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Introduction
In Rel-18, a study item was approved for low-power wake-up signal and receiver for NR (WID in RP-222644 [1]), and it includes the following objectives.
	· 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 summarizes the discussions on low-power wake-up receiver (LP WUR) architectures in RAN1#111. 
Section 2 provides a summary of the outcome. Section 3 captures the proposals for online discussion. Section 4 documents the detailed discussions. Agreements from previous meetings and companies’ proposals from the contributions are captured in the Appendix.
Agreements
[Placeholder]
Proposals for Online Sessions
Proposals for Nov 15 Online
Proposal 6-1:
Include the following in the LS to RAN4:
RAN1 kindly asks RAN4 to take RAN1 agreements into account, study the LP WUR architectures and provide feedback to RAN1, potentially considering the aspects including but not limited to:
· The impact of adjacent channel selectivity (ACS) on the LP WUR architectures and signal design, including whether the existing requirements should be reused or can be relaxed for LP WUR in RAN1 evaluation.
· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with NR legacy signals/data in frequency, including e.g. 
· the necessity of guard band or the minimum guard band between low-power WUS subcarriers and adjacent subcarriers
· Whether LP WUS location is fixed or flexible within the carrier
· The feasible noise figure and power consumption values for each type of receiver architecture
· 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
· Impact of LP WUS/WUR on RRM measurement

Proposed observation 1-1r1: (RF envelope detection)
For the architecture with RF envelope detection,
· It can achieve relatively lower power consumption compared to heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure is relatively high.
· The receiver sensitivity is poorer compared to heterodyne architecture with IF envelope detection and homodyne/zero-IF architecture with baseband envelope detection.

Proposal 1-2: (RF envelope detection)
De-prioritize the study on the architecture with RF envelope detection.
· Note: The de-prioritization applies regardless of the modulation.

Proposal observation 2-1r1: (homodyne)
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and less costly and power efficient 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 suffers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.

Proposal observation 3-1r1: (heterodyne)
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and less costly power efficient 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. 
· IF frequency can be properly selected to avoid There is no 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.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· [It typically consumes more power compared to homodyne/zero-IF architecture with baseband envelope detection because the signal is converted down to IF instead of BB and the BB processing is less power consuming than IF processing.]
· RF LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· [It typically has better receiver sensitivity and interference suppression capability than homodyne/zero-IF architecture with baseband envelope detection.]
LP WUR architectures
Companies provided the analysis and comparison between different architectures.
Architecture with RF envelope detection
[image: Diagram
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First round
Based on companies’ contributions, it is generally understood that the architecture with RF envelope detection can potentially provide lowest power consumption among the architectures being discussed. The main drawbacks include for example the difficulty in band/carrier tuning, little interference resilience, and poor sensitivity.

Proposed observation 1-1: (RF envelope detection)
For the architecture with RF envelope detection,
· It can achieve lower power consumption compared to heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.
· The receiver sensitivity is poorer compared to heterodyne architecture with IF envelope detection and homodyne/zero-IF architecture with baseband envelope detection.
	Company
	Comments

	vivo
	As the actual power consumption and the achievable sensitivity depends on the implementation. The first sub-bullet and the last sub-bullet may not always hold. So we suggest to describe the characteristics directly without comparison to other schemes
 For the architecture with RF envelope detection,
· It can achieve lower a relatively low power consumption compared to heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.
· The receiver sensitivity is limited. poorer compared to heterodyne architecture with IF envelope detection and homodyne/zero-IF architecture with baseband envelope detection.


	Nordic 
	We would be fine with relative comparison, but it may be controversial. Updates from VIVO, are OK

	Nokia1
	Support in general.

	Panasonic
	We are okay.

	MTK
	Ok.

	Spreadtrum
	We are basically fine for the description.

	UPC
	Overall, we agree with Vivo’s proposal. However, we think that the architecture should be defined in a more flexible way in terms of the choice of the stages it defines. 

It should be possible to add/remove stages/blocks to improve the performance. For example, one can add a Super Regenerative Oscillator between the RF LNA and RF Envelope Detector to achieve higher gain and additional band-pass filtering, without significant increase in the power consumption. 

With an appropriate WuS waveform, one can achieve a sensitivity similar to that of a Heterodyne receiver. That is why we propose to remove the last sub-bullet.

	Huawei, HiSilicon
	We think there should be a more systematic approach, using the agreements from the previous meeting on what is to be described per architecture. This will produce a comparable basis for the various architectures (since they will be compared across largely the same aspects), rather than a list of non-comparable points between them.

In particular, for the first bullet, we suggest removing such comparisons at this stage, while RAN1 stabilizes on the descriptions of the architectures. Then, comparative statements can be made on a clear basis.

For the second and third bullet, we agree that high Q values are challenging for this receiver and we already showed this in our contribution. 

For the forth bullet, LNA optional addition was captured in the previous agreement and observation that it coast additional power conception is straightforward. In our contrition we provided some values.  

For the last bullet, same comment as for the first bullet and we do not think that receiver sensitivity is the good term to use it should be the Noise figure  

	OPPO
	We are fine with the description. 

	Samsung 
	We agree with the proposal in general. For the third bullet, we suggest the following modifications below:
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components, with the cost of additional power consumption.

	Intel
	We are generally OK with the proposal 

	ZTE, Sanechips
	For the 4th bullet,’optionally’ can be removed, since it is important to suppress the noise and improve sensitivity.

	Moderator
	Proposed observation 1-1r1: (RF envelope detection)
For the architecture with RF envelope detection,
· It can achieve relatively lower power consumption compared to heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture with baseband envelope detection due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure is relatively high.
· The receiver sensitivity is poorer compared to heterodyne architecture with IF envelope detection and homodyne/zero-IF architecture with baseband envelope detection.

@Samsung, I am not sure if “additional power consumption” is always true because they may be passive components.

