to study the feasibility of power boosting of LP-WUS in-band operation. However, the study relies on the inputs on RAN1 progress of LP-WUS waveform. 
Proposal 3: Supporting LP-WUS in-band operation shall have no impact on the existing NR spectrum related Tx requirements. 
Proposal 4: It is proposed to study the possible REFSENS for LP-WUS with clarification on the coverage target from RAN1.
Proposal 5: It is proposed to study the possible sensitivity level of ACS for LP-WUS with clarification with some basic assumptions. Also inform RAN1 that the power consumption for implementation of digital filter should be evaluated.
Proposal 6: It is proposed to study the image rejection issue case by case for different operating bands. And it would be better to have some inputs from RAN1 on the possible deployment scenario and potential operating bands.
Proposal 7: It is proposed to rule out the architecture with RF envelope detection from the RAN4 study.
Proposal 8: It is proposed to consider frequency error as one of the affecting factors in the SNR evaluation.
Proposal 9: It is proposed to consider ADC resolution as one of the affecting factors in the SNR evaluation.
Proposal 10: It is proposed to only consider heterodyne and ZIF architectures in case multi-band capability needs to be supported for LP-WUR.
Proposal 11: It is proposed to agree on the preliminary SNR simulation assumptions.
Proposal 12: It is proposed to send reply LS to RAN1 with some clarification issues.

	R4-2302430
	Ericsson
	Observation 1 Study RF requirement needed if WUR has different RF BW than existing defined BW in specification.
Proposal-1:RAN4 scope at least includes the RF requirement study to identify the new RF requirements.
Observation 2 WUR implementation could be flexible, either be integrated within the main receiver of NR UE or sharing the components with main receiver.
Observation 3 WUR is single RX branch/Chain.
Observation 4 There is no Tx signal presence from transmitter when WUR is in operation.
Observation 5 WUR may be tuned to a raster point and RF BW.
Observation 6 Wait RAN1 conclude the synchronization functionality on WUR.
Observation 7 The same coverage area of the WUS and PDCCH to be abled to “wake-up” the main receiver.
Observation 8 WUR can operate with the same radio condition as main receiver.
Observation 9 Evaluation of some functions needs a RF requirement in place.
Proposal-2: Define the key RF requirement before further evaluation of some of functions for the architectures.

	R4-2300355
	Apple
	Observation 1:	In the RF envelope detection architecture, the band filter does not reject adjacent channel interference, and additional complexity associated with a tunable high-Q matching network is needed to mitigate the interference.
Observation 2:	Filter and ADC design parameters strongly influence the LP WUR IBB rejection performance and determine the maximum noise power of the receiver.
Observation 3:	Lower target SNR translates to lower power dissipation for the RF part of the LP WUR.
Observation 4:	Considering specifically the WUS placement in-channel with the NR signal, RAN4 should discuss how to define the requirement on the LP WUR ability to reject the adjacent subcarrier interference as well as the potential need of a guard band.
Observation 5:	RAN4 could identify a feasible range of guard band sizes based on potential ranges of WUS BW, SNR, and REFSENS.
Observation 6:	If RAN1 considers introducing guard bands to the wake-up signal design, then these guard bands should be accounted as additional overhead due the network’s inability to use the resources for the transmission of any useful signals.
Observation 7:	If a relaxation of selectivity, dynamic range, and REFSENS becomes necessary to realize the desired power savings for the LP WUR, then 3GPP should further discuss how the network can ensure these interference sources are reduced if the WUS is placed in-channel and, if necessary, to revisit the derivation of the relevant parameters for WUR ACS, WUR IBB, etc.

Proposal 1:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing ACS parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.
Proposal 2:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing IBB parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.
Proposal 3:	For the case of WUS placed in-band (and in-channel) with NR, RAN4 should study the impact of ACS, in-band blocking, narrow-band blocking, and out of band blocking on WUR architectures.  Considering that these requirements have a direct dependency on the WUS BW, target SNR, and REFSENS, RAN4 should discuss how to determine a range of these parameters to begin the analysis.
Proposal 4:	For completeness, the RAN4 response to RAN1 should include comparative analysis of the LP WUR architectures in the presence of WUS in a band separate from the UE’s NR band.

