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1   Introduction
In RAN plenary #97, the study item description (SID) on low-power wake-up signal (WUS) and receiver for new radio (NR) was revised with 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. 



In this contribution, we share our further views on low-power wake-up receiver (WUR) architectures.
2   Discussion
Following was agreed in RAN#111:
[image: ]

RAN1 has previously identified candidate LP-WUR architectures for studying OOK and FSK waveforms. Below we propose candidate LP-WUR architecture for studying reception of waveforms based on existing OFDMA-based signals/channels.
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Figure 1 Proposed WUR architecture candidate. 

Figure 1, shows the proposed candidate architecture for the study. It is similar to the zero/IF, low IF [3] architectures that were proposed for OOK based waveforms. For supporting OFDM-based signal reception, a better LO with PLL (power consumption expected to be in order of few hundred uW) would be suitable. Also, a LNA that could provide a decent noise figure (e.g., <10dB) should be considered. Overall power consumption for this architecture candidate would be higher compared to candidates being considered for OOK. However, as identified from the power consumption evaluations (e.g., [2],[4],[5]) LP-WUR with duty-cycled operation can provide significant gains for a wide range or WUR active power values. Evaluations in [2] considered WUR active relative power of 0.5, 4 and even 10 units for different DRX assumptions and significant gains are seen for all three cases.

Additional details for the proposed architecture candidate are provided below:

	Receiver architecture type
	Zero IF/Low IF

	Assumed modulation/waveform/coding
	Existing OFDMA-based signals/channels (e.g., SSS)

	Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
	RF LNA with NF < 10dB 
AGC in BB AMP


	Local oscillator: Type of oscillator 
	LC oscillator + PLL

	Handling of time/frequency impairments
	Based on existing OFDMA-based signals (e.g., SSS)

	Presence of PLL or FLL
	PLL is assumed

	ADC: sampling rate, bit-width
	Multiple-bit ADC, sampling rate based on WUS BW 

	Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)
	Up to 20MHz BW (flexible frequency location within a carrier) 

	Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
	Sequence correlation detection 
FFT processing with FFT size depending on WUS BW

	Assumed frequency band(s) and the support of band and/or carrier tuning
	In-band operation of WUR FDMed with other NR signals/channels, 

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

	Whether there is any mobility support function, e.g. measurement capability
	RRM measurements based on existing OFDMA based signals (e.g., SSS)



[bookmark: _Toc127393924][bookmark: _Toc127540573]Consider the LP-WUR architecture shown above for waveforms based on existing OFDMA-based signals/channels.

RRM measurements have a large impact on the WUR power saving gain and using only the main receiver for the RRM measurements reduces the power savings achievable with LP-WUR. It is therefore beneficial if LP-WUR can be used for RRM measurements. These measurements can be based on legacy signals such as SSS. Introduction of WUR-specific reference signal, e.g., the LP-SS was also discussed in previous meetings. The drawback with the latter approach is that it requires introduction of new always-on broadcast signals for introduction of this feature and would also result in additional NW overhead/energy consumption. Avoiding new always on signals is a key consideration from NW operation perspective WUS/WUR operation that does not require this should also be considered in LP-WUR architecture studies.

[bookmark: _Toc127393923][bookmark: _Toc127540574]Study LP-WUR architectures that support RRM measurements using existing OFDMA based signals without requiring introduction of additional new ‘always on’ broadcast signals.

Finally, we reiterate the following general consideration that should apply for all LP-WUR architectures considered in the SI

[bookmark: _Toc127438717][bookmark: _Toc127540575]LP-WUR architectures should: 
· [bookmark: _Toc127540576]Consider feasibility of operation in macro-cellular scenarios.
· [bookmark: _Toc127540577]Support FDM/TDM multiplexing of WUS with other NR transmissions.
· [bookmark: _Toc127540578]Support band and carrier tuning and flexible frequency location within a carrier. 
· [bookmark: _Toc127540579]Strive to enable similar coverage for LP-WUS as for Paging PDCCH. 

3	Conclusion
In this contribution, we share our views below for LP-WUR architecture.
[image: ]
Proposal 1	Consider the LP-WUR architecture shown above for waveforms based on existing OFDMA-based signals/channels.
Proposal 2	Study LP-WUR architectures that support RRM measurements using existing OFDMA based signals without requiring introduction of additional new ‘always on’ broadcast signals.
Proposal 3	LP-WUR architectures should:
	Consider feasibility of operation in macro-cellular scenarios.
	Support FDM/TDM multiplexing of WUS with other NR transmissions.
	Support band and carrier tuning and flexible frequency location within a carrier.
	Strive to enable similar coverage for LP-WUS as for Paging PDCCH.
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Annex: Previous RAN1 Agreements
RAN1#111

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.
Include all agreements on 9.13.2. Mention that other agreements have been made in other AIs. Final LS is in R1-2212999.

2953

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.

RAN1#110bis-e

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


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


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


Agreement
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
· 
· 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.

· 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: 
· 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.
· 
· 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.
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Study generation and linl
o study technique:

performance of multi-carrier (MC)-ASK (including OOK) waveform
s to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider

up to M bits transmitted per OFDM symbol, where M is FFS.
= Note that above does not preclude DFT-S-OFDMA

Study generation and linl
o study technique:

performance of multi-carrier (MC)-FSK waveforms
s to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol.

consider up to M bits transmitted per OFDM symbol, where M is FFS.
Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel

structure (e.g. CSI-RS, S

SS)

o Other signal/channel structures are not precluded
For next meeting, companies to provide input on aspects to consider that might impact link performance
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