	
	



There are a few companies (Spreadtrum, Panasonic, Apple, ZTE, Samsung) explicitly proposing to de-prioritize the study on the architecture with RF envelope detection, and most other companies also point out the drawbacks associated with RF envelope detection.
There were also some discussions on this architecture specifically for FSK, by using parallel RF BPFs for the candidate FSK frequencies. This architecture shares the same drawbacks as discussed here.
Proposal 1-2: (RF envelope detection)
De-prioritize the study on the architecture with RF envelope detection.
· Note: The de-prioritization applies regardless of the modulation.

	Company
	Comments

	vivo
	As it is not justified yet the architecture with RF envelope detection cannot satisfy the design targets of LP-WUS/WUR, we suggest to continue to study this architecture for the feasibility.

	Nordic
	We are supportive, regardless of whether it meets targets or not, in our opinion architecture is not suitable for cellular deployment.  We double that at least carriers in one country could agree on single band for LP-WUS.

	Nokia1 
	Support.  Our main concerns with this architecture option, include the difficulties to support flexible LP-WUS positioning both in different carriers and within the same carrier, and the relatively lower sensitivity compared to other architectures.

	Panasonic
	We support.

	MTK
	Ok, due to lack of band and carrier turning. 

	Spreadtrum
	We support to down prioritize RF envelop detection due to low sensitivity and inflexibility for real deployment. 

	Huawei, HiSilicon 
	In general, we are OK for the TR to report what has been studied, including cases where there was less interest or less benefit. The proposal seems to be to leave the description of one agreed architecture incomplete. Once each architecture has been described in the terms already agreed last time, it naturally comes to its end. There is not heavy work required to do this for RF envelope detection.


	OPPO
	Support. Consider the requirements on coverage and co-existing with legacy channels/signals, the architecture with RF envelope detection can be de-prioritized. 

	Samsung
	Actually, we just explicitly proposing to further evaluate the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope. For the architecture with RF envelope detection, the pros. and cons. can be captured in the TR. 

	Intel
	Support. A high requirement on sensitivity/coverage which is comparable to NR main radio is expected for the LP-WUR. Otherwise, LP-WUS based operation is not applicable in cell edge which reduce the benefit of the feature. It also complicates the UE behavior if a UE has to between using LP-WUS or not depending on UE location in a cell. 


	ZTE, Sanechips
	Support. This architecture has the poor noise suppression and sensitivity performance. It should be deprioritized to save some time/efforts.

	Moderator
	It seems that majority companies have less interest to further study this architecture, but some companies prefer to still capture related discussion in the TR. In fact, this is indeed my intention to have Proposal 1-1 together with Proposal 1-2, i.e., to have a brief summary that can be included in the TR, and then down-prioritize so that we do not need to spend time to discuss it further, if agreeable.
The proposal is kept as it is for now, and let us continue the discussion.

	
	



Homodyne/zero-IF architecture with baseband envelope detection
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First round
Companies’ contributions have discussed various aspects for homodyne/zero-IF architecture with baseband envelope detection, which lead to the following proposal.
Proposal observation 2-1: (homodyne)
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and power efficient 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 suffers from LO leakage (DC offset) and flicker (1/f) noise.
· RF LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
	Company
	Comments

	vivo
	Regarding the 2nd sub-bullet, as filters are generally passive, we suggest to remove the power efficient part.  
· It is more effective and power efficient 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.


	Nordic
	There are active as well as passive filters, but in general components at RF frequency are more power consuming that at BB/Low-IF frequencies. Thus we agree with FL wording  


“It suffers from LO leakage (DC offset) and flicker (1/f) noise.” It depends on what the BW of LP-WUS would be, if BW would be 1.4-5MHz than this issues can be tackled by using BPF instead of LPF.




	Nokia1
	Support in general. Note that impacts of increased frequency error should be carefully studied, particularly given their influence on guard band dimensioning and mobility support.

	Panasonic
	In our understanding, the band and/or carrier tuning may need both the first and second bullets, depending on the concrete band/carrier frequencies. Hence, the wording of “instead of high-Q matching network and/or RF BPF” looks a bit exclusive and not so necessary to us. Therefore, our suggested revision is:
· In addition, it is could be more effective and power efficient 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.


	MTK
	Ok. But “It is more effective and power efficient” is unclear. It could be “power consumption is lower”.

	Huawei, HiSilicon
	Same comment as before for observations 1-1. 

Also, as we mentioned in our TDoc, considering the envelope detection is a baseband processing, therefore, it is easily to use the zero-IF architecture to do direct correlation. A potential zero-IF architecture with I/Q circuits could be directly applied to the correlation-based detection, where a time-domain correlation between the local sequence and the received samples is performed. Therefore, we suggest the group to also discuss the usage of zero-IF architecture for the correlation detector, as shown in the following figure. Some proposal is proposed to be discussed:
· Study the usage of zero-IF receiver architecture for correlation detector as the baseband processing in the zero-IF receiver architecture:
[image: ]



	OPPO
	Generally fine with the proposal. The “It is more effective and power efficient” means that we have made some comparison with other two architectures? We suggest uniform description of the observations, e.g. with or without comparison. 

	Samsung 
	We are fine with the proposal. In addition, a non-comparative description between architectures is preferred.

	Intel
	We are generally OK with the proposal 

	ZTE, Sanechips
	For the 1st bullet, if the matching network and RF BPF from the main radio can be reused, what’s the power consumption and potential additional power consumption from other components by main radio operating band tuning should be identified firstly.

For the 3rd bullet, if larger frequency error is caused by FLL, we ‘d prefer PLL, since for homodyne/zero-IF architecture, more accurate LO can guarantee the signal is converted into the zero frequency, which would has big performance impact.

For the 5th bullet, ‘optionally’ can be removed, sine LNA provide obvious noise suppression and sensitivity gain.

	Moderator
	On the 2nd bullet on adjacent channel/subcarrier interference rejection, the purpose is to compare BB BPF/LPF with high-Q matching network and/or RF BPF (not to compare with the other two architectures), and it implies that it is better to use BB BPF/LPF. (Here is the agreed text from last meeting: “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.”)