	R4-2300456
	Nokia, Nokia Shanghai Bell
	1. The power saving gains comes from the duty cycling of the LR. The on time of the duty cycle should be sufficiently large for the components programming and settling time.
1. Receiver specifications such as ACS, guard bands etc., defined in TS38.101-1 [3] and TS38.101-2 [4] shall be used as baseline for LP-WUS study. 
There shall be no impact of LP-WUS on the existing gNB emissions and compliance requirements.
Following observations and conclusions are made regarding the RF envelope detector architecture
The RF requirements for this architecture are very tedious. Not only it requires a very high Q factor (>150) RF filters, they also have to be tuneable across the supported NR carriers. These are very complex requirements, and it will increase the power consumption & cost of this architecture. 
Without the RF LNA, minimum received signal power will be in the range of -50dBm, governed by the minimum signal requirement of the RF-envelope detector. The LNA can improve the minimum required signal to around -70dbm. To achieve equivalent coverage as other NR signals, a multi-stage LNA must be used, thus increasing cost and power consumption. 
BB amplifier will be required to drive a multi bit ADC, which in turn is required to get processing gain. 
The architecture has the highest potential for UE power saving but that comes at the cost of network complexity and power cost.
RF envelope detector architecture should be de-prioritized.
Following observations and proposals are made regarding the IF envelope detector architecture. 
There are no special RF requirements for the RF matching network and RF BPF of the low-power receiver (LR), thus, it can share these components with that of the main radio (MR). 
A PLL will be required to generate the LO signal. This will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
Given the large gain before the IF-envelope detector, noise contribution of the IF-envelope detector will be negligible. The minimum received signal power can be in the range of standard NR signals.
This architecture will consume more power compared to RF envelope detector architecture but provides more flexibility in terms of WUS signal placement. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF envelope detector receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for IF envelope detector architecture. 
At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise.
Following observations and proposals are made regarding the IF envelope detector architecture. 
DC offset cancellation loop to attenuate the DC signal though could cause information loss. 
Like IF envelope detector architecture, here too, the location of LP-WUS signal within the carrier is variable. 
This architecture will consume relatively less power than the IF envelope detector architecture. 
A higher linearity mixer with image rejection is required. 
A PLL will be required to generate the LO signal. This will need additional power and will increase the power consumption of the LR. Further, its settling time can be of the order of few milli-seconds. 
The ADC needs to have high dynamic range to handle fading and other channel variations from time to time. A resolution of 4—8 bits would be preferred. The sample rate should be aligned with the bandwidth of the WUS signal bandwidth. 
The RF LO (RF Synthesizer) must be programmable to be able to select the WUS frequency band at any frequency within the operating band and to be able to cover multiple NR bands. The output level of the LO needs to be aligned with the RF Mixer input requirements. 
The clock accuracy requirements depend on waveform used, guard bands, the minimum required suppression of NR OFDM signal. Further, they are tied along with LP-WUS failure rate.
LP-WUS failure rate should be defined to determine the clock accuracy requirements for Zero IF receiver architecture. 
PLL programming and settling time should be considered while defining the duty cycle of the LR for Zero IF receiver architecture. 
At least following RF impairments for Zero IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise.
Agree to send the reply LS provided in Appendix of this tdoc to RAN1.

	R4-2302428
	Ericsson
	views on the LS question on low-power wake-up receiver architectures



Open issues summary
Sub-topic 2-1 General for WUR architecture
Issue 2-1-1: General views on WUR 
· Proposals
· Proposal 1: Receiver specifications defined in TS38.101-1 [3] and TS38.101-2 [4] should be used as baseline for requirements such as ACS, guard band etc. (Nokia)
· Proposal 2: The architecture design for LP-WUR should strive to comparable REFSENS with legacy signals, which is considered as one criteria for architecture selection. (Samsung)
· Proposal 3: RAN4 scope at least includes the RF requirement study to identify the new RF requirements. Define the key RF requirement before further evaluation of some of functions for the architectures. (Ericsson)
· Proposal 4: Study of LP-WUR in RAN4 should be based on clear design targets, including coverage target and power consumption target (Huawei)

