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1. Introduction

In RAN1#110b-e, PRACH coverage enhancements in Rel-18 was discussed, and the following agreements were made [1].
Conclusion

RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.

· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.

Agreement:

Study at least the following three types of receiver architectures for LP-WUR:

· Architecture with RF envelope detection 

· Heterodyne architecture with IF envelope detection

· Homodyne/zero-IF architecture with baseband envelope detection

· Note: The details of each type of receiver architecture are discussed separately.

· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures can be applicable for other modulations such as FSK.

Agreement

Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.

· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.

· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.

· FFS the support of band and/or carrier tuning
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Agreement

Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.

· There may be one or multiple IF stages depending on design.

· The choice of the LO is one of the major factors that determines the power consumption.

· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.

· FLL (frequency locked loop) may replace PLL for non-coherent detection.

· 1-bit or multi-bit ADC is applied.

· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.

· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.

· Image rejection filter or an image rejection mixer is required.

· FFS the support of band and/or carrier tuning

· FFS the choice of IF frequency range

[image: image1.png]g
et

st oq

e o]










Agreement

Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 

· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.

· The choice of the LO is one of the major factors that determines the power consumption.

· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.

· FLL (frequency locked loop) may replace PLL for non-coherent detection.

· 1-bit or multi-bit ADC is applied.

· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.

· No image rejection filter is required.

· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.

· FFS the support of band and/or carrier tuning
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Agreement

Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
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· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.

· Example 2: using an FM-to-AM detector [or an FM detector]

· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.

· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
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· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.

· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.

· Here is an example of using zero-IF architecture: [image: image5.png]R










· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).

· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
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· Note: Other architectures are not precluded.

Agreement

For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver 

· Receiver architecture type

· Assumed modulation/waveform/coding

· Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any

· Local oscillator

· Type of oscillator and the corresponding frequency accuracy/drifting

· Handling of time/frequency impairments

· Presence of PLL or FLL

· ADC: sampling rate, bit-width

· Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)

· RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies), if any

· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)

· Assumed frequency band(s) and the support of band and/or carrier tuning

· Duty cycle handling of WUS and other signals (if any)

· Interference rejection capability (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)

· Handling of inter-cell interference

· Whether there is any mobility support function, e.g. measurement capability

· Performance metrics

· Power consumption during active monitoring/reception and during off state (and breakdown if possible)

· Noise figure

· Sensitivity/coverage

· Data rate

· FFS: other performance metrics for, e.g., cost/complexity, interference rejection capability and inter-cell interference handling

· Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts.
This contribution further discusses the LP WUR architecture, our observation and proposals are provided.
2. Discussion
In last RAN1 meeting, three types of receiver architectures for LP-WUR were agreed for further analysis [2].  As discussed during last RAN1 meeting, the following can be observed.
· LP-WUR with RF envelope detection architecture has lowest power consumption, worst Interference rejection capability and worst sensitivity.

· LP-WUR with mixer-first heterodyne architecture has highest power consumption, best Interference rejection capability and best sensitivity.

· LP-WUR with mixer-first zero-IF architecture has moderate power consumption, Interference rejection capability and sensitivity.

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.
Proposal 1: Zero-IF architecture is assumed for further evaluation of LP-WUR architecture and LP-WUS.
For the details of LP-WUR with Zero-IF architecture, we provide our assumption as follows. 
· modulation/waveform/coding: OOK, Manchester coding/Sequence
· RF LNA/IF AMP/BB AMP: For Zero-IF architecture, at least BB AMP is applied
· Local oscillator: relaxed frequency accuracy and stability requirements

· FLL for non-coherent detection
· Handling of time/frequency impairments: Beacon/Synchronization signal for periodic time/frequency calibration
· ADC: about 4 bit-width, low sampling rate for LP-WUS bandwidth
· Configurable frequency location(s) within a carrier is preferred
· Baseband processing: sequence correlation detection, decoding, CRC check (if supported), cell/UE ID detection, etc.
· Typical NR operation bands, coarse band and/or carrier tuning
· Support duty cycle of LP-WUS

· Interference rejection capability is based on the High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF]
· Tradeoff between LP-WUS coverage and inter-cell interference
· Support LP-WUS radio-based measurement capability

Proposal 2: The raised details of Zero-IF architecture are 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.
Proposal 2: The raised details of Zero-IF architecture are assumed for further evaluation of LP-WUR architecture and LP-WUS.
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