@Huawei/HiSi, I assume the sequence correlation detection can be a separate discussion?

For the 2nd bullet, even though the filters can be active, it seems the passive filters are generally considered here, if I understand it correctly. So I removed “power efficient” for now. But I added “less costly” which I believe is an important difference to highlight.

Proposal observation 2-1r1: (homodyne)
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and less costly and power efficient 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 suffers 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 optionally applied to improve sensitivity, with the cost of additional power consumption.



	
	




Heterodyne architecture with IF envelope detection
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First round
Companies’ contributions have discussed various aspects for heterodyne architecture with IF envelope detection, which lead to the following proposal.
Proposal observation 3-1: (heterodyne)
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and power efficient 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. 
· There is no 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.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· It typically consumes more power compared to homodyne/zero-IF architecture with baseband envelope detection because the signal is converted down to IF instead of BB and the BB processing is less power consuming than IF processing.
· RF LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· It typically has better receiver sensitivity and interference suppression capability than homodyne/zero-IF architecture with baseband envelope detection.
	Company
	Comments

	vivo
	For 2nd sub-bullet, suggest to remove power efficient.
For 4th sub-bullet, as it depends on the exact IF frequency, suggest to be modified as ‘IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise’.
For 6th sub-bullet, we suggest to describe it in a more general way:
· It typically consumes high power consumption due to IF amplification and IF processing.
For 7th sub-bullet, IF AMP is used instead of RF LNA:
· IF AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
For 8th sub-bullet, we suggest to modify it to a more general way:
· It has high receiver sensitivity and interference suppression capability with IF amplification and IF processing.
To summarize,
Proposal observation 3-1: (heterodyne)
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and power efficient 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. 
· There is no LO leakage (DC offset) and flicker (1/f) noise. 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.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· It typically consumes more power compared to homodyne/zero-IF architecture with baseband envelope detection because the signal is converted down to IF instead of BB and the BB processing is less power consuming than IF processing. It typically consumes high power consumption due to IF amplification and IF processing.
· RF LNA IF AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· 2 It has high receiver sensitivity and interference suppression capability with IF amplification and IF processing.






	Nordic
	“It typically has better receiver sensitivity and interference suppression capability than homodyne/zero-IF architecture with baseband envelope detection”

Perhaps above should be better justified. Is the reason LO-leakage or flicker noise?

	Nokia1
	Support with the following bullet:
Supports easy reuse of main radio components.

	Panasonic
	On the first and second bullet, similar comment as the previous proposal that using “instead of” looks a bit exclusive on the options of implementation. Besides that, BB LPF may also be used for adjacent channel interference rejection in our understanding? So, our proposed revision on the second bullet:
· In addition, it is could be more effective and power efficient to use IF BPF and/or BB filtering 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.


	MTK
	Ok with the revision from vivo.

	Huawei, HiSilicon
	Same comment as before for observations 2-1 and 3-1.

Also, as we mentioned in previous observation, similarly, we suggest the group to also discuss the usage of heterodyne architecture for the correlation detector, as shown in the following figure. Some proposal is proposed to be discussed:
· Study the usage of heterodyne receiver architecture for correlation detector as the baseband processing in the heterodyne receiver architecture:
[image: ]

	OPPO
	Generally fine with the proposal. Similar comments with Proposal observation 2-1, it we talk about “more, high or low”, do we need to make it clearer that it is compared to other architectures? If high sensitivity is described for both Heterodyne and Homodyne/zero-IF architectures, does it mean that they have equivalent sensitivity? We suggest to clarify that in the proposal. 

	Samsung 
	We are fine with vivo’s revision, but for the 6th sub-bullet, we suggest to revise this sentences as following:
· It typically consumes high power consumption due to IF amplification and additional IF processing.


	Intel
	We are generally OK with the proposal and vivo’s revision

	ZTE, Sanechips
	For the 1st bullet, if the matching network and RF BPF from the main radio can be reused, what’s the power consumption and potential additional power consumption from other components by main radio operating band tuning should be identified firstly.

For the 5th bullet, from the perspective of power consumption, image rejection filter is suggested to use.

For the 6th bullet, we think zero-IF architecture requires more accurate LO with PLL which consumes more power, and heterodyne architecture may only requires FLL which consumes less. Therefore, it is not so obvious to say heterodyne architecture has more power consumption. 

For the 7th bullet, ‘optionally’ can be removed.

	Moderator
	@all, I put the two bullets on power consumption and sensitivity in brackets now. I see comments from different directions and feel it may be difficult to agree on a high-level statement. So I propose to focus on the other bullets first. But please feel free to comment on the two bullets in bracket.

Proposal observation 3-1r1: (heterodyne)
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the matching network and RF BPF from the main radio can be potentially reused, and the band and/or carrier tuning can be achieved via tuning the LO frequency.
· It is more effective and less costly power efficient 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. 
· IF frequency can be properly selected to avoid There is no 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.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· [It typically consumes more power compared to homodyne/zero-IF architecture with baseband envelope detection because the signal is converted down to IF instead of BB and the BB processing is less power consuming than IF processing.]
· RF LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· [It typically has better receiver sensitivity and interference suppression capability than homodyne/zero-IF architecture with baseband envelope detection.]

	
	




Architecture for FSK
Some companies provided more details on the receiver architectures for FSK and some analysis on the architectures. Given Proposal 1-2 to de-prioritize the architecture with RF envelope detection, the discussion in this section focuses on the other two architectures. 

The FSK receiver architecture based on parallel homodyne or heterodyne receivers can be represented by the following diagrams (diagrams are from [2]):
· Homodyne
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
· Heterodyne
[image: ]


The FSK receiver architecture based on a homodyne or heterodyne receiver with quadrature frequency discriminator for frequency to amplitude conversion can be represented by the following diagrams (diagrams are from [2]):
· Homodyne
[image: ]
· Heterodyne
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In addition, a FSK receiver architecture using injection locked oscillator for frequency to amplitude conversion was discussed in [3]. 