Issue 2-1-2: How to document the TR for RAN4 part
· Proposals
· Proposal 1: Sample performance parameters of different components of the receiver chain should be included in the study report. (Nokia)

Issue 2-1-3: Down-selection of WUR architectures in RAN4 
· Proposals
· Proposal 1: RF envelope detector architecture should be de-prioritized. (Nokia, ZTE)
· Proposal 2: RF envelope detector architecture should be excluded (down-selection) (Samsung, Huawei)
· Proposal 3: Align with RAN1 agreements that no down selection on architectures during SI phase. (moderator)

Issue 2-1-4: Frequency range 
· Proposals
· Option 1: FR1 is prioritized. (vivo)
· Option 2: Some clarification from RAN1 perspective for the possible operating bands on the targeted deployment scenarios (Huawei)
· Option 3: Ask for RAN1’s further input/clarification on the operating bands, particularly whether FR2 could be excluded (Samsung)
· Option 4: Others

Issue 2-1-5: Number of RX chain for LP-WUR 
· Proposals
· Option 1: RAN4 assume 1RX architecture for LP-WUR as starting point. (vivo, ZTE, Ericsson)
· Option 2: RAN4 need further confirm the number of LP WUS receivers, i.e., 1Rx or 2Rx. (Xiaomi)

Issue 2-1-6: UE type 
· Proposals
· Proposal 1: Clarification on UE type by RAN1 is needed (e.g. both IoT/wearables and eMBB, or specific UE type).  (Samsung, Huawei)

Issue 2-1-7: Target sensitivity and coverage of LP-WUR 
· Proposals
· Proposal 1: It is proposed to study the possible REFSENS for LP-WUS with clarification on the targeted power consumption and coverage from RAN1. (Samsung, Huawei)
· Proposal 2: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. (Qualcomm)

[bookmark: _Hlk128049085]Sub-topic 2-2 UE ACS evaluation
Moderator: ACS for main receiver is verified based on throughput measurement which is not suitable to be reused for LP-WUR/WUS evaluation.
Issue 2-2-1: ACS evaluation for LP-WUR in RAN4
· Proposals
· Proposal 1: RAN4 should identify a new approach to evaluate reasonable adjacent channel interference suppression level as recommendation to RAN1. (vivo)
· Proposal 2: RAN4 assume similar sensitivity level compared to main radio for LP-WUS ACS evaluation unless receiving further clarification from RAN1. Also inform RAN1 that the power consumption for implementation of digital filter should be evaluated by RAN1. (Huawei)
· Proposal 3: Average selectivity against adjacent subcarriers and/or adjacent channels as well as resulting SINR of the wanted signal at detector input can be used to evaluate and compare different RF architectures from selectivity perspective. (Qualcomm)

Issue 2-2-2: Starting point for ACS
· Proposals
· Proposal 1: RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing ACS parameters for FR1 bands < 2700 MHz as a starting point. (Apple)
· Proposal 2: RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing IBB parameters for FR1 bands < 2700 MHz as a starting point. (Apple)
· Proposal 3: Values from current specifications should be used as a starting point for the discussion. (Nokia)

Issue 2-2-3: For IF based LP-WUR
· Proposals
· Proposal 1: It is proposed to study the image rejection issue case by case for different operating bands. And it would be better to have some inputs from RAN1 on the possible deployment scenario and potential operating bands. (Huawei)
· Proposal 2: IF-filter size and cost need to taken into account in feasibility. (Qualcomm)

