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1. Introduction

Study item on low power WUS was agreed [1]. The study item includes the following objectives [1]:

· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables

· Other use cases are not precluded

· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals [RAN2, RAN1] 

· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]

· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 
This contribution discusses the low-power wake-up receiver architectures to support low-power WUS functionality. Our observations and proposals are provided.
2. Discussion
2.1. LP wake-up receiver architectures
Many literature surveys on lower power wakeup receiver architecture have been published during the past several years. Based on whether a mixer is present, wakeup receiver architecture can be mainly classified to direct RF envelope detection architecture and mixer-based architecture. Following are three most representative LP receiver architectures, which belong to the two architecture types [2][3][4]. 
· Arch 1: RF envelope detector

For RF envelope detector, RF signal is converted to baseband directly through RF envelope detector. Power hungry local oscillator and PLL are not needed. LNA is optionally applied, which can improve sensitivity but requires higher power consumption. This architecture has lower power consumption, worse Rx sensitivity and limited interference resiliency.
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Fig.1 RF envelope detection architecture
· Arch 2: Heterodyne, non-zero IF

For non-zero IF architecture, RF signal is firstly mixed down to non-zero IF through mixing with local oscillator. The IF signal is then amplified and converted to baseband through IF envelope detector. It has much higher power consumption from mixer and LO. Better sensitivity and interference resiliency can be achieved due to more efficient processing of IF signal, e.g. filtering and amplification. 
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Fig.2 Mixer-first heterodyne architecture
· Arch 3: Zero IF
For zero IF architecture, RF signal is mixed down to baseband through local oscillator. Similarly, signal processing is much easier and power efficient in BB than RF/IF, including amplification, filter. Compared to non-zero IF, no image rejection filter is required. 
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Fig.3 Mixer-first zero-IF architecture

From the literature surveys results, we have the following observations.

Observation 1: LP WUR with RF envelope detector architecture has lowest power consumption, worst interference resiliency and worst sensitivity.
Observation 2: LP WUR with mixer-first heterodyne architecture has highest power consumption, best interference resiliency and best sensitivity.
Observation 3: LP WUR with mixer-first zero-IF architecture has moderate power consumption, interference resiliency and sensitivity.

2.2. Evaluation of LP wake-up receiver architectures
During past years, lower power receiver architecture design and performance are studied and published at top IC conferences and journals. A useful database collecting total 210 receivers and radio performance can be found in [2][3]. The plot below shows power consumption vs. sensitivity of published low power receivers. It shows trade-off between power consumption and sensitivity. The trend line shows that every 10x power reduction leads to 20dB sensitivity increase [3].
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Fig.4 Ultra-low power radio survey: sensitivity vs. power
The LP WUR should achieve lower power consumption to fullfil power saving objective of SI.  In our view, the peak power consumption of LP WUR should be below 1mW. Duty cycle can further decrease the average power consumption of WUR. 

On the other hand, receiver sensitivity determines the coverage performance of LP WUS in cellular. The target coverage of LP-WUS should be comparable to the bottleneck channel of the legacy NR system, e.g., PUSCH channel. High receiver sensitivity depends on high-class LO, filter and amplificaiton driven by higher power. 
There is trade-off between power consumption and receiver senetivity. When to evaluate LP WUR architecture, the target of power consumption and sensitivity should be jointly considered. Mixer-based architecture can provide an acceptable sensitivity in range of -70dBm~-90dBm [4][5][6][7]. To balance power consumption and performance, literature has raised some module choices with acceptable precision and power consumption, such as ring oscillator, LO with FLL.  The typical power consumption of mixer-based architecture is several hundreds of uW [8].
If we consider the target power consumption range of 100uW-1mW, and target sensitivity range of -70dBm~-90dBm, the LP receiver design in the red square can be considered as reference architectures for further evaluation.
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Fig.5 Target LP WUR architecture reference
For LP WUR architecture supporting low power wakeup, it is important to satisfy the objectives of LP WUS study item. The required performance of power saving gain, coverage and co-existence with NR channels should be considered. It is advised to prioritize the discussion of target requirements of power consumption, coverage and interference resiliency. The exact architecture of LP WUR can be up to implementation. 

Observation 4: The target power consumption, coverage and interference resiliency dominate the evaluation of low-power wake-up receiver architectures.
3. Conclusions
In this contribution, low-power wake-up receiver architectures to support low-power WUS functionality are discussed. Our observations are provided.
Observation 1: LP WUR with RF envelope detector architecture has lowest power consumption, worst interference resiliency and worst sensitivity.

Observation 2: LP WUR with mixer-first heterodyne architecture has highest power consumption, best interference resiliency and best sensitivity.

Observation 3: LP WUR with mixer-first zero-IF architecture has moderate power consumption, interference resiliency and sensitivity.
Observation 4: The target power consumption, coverage and interference resiliency dominate the evaluation of low-power wake-up receiver architectures.
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