Proposal observation 4-1: (FSK)
A FSK receiver typically consumes more power compared to an OOK receiver with the similar architecture due to the additional components needed for FSK demodulation.
· Note: how much more power consumption is needed can be further studied.
	Company
	Comments

	vivo
	We are generally fine with the proposal.

	Nokia1

	General comment – Should RAN1 attempt to describe these 3 architectures separately (akin to what we did for OOK in the last meeting), and then capture the relative pros and cons?

	Panasonic
	We are okay. On the other hand, typically, the receiver with additional components should perform with better sensitivity. Thus, the sensitivity of a FSK receiver with additional components should be compared with the OOK receiver with the similar architecture. 

	MTK
	Agree, the frequency to amplitude conversion is an additional need based on the above architectures.

	Huawei, HiSilicon
	As what we replied for the above sections, we don't think such kind of high level observation helps the study of architectures. Instead, we need to further collect the detailed designs/analysis for each architecture, rather than jumping to a conclusion before RAN1 has actually discussed power consumption of receiver architectures in any detail. 

Additionally, we did not agree to de-prioritize the architecture with RF (see our previous replies). 
 
Based on this, and our contribution, we propose to capture FSKs receiver architectures and their details (at least the recommended ones), for example in tables. We are building up on our previous agreements (FSK related one and details reporting one) without de-prioritization.

We provided the following architectures, suitable for FSK, and provided how to express them in the format of the agreements can be found in our tdoc R1-2210909 or we can copy them to the FLS if it would help.
   
· Homodyne
[image: ]
· Heterodyne
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· RF envelope detection for FSK
[image: ] 


	OPPO
	We are generally ok with the proposal.

	Samsung 
	We are fine with this proposal.

	Intel
	We are generally OK with the proposal 

	ZTE, Sanechips
	For 2FSK with envelope detection, the total bandwidth requirement for 2FSK detection is at least 2*) +2*).
· is the frequency offset caused by frequency drift of LO
·  and  are the transmission frequency of 2FSK signal 
Additionally, Frequency distance between two frequencies for FSK is needed to make sure that the spectrum aliasing will not generate between the 2*) and 2*); otherwise, 2FSK demodulation performance is affected.

Therefore, the required bandwidth may be large and the related components, such as RF/IF/BB filter, should support larger bandwidth, thus the costs and design complexity will increase. In addition, larger bandwidth will also introduce larger Noise and Interference and cause detection performance degradation. The required bandwidth for FSK need to be further studied. 




Question 4-2: (FSK)
The moderator thinks it would be good to clarify a few points for FSK that may directly affect the architecture study, including:
· Reasonable assumptions on the distance between two frequencies for FSK
· Whether the subcarriers between the two frequencies can be used by for other purposes
· Reasonable assumption on the filter bandwidth for FSK
· How sensitive is the receiver to the frequency offset
(Please note that the purpose of the discussion here is not to decide which modulation to use. But these particular points have some impact on the choice of components in the receiver architecture, which in turn affects the analysis on power consumption and performance.)
	Company
	Comments

	vivo
	Besides the questions listed by moderator, we think the pros of FSK in detail are encouraged to be listed to facilitate further analysis. 

	Nordic
	Similar aspects has been discussed in 9.13.3. BW of FSK , separate of FSK. As to the main benefits of FSK, it may implicitly provide frequency synch.  But design of FSK will be more complicated than OOK, in our opinion.

	Nokia1
	We support the intention behind the proposal, but would like the following to also be considered.

How the FSK receiver architecture type influences the choice of FSK frequency separation, particularly on selectivity.
The impact of different variants of FSK, eg M-FSK with >2 frequencies, continuous phase frequency shift keying (including the minimum shift keying sub-variant).
The potential constraints of devices, eg. R17 and R18 RedCap BW restrictions.
The costs of guard band provisioning around, and potentially between, the 2 frequencies.

	Panasonic
	Following our comment on 4-1, we suggest to add sensitivity comparison between FSK and OOK to the study. Although our intuitive observation is FSK should outperform OOK at this moment, the concrete condition of that and how much better performance need to be investigated.

	Huawei, HiSilicon
	
· Frequency separation between candidate frequencies impact the demodulation performance. Consider existing mobile systems using FSK modulation, such as GSM, which has frequency separation of 135.4 kHz, it is reasonable to assume the frequency separation for LP-WUS to be on the order of hundreds of kHz. 
· In our view, subcarriers between the two frequencies should not be used for other purposes to avoid impacts on demodulation performance. 
· This issue is highly related with the first two bullets. If the subcarrier s between two frequencies are not used for other purpose, the filter bandwidth can be e.g. half of the bandwidth (i.e. the frequency distance and band guard) of FSK signal. 
We consider FSK receiver has the capability to perform certain level of frequency corrections. After frequency correction, it is expected that the residual frequency offset is magnitude of order lower than a free-running LO. This can be similar as Frequency Correction Channel (FCCH) in GSM system, which enables receiver side CFO estimation and correction.

	OPPO
	The pros and cons of FSK compared to OOK under the three architectures can be clarified for further study, from the perspectives of power consumption, sensitivity, and so on.  

	Samsung 
	We suggest evaluating the relative performance gain of the receiver architecture with FSK modulation with higher power consumption, e.g. noising figure, sensitivity/coverage, and data rate.

	Intel
	One question on the 3rd bullet on filter bandwidth, we prefer to clarify following two aspects
1) What is the bandwidth of the filter covering both frequencies of FSK?
2) What is the bandwidth of the filter covering one of the two frequencies of FSK? 

	ZTE, Sanechips
	For the 2nd bullet, from our understanding, the spectrum aliasing will not generate between the 2*) and 2*). The other resources can be reused for other purpose.




OFDM-based receiver
There was some discussion on OFDM-based receiver in RAN1#110bis-e but there was no agreement to further study it. In the contributions submitted to RAN1#111, it is explicitly proposed in [10] not to further study OFDM-based receiver, due to the concern on high power consumption. On the other hand, it is explicitly proposed in [13] to further study OFDM-based receiver, based on the observation from evaluation that the power saving gain is not sensitive to the power consumption of LP WUR, and the relatively higher power consumption of an OFDM-based receiver may no longer be a concern.
Question 5-1: (OFDM-based receiver)
Please provide your views on whether OFDM-based receiver should be further considered for LP WUR and why.