Sub-topic 2-3 UE Adjacent Sub-Carrier Selectivity (ASCS) evaluation
Moderator: There is no ASCS requirement for UE, RAN4 should figure out how to evaluate ASCS value for LP-WUS, especially considering that there is no throughput measurement for LP-WUS.
Issue 2-3-1: General evaluation framework for both ACS and ASCS
· Proposals
· Proposal 1: General evaluation approach for ACS and ASCS for LP-WUR is recommended, i.e., study feasible Adjacent Sub-Carrier interference suppression level for each architecture, based on assumed typical filter characteristic (e.g. filter order and cut-off frequency) and LP-WUS guard band design. (vivo)
· Proposal 2: Average selectivity against adjacent subcarriers and/or adjacent channels as well as resulting SINR of the wanted signal at detector input can be used to evaluate and compare different RF architectures from selectivity perspective. (Qualcomm)
· Proposal 3: Study possible ACS with some basic assumptions (to be discussed) in RAN4, meanwhile seeking clarification from RAN1 for the design targets and assumptions (Huawei)
· Recommended WF
· TBA

Issue 2-3-2: Adjacent subcarrier impacts
· Proposals
· Proposal 1: For Adjacent Sub-Carrier interference suppression discussion, RAN4 should consider different LP-WUS bandwidth, but, some typical bandwidth can be selected as examples to reduce the analysis burden, e.g. 1.4MHz, 5MHz, and 10MHz, 20MHz. (vivo)
· Proposal 2: For the case of WUS placed in-band (and in-channel) with NR, RAN4 should study the impact of ACS, in-band blocking, narrow-band blocking, and out of band blocking on WUR architectures.  Considering that these requirements have a direct dependency on the WUS BW, target SNR, and REFSENS, RAN4 should discuss how to determine a range of these parameters to begin the analysis. (Apple)
· Recommended WF
· TBA

Issue 2-3-3: WUS location within the carrier
· Proposals
· Proposal 1: flexible to locate the LP-WUS in any position within the carrier (vivo, ZTE, Samsung, Nokia)
· Proposal 2: dedicated carrier for LP-WUS. For completeness, the RAN4 response to RAN1 should include comparative analysis of the LP WUR architectures in the presence of WUS in a band separate from the UE’s NR band. (Apple)
· Proposal 3: Inform RAN1 that both IF and baseband envelope detection architectures benefit, i.e. they can provide more filtering towards unwanted signals, when there is no flexibility in the WUS location and WUS is placed in the middle of the RF channel. (Qualcomm)
· Recommended WF
· TBA

Issue 2-3-4: Guard band for WUS
· Proposals
· Proposal 1: Guard band for mixed numerology of LP-WUS and NR signals could be reserved from performance perspective, but it is left as BS implementation issue. No specific size of guard band for mixed numerology will be recommended by RAN4. (Huawei, Samsung)
· Proposal 2: RAN4 can provide analysis how guard band around wake up signal will impact SINR, but it is up to RAN1 to study how this impacts detection performance.  (Qualcomm)
· Proposal 3: The guard band needed is depending to the WUR filter parameters (filter order and bandwidth), BW ratio between the filter BW and WUS BW, and the tolerable SNR loss. (Ericsson)
· Recommended WF
· TBA
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Sub-topic 2-4 UE Noise figure and impacts of RF impairments
Issue 2-4-1: General views on NF
· Proposals
· Proposal 1: NF as NR for LP-WUR could be used as starting point. (ZTE)
· Proposal 2: RAN4 recommend different NF value for different LP-WUR architecture. Additional relaxation should be considered compare with normal receiver. (vivo)
· Proposal 3: RAN4 should first consider define the NF and SNR based on the common impact of High-Q matching network and Envelope detection from the different LP WUS architectures. (Xiaomi)
· Proposal 4: The feasible noise figure should be formulated based on the criteria that the architecture design for LP-WUR should strive to comparable REFSENS with legacy NR signals. (Samsung)
· Proposal 5: Around 15dB NF is considered as a starting point for the following evaluation for LP-WUR. (Huawei)
· Proposal 6: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. (Qualcomm)
· Recommended WF
· TBA

