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1. Introduction

In RAN1#111, PRACH coverage enhancements in Rel-18 was discussed, and the following agreements were made [1].
Agreement

Include the following in the LS to RAN4:

RAN1 kindly asks RAN4 to take RAN1 agreements into account, study at least the LP WUR architectures that RAN1 identifies and provide feedback, potentially considering the aspects including but not limited to:

· The reasonable assumption on adjacent channel selectivity (ACS) assumption for the study and the impact on the LP WUR architectures and signal design

· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with other signals/channels in frequency, including e.g. 

· The necessity of guard band (if needed, the minimum guard band) between LP WUS subcarriers and adjacent subcarriers

· Whether it is feasible to have LP WUS location flexible within the carrier

· The feasible noise figure(s) for each type of LP WUR architectures

· Impact, if any, LP-WUS transmission on existing gNB emissions/compliance requirements

· The potential RF impairments to be considered include e.g. timing error, frequency error, image impact, LO leakage (DC offset) and flicker (1/f) noise

· Whether certain LP WUR architectures can support multi-band capability

· Note: RAN1 may or may not identify further architecture(s) for the study.

Agreement

The following observation to be captured in TR38.869:

For the architecture with RF envelope detection,

· It can achieve relatively low power consumption due to the removal of LO/PLL.

· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.

· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.

· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.

· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.

· The noise figure can be relatively high.
Agreement

The following observation to be captured in TR38.869:

For homodyne/zero-IF architecture with baseband envelope detection,

· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.

· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.

· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.

· Using FLL instead of PLL consumes less power, but it may result in larger frequency error.

· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.

· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.

· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).

Agreement

The following observation to be captured in TR38.869:

For heterodyne architecture with IF envelope detection,

· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.

· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.

· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.

· Using FLL instead of PLL consumes less power, but it may result in larger frequency error. 

· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.

· Image rejection can be done via either image rejection filter or image rejection mixer.

· Image rejection filter can be done in either RF or IF, which may require high-Q filter.

· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.

· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.
This contribution further discusses the LP WUR architecture, our observation and proposals are provided.
2. Discussion
In last RAN1 meeting, observations on the three types of receiver architectures for LP-WUR were agreed. The observations clarify and compare the advantages and drawbacks of different receiver architectures. LS was sent to RAN4 for feedback on some potential considering aspects [2]. RAN4 will provide assumptions, impacts, parameters and requirements for LP WUR architectures. Before receiving feedbacks from RAN4, we briefly discuss the potential requirements and assumptions on the LP-WUR.
Due to lower sensitivity of LP-WUR compared to the main receiver, there will be coverage gap between LP-WUS and existing NR channels/signals. The coverage of LP-WUS is important for UE to wake up main receiver timely when needed. The reliable LP-WUS reception also allows sleep of main receiver for power saving. Otherwise, UE would have to keep main receiver alive in legacy way, and UE can not obtain power saving gain by LP-WUS. It is desired that the LP-WUS will have comparative coverage as NR channels, e.g. paging PDCCH. For LP-WUR with RF envelope detection architecture, the coverage gap is relatively high between LP-WUS and NR channels. Only UE located in the center of cell can benefit from the power saving gain through LP-WUS. LP-WUR with heterodyne and homodyne/zero-IF architecture have better sensitivity, which leads to better coverage of LP-WUS. Lower data rate, coding can further enhance the coverage of LP-WUS. 
Observation 1: From perspective of LP-WUS coverage, RF envelope detection is not suitable as target LP-WUR architecture for LP-WUS reception for large coverage gap with existing NR channels/signals.
LP-WUR with heterodyne and homodyne/zero-IF architecture have higher power consumption from mixer and LO, which can be up to several hundreds of μW. Although they have relatively higher power consumption than that with RF envelope detection architecture, lower duty cycle can further decrease the average power consumption of LP-WUR. The duty cycle can be set to satisfy a reasonable wake up latency. 
Observation 2: The average power consumption of LP-WUR can be reduced by lower duty cycle of LP-WUS. 
IF operation usually requires off-chip components. For zero-IF architecture, no image rejection filter is required. It is helpful to on-chip integration. At the same time, LP-WUR with heterodyne and zero-IF architecture have equivalent power consumption, interference rejection capability and sensitivity. Zero-IF architecture could be a good tradeoff among the three characters. 
Observation 3: Zero-IF architecture is a good tradeoff among power consumption, interference rejection capability and sensitivity.
In our view, Zero-IF architecture may have the chance to satisfy the requirements on power consumption, coverage and multiplexing with legacy signal/channel. After feedback from RAN4 is available, RAN1 can further check the applicable architecture of LP-WUR. Before that, we provide the following proposal.
Proposal 1: Zero-IF architecture is assumed for further evaluation of LP-WUR architecture and LP-WUS.
The performance metrics are associated with LP-WUS evaluation and design, which are discussed in AI 9.13.1 and 9.13.3 respectively. The details can be further discussed based on the outputs of these AIs. 
3. Conclusions
In this contribution, low-power wake-up receiver architectures to support low-power WUS functionality are discussed. Our observations and proposals are provided.

Observation 1: From perspective of LP-WUS coverage, RF envelope detection is not suitable as target LP-WUR architecture for LP-WUS reception for large coverage gap with existing NR channels/signals.

Observation 2: The average power consumption of LP-WUR can be reduced by lower duty cycle of LP-WUS. 
Observation 3: Zero-IF architecture is a good tradeoff among power consumption, interference rejection capability and sensitivity.

Proposal 1: Zero-IF architecture is assumed for further evaluation of LP-WUR architecture and LP-WUS.
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