	Company
	Comments

	vivo
	Even though OFDM-based WUR can be highly optimized by using some low accuracy hardware modules for reducing power consumption, but it still has very high-power consumption due to coherent detection, i.e., in an order of milli watts. As it is agreed that a lower power consumption can be achieved by non-coherent detection, we suggest not to further consider OFDM-based receiver architecture in this SI.

	Nordic 
	We think it could be good to considered at least for reference performance.  LPWA WUS could be considered here as benchmark.

	Panasonic
	We are open to check further on this.

	MTK
	It cannot achieve a power target <1mW (without duty cycles). OFDM-based WUR usually has high power consumption due to a use of FFT operations and a need of PLL. For example, NB-IoT WUR can take 36mW or 72mW in ACTIVE mode according to ultra-low power radio survey. link

	Spreadtrum
	The sequence based LP-WUS is not excluded. Non-coherent detection for the sequence based WUS is widely used in NB-IoT If the sequence based LP-WUS is justified, the OFDM based receiver is feasible also. It is better we can discuss the sequence based LP-WUS at first.
In addition, zero-IF architecture is usually used in the OFDM based receiver. Comparing zero-IF for OOK and zero-IF for OFDM, it seems only FFT is not used. But, for non-coherent detection for the sequence based WUS, FFT can be skipped and time domain correlation is enough. In this sense, architectures are very alike for OOK based and OFDM based receiver.

	Huawei, HiSilicon
	If further architectures are added, they should be reflected in the same way as the list of agreed description points as the others.

Also, we would like to further understand what the “OFDM based receiver” means? Some examples or diagrams may be helpful for the discussion.

	OPPO
	OFDM-based receiver architecture has similar or near power consumption to main receiver. It seems almost no power saving gain can be achieved. It is not the target of the LP-WUS SI. But we are open to study further on the architecture of OFDM-based receiver, to find out whether it is possible for an architecture of OFDM-based receiver to obtain some power saving gain. 

	Samsung 
	Since OFDM-based receiver architecture has higher power consumption and has already discussed in Rel-16 for sequence-based PEI detection, we suggest to de-prioritize this architecture.

	Intel
	The OFDM reception requires good time/frequency synchronization which results in high power consumption compared to other modulations (OOK/FSK). Though duty-cycle based operation can be used to reduce power consumption of LP-WUS, it is inapplicable to connected mode.  

	ZTE, Sanechips
	No preference on this kind of receiver due to the large power consumption.




LS to RAN4
Given that RAN4 study on LP WUR will start in 2023Q1, it is beneficial for RAN1 to send an LS to RAN4. Other than including the RAN1 agreements, it would be helpful if we provide more specific request on what we think should be investigated in RAN4 and what feedback would be useful.
Question 6-1: (LS to RAN4)
Please provide your views on what aspects RAN1 should ask RAN4 to investigate in the LS to RAN4. Some aspects that have been mentioned by companies include:
· Adjacent channel selectivity (ACS)
· RAN4 to consider an option where LP-WUS location is restricted to middle of carrier.
· in-channel selectivity (adjacent subcarrier selectivity) or the in-band blocking requirements
· Minimum guard band between low-power WUS subcarriers and adjacent subcarriers
· The feasible values of noise figure for each type of receiver architecture
· …

	Company
	Comments

	vivo 
	We agree to ask the above questions to RAN 4. And besides that, RAN1’s initial assessment on the pros and cons of each potential receiver architecture could be also included in the LS to facilitate RAN 4’s investigation in the feasibility of the receiver architectures. 

	Nordic
	Maybe we could include in LS also that RAN1 considers further RRM measurement relaxations, at least for static IoT use-cases. Of course subject to discussion in 9.13.3

	Nokia1
	We do not feel we should constrain RAN4 to commenting on a specific option of where to position the LP_WUS.  We would prefer a more open-ended bullet, inviting RAN4 to share their recommendations/views regarding placement of the LP-WUS within a carrier.

We feel input is also needed from AI9.13.3 regarding the modulation scheme, as in our view, this will influence the guard band requirements (eg the FSK separation) and also the SIR requirements (which will influence the noise figures)

	Panasonic
	We are okay to send RAN4 LS some questions. Regarding the aspects listed:
· Similar concern with Nokia that, is the intention of the second bullet to fix the LP-WUS location to the middle of a carrier? We think it is related to LP-WUS resource allocation and other more detailed design aspect on 9.13.3. Hence not sure it is a common understanding to ask RAN4 take this into account at this stage.

	MTK
	1. Requirement for LP-WUS to multiplex with NR Data
1. Requirement for LP-WUS to support further RRM measurement relaxations on serving cells.

	Spreadtrum
	Some factors impacting sensitivity can be discussed in RAN4, e.g. noise figure and RF impairment (e.g. timing error, image impact, LO leakage (DC offset) and flicker (1/f) noise).

	Huawei, HiSilicon
	It will be good to send an LS, but we suggest some discussion is needed on what RAN1 can do with feedback on (for example) ACS, ICS, …. since in general RAN4 does not require RAN1 to enumerate the matters within RAN4 expertise.

A suggestion is RAN1 should send at least the list of imperfections/impairments in each Rx architecture, so that RAN4 knows what we expect to pose limitations. The action should be in terms of asking RAN4 to inform RAN1 of any constraints they expect their requirements-setting will add to what RAN1 has identified. This may be .e.g. values of ACS or ICS, and perhaps we can give those as potential examples. The effect may be to tell us that certain architectures are less or more feasible, or that certain signal designs can or cannot work if a particular architecture is used.

The particular point on a restriction to middle of carrier is not suitable, since there is no design agreement for that. RAN4 (or RAN1) can impose it as part of detailed discussions. 
  