Issue 2-4-2: Specific impacts for IF/BB based architecture 
· Proposals
· Proposal 1: LP-WUS failure rate should be defined to determine the clock accuracy requirements for IF/BB envelope detector receiver architecture. (Nokia)
· Proposal 2: PLL programming and settling time should be considered while defining the duty cycle of the LR for IF/BB envelope detector architecture. (Nokia)
· Proposal 3: At least following RF impairments for IF envelope detector architecture should be considered: image rejection, LO leakage, phase noise. (Nokia)
· Proposal 4: At least following RF impairments for Zero IF receiver architecture should be considered: blocker sensitivity, LO leakage, phase noise. (Nokia)
· Proposal 5: Inform RAN1 that both IF and baseband envelope detection architectures benefit, i.e. they can provide more filtering towards unwanted signals, when there is no flexibility in the WUS location and WUS is placed in the middle of the RF channel, especially Baseband envelope detection benefits from more narrowband signal design. (Qualcomm)
· Recommended WF
· TBA

Sub-topic 2-5 BS RF impacts
Issue 2-5-1: General BS RF
· Proposals
· Proposal 1: There should be no impact of LP-WUS on the existing gNB emissions and compliance requirements. (Nokia, ZTE, Huawei, Ericsson)
· Proposal 2: If LP-WUS is multiplexed with existing NR signal in frequency, it should be guaranteed that all existing unwanted emission requirements (ACLR, OBUE, transmitter spurious emissions, corresponds to clause 6.6.3/4/5 of 38.104) shall also apply if the BS supports LP-WUS operation in NR in-band, while defining specific guard band size might be unnecessary and is not recommended for mixed numerologies. (Samsung)
· Proposal 3: Co-existence of LP-WUS and NR waveform is similar to that of NB_IoT and NR, and the co-existence conclusion for NB_IoT in-band operation is also applicable for LP-WUS, that is guard band for mixed numerology of LP-WUS and NR signals could be reserved from performance perspective, but it is left as BS implementation issue. (Huawei)
· Recommended WF
· TBA

Issue 2-5-2: LP-WUS power boosting
· Proposals
· Proposal 1: RAN4 should study feasible LP-WUS power boosting level. Study relies on the inputs on RAN1 progress of LP-WUS waveform. (vivo, Huawei)
· Recommended WF
· TBA

Sub-topic 2-6 Multi-band capability 
Issue 2-6-1: RF envelop detection 
· Proposals
· Proposal 1: not suitable for supporting multi-band operation (i.e. a wide frequency range). (Samsung, Qualcomm)
· Proposal 2: more appropriate for single-band operation, but multi-band operation is not precluded. (vivo)
· Proposal 3: RAN4 only consider heterodyne and ZIF architectures in case multi-band capability needs to be supported for LP-WUR (Huawei)
· Recommended WF
· TBA

Issue 2-6-2: IF envelop detection 
· Proposals
· Proposal 1: IF envelop detection is applicable for both single and multi-bands operation. 
· Recommended WF
· TBA

Issue 2-6-3: BB envelop detection 
· Proposals
· Proposal 1: BB envelop detection is applicable for both single and multi-bands operation. 
· Recommended WF
· TBA

Sub-topic 2-7 SNR evaluation 
Issue 2-7-1: SNR evaluation factors
· Proposals
· Proposal 1: It is proposed that frequency error and ADC resolution as affecting factors should be included in the SNR evaluation. (Huawei)
· Recommended WF
· TBA

Issue 2-7-2: Simulation assumption for SNR 
· Proposals
· Proposal 1: It is proposed to agree on the above simulation assumptions. (Huawei)
· Table 2: Simulation assumptions for SNR evaluation
	Parameters
	Assumptions
	Note

	Modulation
	OOK/FSK/existing OFDMA signals(channels)
	pending on RAN1 progress

	Bandwidth
	4RB
	

	Data rate 
	14 kbps/28 kbps/56 kbps/84kbps
	

	TB size
	48 bit
	

	Manchester code
	½ 
	optional, depends on modulation

	SCS
	15 kHz, 30 kHz
	depends on operating bands

	Channel model
	AWGN
	

	Antenna configuration
	1x1
	

	Test metric
	1% BLER
	similar to PDCCH

	ACI
	4 RB adjacent signal with 16QAM modulation
	optional, for frequency error evaluation

	Guard band
	12SC on both sides
	optional, for frequency error evaluation

	IF Filter
	Butterworth 5th order
Passband width = 1.44 MHz
	optional, for frequency error evaluation