 

	OPPO
	The option that LP-WUS location is restricted to middle of carrier is only an example at this stage. RAN4 can focus on other higher-level aspects, as list in Question 6-1 or proposed by companies, e.g. RF impairment, LO leakage, further RRM measurement relaxations,…

	Samsung 
	We are fine with the aspects mentioned above. For the 2nd sub-bullet, it can be revised as:
· RAN4 considers whether the LP-WUS location needs to be limited in the middle of the carrier
In addition, to further analyze each potential architecture quantitatively, relative power consumption of the receiver architecture should also be added.

	Intel
	We think the filter related aspects should be asked to RAN4. If the filter is designed to support the FDM multiplexing between LP-WUS and other NR signals, it would be no problem to multiplex multiple LP-WUS by FDM in a carrier, which means it is not necessary to limit number/positions of LP-WUS position in a carrier. 


	ZTE, Sanechips
	Frequency drift of LO with/without PLL/FLL caused by LO leakage could be considered.

	Moderator
	Here is a proposal based on the offline discussions:

Proposal 6-1:
Include the following in the LS to RAN4:
RAN1 kindly asks RAN4 to take RAN1 agreements into account, study the LP WUR architectures and provide feedback to RAN1, potentially considering the aspects including but not limited to:
· The impact of adjacent channel selectivity (ACS) on the LP WUR architectures and signal design, including whether the existing requirements should be reused or can be relaxed for LP WUR in RAN1 evaluation.
· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with NR legacy signals/data in frequency, including e.g. 
· the necessity of guard band or the minimum guard band between low-power WUS subcarriers and adjacent subcarriers
· Whether LP WUS location is fixed or flexible within the carrier
· The feasible noise figure and power consumption values for each type of receiver architecture
· 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
· Impact of LP WUS/WUR on RRM measurement


The following can be discussed later once we make more progress in WUS design.
· [Whether OOK/FSK waveform generation will generate any new requirements for gNB – pending design discussion]
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Appendix A: Agreements from previous meetings
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
[image: Diagram
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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: Diagram
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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.,
· [image: A picture containing text, clock, screenshot

Description automatically generated]
· 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.
[image: ]
· 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: A picture containing text, clock
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· 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.
· [image: Diagram

Description automatically generated]
· 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.

Appendix B: Proposals from contributions
[2]	R1-2210909	Discussion on architecture of LP-WUS receiver	Huawei, HiSilicon
	Observation 1. The addition of RF LNA improves the sensitivity at the expenses of additional power consumption of about 75 μW. 
Observation 2. 1-bit ADC consumes less than 1 μW power, and a multi-bit ADC (≤6-bit) with sampling rate 750 kHz consumes about 14 μW power. 
Observation 3. Tunable high-Q RF bandpass filter used for in-band adjacent channel interference suppression is challenging for implementation because of its integration complexity. 
Observation 4. Architecture with RF envelope detection can achieve a relative power consumption of at least 0.05 and a noise figure of no less than 20 dB.
Observation 5. The external RTC can be used as the reference for the on-chip ring oscillator to reach a CFO of 50ppm. 
Observation 6. Multiple IF stages have high power consumption and increases the receiver complexity. 
Observation 7. Heterodyne architecture with IF envelope detection can provide a relative power consumption of almost 0.1 and a noise figure of 15dB. 
Observation 8. No image rejection filter or mixer is needed for zero-IF architecture for envelope detection. 
Observation 9. To attenuate the impact of DC offset, the LO frequency can be tuned to a little away from the LP-WUS frequency, leading the zero-IF receiver to be similar to the heterodyne receiver with low IF.
Observation 10. Zero-IF architecture with baseband envelope detection can provide a relative power consumption of a little less than 0.1 and a noise figure of 15 dB.
Observation 11. Heterodyne receiver architecture is applicable for both FSK receiver with parallel envelope detector and FM-to-AM detector.
Observation 12. FM-to-AM detector enables frequency offset estimation and correction in a straightforward manner.
Observation 13. Zero-IF receiver with I/Q mixer structure can support FSK demodulation in baseband.
Observation 14. About 20% more power consumption is expected for FSK with parallel OOK receiver compared to RF envelope detection for single OOK receiver.

Proposals: 
Proposal 1: Study how to model the characteristics of each receiver architecture for link budget evaluation.
Proposal 2: The architecture with RF envelope detector is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Manchester or other decoding, if any

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for intra-band interference rejection

	Assumed frequency band(s)
	Might only be suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	No less than 0.05 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 3: Further study the power consumption, complexity, and performance of RF image rejection filter, image rejection mixer and other image rejection solutions for heterodyne architectures.
Proposal 4: The heterodyne architecture with IF detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF envelope detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester or other channel decoding, if any

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 5: The Zero-IF architecture is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband envelope detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	No image rejection filter or mixer is needed for envelope detection
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Manchester and other channel coding, if any

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	A little less than 0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 6: The heterodyne architecture for FSK with IF FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Heterodyne architecture with IF FM-to-AM detector detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: CFO 200 ppm, power consumption 120μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth 

	Interference rejection capability
	Image rejection with two options:
· Tunable high-Q external SAW filter: very challenging for implementation for narrowband LP-WUS
· Image rejection mixer: consume 120 μW more power than single branch frequency mixing
In-band adjacent-channel interference
· Based on IF BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4 MHz
Guard band should cover the CFO of LO in double sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	 0.1 with RF LNA, multi-bit ADC and with image rejection mixer and ring oscillator with RTC. 

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 7: The Zero-IF architecture with baseband FM-to-AM detection is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	Zero-IF architecture with baseband FM-to-AM detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	Local oscillator
	Low accuracy oscillator
· Ring oscillator without RTC: CFO 200 ppm, power consumption 120 μW
· Ring oscillator with RTC: CFO 50 ppm, power consumption 170 μW

	Presence of PLL or FLL
	FLL to replace PLL

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or M-bit (power consumption 13.8 μW)
Sampling rate: depending on LP-WUS bandwidth

	Interference rejection capability
	I/Q mixer is required.
In-band adjacent-channel interference: Based on BB BPF

	Assumed signal bandwidth and guard band
	Can support narrowband LP-WUS, e.g. 1.4~4MHz
Guard band should cover the CFO of LO on both sides.

	RF/IF/BB filter characteristics
	RF: Reusing RF BPF of main radio

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

	Assumed frequency band(s)
	Support at least all FR1 frequency bands

	Power consumption
	0.1 with RF LNA and multi-bit ADC

	Noise figure
	15 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation.

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 8: The architecture with RF envelope detection for FSK is characterized in TR 38.869 as follows:
	Aspects
	Details of receiver

	Receiver architecture type
	RF envelope detection

	The support of band and/or carrier tuning
	Reusing matching network and RF bandpass filter of main radio

	Presence of a RF LNA
	With LNA to provide sensitivity improvement with power consumption of 75 μW

	ADC
	Bit-width: 1-bit (power consumption less than 1 μW) or multi-bit (power consumption 13.8 μW at 750 kHz sampling rate)
Sampling rate: upper bound depending on the supported data rate

	Baseband processing
	Channel decoding, if any
Not: Manchester decoding is not needed.

	Interference rejection capability
	Tunable high-Q (>200) external SAW filter required for each OOK branch for intra-band interference rejection

	Assumed frequency band(s)
	Might only suitable for lower frequency band, e.g. 700 MHz.

	Power consumption
	0.06 with LNA and multi-bit ADC

	Noise figure
	No less than 20 dB with RF LNA

	Sensitivity/coverage
	FFS: How to model this architecture for link budget evaluation. 

	Data rate
	28*N kbps for N-bit OOK for 30 kHz SCS without channel decoding



Proposal 9: The zero-IF architectures and heterodyne architectures with low IF are studied with a correlation detector. 




[3]	R1-2211031	Discussion on low power wake-up receiver architecture	vivo
	Observation 1  Design on low-power WUR architecture is a trade-off of power consumption, sensitivity and data rate.
Observation 2 Achievable sensitivity of the low-power WUR should be investigated along with the supported data rate.
Observation 3   The nosise figure of low-power WUR is larger than that of main radio.
Observation 4  Due to demanding a band specific high-Q RF BPF, the receiver architecture with amplitude detection at RF is more suitable for devices supporting single band.
Observation 5  The reported sensitivity for receiver architecture with amplitude detection at RF in the literatures[5][6]is -56.5dBm~-75dBm with data rate serval kbps to hundred kbps under power consumption less than 1uw to tens of uw.
Observation 6  For heterodyne architecture with IF envelope detection, the power consumption can be reduced by replacing  a high accuracy LO with a medium accuracy LO, and the frequency offset of the LO can be further studied.
Observation 7  The reported sensitivity for heterodyne architecture with IF envelope detection in the literatures[7][8] is -83dBm~-97dBm with data rate tens of kbps to several Mbps under power consumption hundreds of uw.
Observation 8    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 9 The reported sensitivity for homodyne/zero-IF architecture with baseband envelope detection in the literature[9] is −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.
Observation 10 Small frequency gap between two selected frequencies puts stringent requirement on bandpass/low pass filter, and large frequency gap puts constraint on low-power WUS deployment and results in low resource efficiency.
Observation 11 For FSK detection based on parallel OOK receiver with heterodyne architecture with IF envelope detection or homodyne/zero-IF architecture, it is sensitive to the frequency error of oscillator.
Observation 12  A high precise phase shifting network is necessary to discriminate frequency deviation.
Observation 13  The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
Observation 14  A sensitivity level of around -70dBm with data rate several kbps under power consumption several milli watts is achieved by analog quadrature FM discriminator. 
Observation 15  The detection of injection locking based frequency to amplitude conversion depends on the locking range, which has the following characteristics:
· The locking range must be sufficiently wide so that the corresponding amplitude variation could be sufficiently large to be distinguishable by the envelop detector. 
· Higher input/injection signal amplitude provides larger locking range
· The locking range is sensitive to interference
Observation 16  The reported sensitivity for FSK detection via injection locked oscillator in the literatures[11-14] is no lower than -78dBm with data rate hundreds kbps to several Mbps under power consumption tens to hundreds uw.
Observation 17  For given data rate, BFSK based low-power WUS requires at least two times of frequency resource as used by OOK based low-power WUS.
Observation 18 For FSK detection based on parallel OOK receivers or frequency to amplitude conversion, it causes additional  power consumption, cost, and receiver size compared to OOK detection. 
Observation 19     Analog RF filter is used for out-of-band interference rejection.
Proposal 1: The main radio and low-power WUR exchange information between each other, such as 
· Low-power WUR gets initial configurations from the main radio (received from gNB configuration)
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional decoded messages to the main radio, these messages are processed and parsed in the main radio but agnostics to the low-power WUR
Proposal 2:  Study the metric for representing the sensitivity at certain data rate for low-power WUR, e.g., the sensitivity normalized to data rate.
Proposal 3  For each potential receiver architecture of low-power WUR, ask RAN 4 about the feasible values of noise figure.
Proposal 4 For each potential receiver architecture of low-power WUR, ask RAN 4 in the following aspects:
· The suggest receiver requirement on adjacent channel selectivity.
· The suggest receiver requirement on the adjacent subcarrier selectivity as well as the minimum guardband between low-power WUS subcarriers and adjacent subcarriers occupied by legacy NR signals or other low-power WUS.
Proposal 5    Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, receiver requirements on adjacent channel selectivity or adjacent subcarrier selectivity, minimum guardband between channel carrying low-power WUS and adjacent channel, minimum guardband between low-power WUS subcarriers and adjacenet subcarriers, as well as power consumption budget.
Proposal 6    Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.
Proposal 7    RAN 1 sends an LS to RAN 4,  which includes the following information:
1) The list of candidate receiver architectures and their descriptions, including the following types agreed in RAN1#110bis-e
a) Architecture with RF envelope detection 
b) Heterodyne architecture with IF envelope detection
c) Homodyne/zero-IF architecture with baseband envelope detection
2) RAN1 initial assessment of each candidate receiver architecture, based on the listed aspects agreed in RAN1#110bis-e
3) Specific questions to RAN4, including
d) Adjacent channel selectivity, in-channel selectivity (adjacent subcarrier selectivity), and minimum guardband between low-power WUS subcarriers and adjacent subcarriers.
e) The feasible values of noise figure for each type of receiver architecture