	Frequency offset
	0/15kHz/60kHz/150kHz
	optional, for frequency error evaluation

	ADC bits
	2, 4
	



· Recommended WF
· TBA

Topic #3: LP-WUS designs
Companies’ contributions summary
	T-doc number
	Company
	Proposals / Observations

	R4-2300501
	Nokia, Nokia Shanghai Bell
	1. The LP-WUS modulation scheme selected should be easy to generate using the existing gNB architecture. Both OOK and FSK modulation schemes can be used via DFT spreading. 
1. The LP-WUS modulation scheme selected should be resource efficient and should ensure efficient multiplexing with other NR signals. Compared to standard OFDMA, neither OOK nor FSK are resource efficient. However, both can be multiplexed with other NR signals. 
1. Irrespective of the choice of modulation (FSK or OOK), there will be a CP inclusion in the time domain waveform for every transmitted OFDM symbol and this has an impact on the LR reception. 
1. Both OOK and FSK will suffer from ISI in a multi-path channel.
1. gNB should consider the impact of CP while designing the LP-WUS signal. 
Proposal 2: Evaluate if LR must discard padding symbols inserted by the gNB to overcome the CP impact. 
Proposal 3: OFDM based LR should be included in the studies. 
Proposal 4: Effect of LP-WUS signal on the network throughput and efficiency should be studied.

	R4-2301567
	vivo
	Observation 1: Some key parameters have not been concluded in RAN1, e.g. waveform type, configured bandwidth of LP-WUS, acceptable maximum guard band (percentage of LP-WUS BW).
Proposal 1: Clarification feedback from RAN1 on above LP-WUS parameters is helpful for RAN4 discussions.
Proposal 2: Aligned with the workplan in RAN4 for this SI [4], LP-WUS discussion can be triggered by RAN1.

	R4-2302429
	Ericsson
	Observation 1 WUS signal will be OFDM modulated by reusing the deployed gNB radio architecture
Observation 2 There is no RF requirement impact when WUS signal is deployed.
Proposal-1: Evaluated the WUS signal design based on above two constrains from two observations above.
Observation 3 Multi-bit OOK transmission impacts BS RE dynamic range requirement
Observation 4 Single-bit OOK transmission has no BS impact
Proposal-2:Adding an OFDM receiver as one option of the WUR architecture to enable multi-bit WUS transmission



Open issues summary
Sub-topic 3-1 WUS design
Issue 3-1: Clarification on WUS parameters
· Proposals
· Proposal 1: Clarification feedback from RAN1 on LP-WUS parameters (e.g. waveform type, configured bandwidth of LP-WUS, acceptable maximum guard band (percentage of LP-WUS BW)) is helpful for RAN4 discussions. (vivo)
· Proposal 2: Clarification issues from RAN1 on LP-WUS related parameters and assumptions, which include. (Huawei) 
· Design targets
· UE type
· Waveform
· Operating bands/Channel BW/SCS
· Power enhancements
· Proposal 3: Clarification issues from RAN1 on LP-WUS related parameters and assumptions, which include. (Samsung)
· The targeted power consumption
· The targeted coverage
· The possible waveform(s) 
· The device type/use case
· The maximum supported CBW
· The maximum occupied RB number
· SCS
· The operating bands (Particularly whether FR2 could be excluded)
· Recommended WF

Issue 3-2: Considerations on WUS design
· Proposals
· Proposal 1: gNB should consider the impact of CP while designing the LP-WUS signal. 
· Proposal 2: Evaluate if LR must discard padding symbols inserted by the gNB to overcome the CP impact. 
· Proposal 3: OFDM based LR should be included in the studies. 
· Proposal 4: Effect of LP-WUS signal on the network throughput and efficiency should be studied. 
· Proposal 5: Evaluated the WUS signal design based on two constrains (OFDM modulated, and no BS RF requirement impacts).

Issue 3-3: OFDM-based receiver for WUR
· Proposals
· Proposal 1: Adding an OFDM receiver as one option of the WUR architecture to enable multi-bit WUS transmission. 