[4]	R1-2211067	Low Power WUS receiver architecture 	TCL Communication Ltd.
	Observation 1: The LO in the LP-WUR architecture may requires the phase carrier synchronization with the network. 
Observation 2: The always monitoring behaviour, and periodic monitoring behaviour of LP-WUR for LP-WUS do not require to define a synchronization signal. 
Observation 3: Occasional monitoring behaviour of the LP-WUR for LP-WUS may requires to define a low power synchronization signal. 
Proposal 1: Study the LP-WUR monitoring behaviour of the LP-WUS and consider at least the following LP-WUR monitoring behaviour:
1. Always monitoring of the LP-WUS
2. Periodic monitoring of the LP-WUS 
3. Occasional monitoring of the LP-WUS 

Proposal 2: RAN1 to clarify the synchronization requirements of the LP-WUR with the network, before receiving the WUS signal.   



[5]	R1-2211183	Low-Power WUS receiver Architectures and its performance	CATT
	Proposal 1: The UE power consumption of preparation and detection of wakeup signal/channel should be significantly lower comparing to the wakeup indication by DCI formats 2_6 and 2_7 in the target study of low power wakeup receiver.     
Proposal 2: The target power consumption and the receiver sensitivity/maximum coupling loss of the low-power wakeup at a given data rate should be defined as follows,
· UE power consumption < [100] µW
· Receiver sensitivity/Maximum coupling loss of LP-WUS – [-80] dBm/ [126] dB
· Minimum achievable data rate – [160] bps
Observation 1: None of the low-power wakeup receiver architecture can be singled out as the clear winner in all aspects of target performance, which include the power consumption, receiver sensitivity (support of maximum coupling loss) and minimal data rate.
Proposal 3: The architecture and technologies of low-power wakeup receiver is UE implementation specific.  The standard should focus on the discussion in the following aspects
· Categorized low-power wakeup receiver - The low-power wakeup receiver implemented by the UE should be classified into multiple categories with each category containing the achievable minimum receiver sensitivity and the maximum power consumption in the specification. 
· UE capability and transfer of UE capability - UE will report its supported category of low-power wakeup receiver in the UE capability.   
· Network configuration - The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  
Proposal 4: The waveform and the modulation schemes should be selected with the target of minimizing power consumption of the low-power wakeup receiver.



[6]	R1-2211253	Discussion on low power WUS receiver architectures	Spreadtrum Communications, H3C
	Observation 1: Use of the LNA can improve the sensitivity for the RF envelop detection.
Observation 2: In addition to the LNA, BB AMP, multi-bit ADC and High-Q matching network are also required to improve the sensitivity for the RF envelope detection.
Observation 3: The power consumption of LNA based IF envelop detection may reach the mw level.
Observation 4: Through the mixer, the sensitivity of the IF envelop detection is improved compared to the RF envelope detection.
Observation 5: FLL may be good balance for power consumption and sensitivity for IF based envelop detection.
Observation 6: A zero-IF architecture can achieve slightly lower sensitivity than an IF receiver at relatively low power consumption.

We have the following proposals.
Proposal 1: The target coverage can be similar to that of PDCCH.
Proposal 2: Study and discuss the tradeoff between the sensitivity and power consumption, and the tradeoff between the sensitivity and resource overhead.
Proposal 3: The required SNR and baseband bandwidth can be discussed both in the architectures design and the LP-WUS design.
Proposal 4: Study and discuss how to mitigate interference.
Proposal 5: Study and discuss the transmission bandwidth at gNB.
Proposal 6: Consider to down prioritize RF envelope detection.



[7]	R1-2211270	Low Power WUS Receiver Architectures	Nokia, Nokia Shanghai Bell
	Observation 1:    To support simpler beam mapping the time duration of the WUS could be less than 1 time slot.

Observation 2:      Assuming a LP-WUS payload of 40 bits and LP-WUS symbol duration of 4 symbols, a target bitrate is in the range of 300-600 Kb/s depending on the modulation scheme.
 
Proposal 1:         The LP-WUS duration and bandwidth scale with different symbol and sub-carrier numerology.

Proposal 2:         RAN1 define a target LP-WUS symbol duration and bit rate for further architecture evaluations.
                   Note:  This should be aligned between the 3 agenda items

Proposal 3: 	The receiver gain/noise evaluation should be based on the required sensitivity  performance and coverage.

Observation 3:    For the RF Envelope Detection architecture to support LP-WUS on more than one carrier and with flexible positioning within a carrier, can be more challenging due to the need to support very high selectivity requirements for the (expected) wideband LNA and wideband RF envelope detector.

Proposal 4: 	The evaluation of the design of the matched filter for the RF Envelope Detection architecture, considers: 
· a bandwidth allocation that allows multiple carriers to be supported
· LP-WUS configured for different sub-carrier/symbol numerologies 
· different locations of LP-WUS within the carrier.

Observation 4:    The Heterodyne receiver based architecture can most easily support LP-WUS being configured on different carriers and in different positions within a carrier.
Observation 5:    The Heterodyne receiver based architecture can most easily reuse elements of the main radio architecture.
Observation 6:    To reduce the relatively higher power consumption of the Heterodyne receiver based architecture, a duty cycle mode of operation is beneficial, for which methods to maintain timing synchronisation can be useful.
Proposal 5:       The evaluation of the design of the Heterodyne architecture, considers: 
· The pros and cons of reusing elements of the main radio
· The challenges of supporting duty cycle operation

Observation 7:  	The required accuracy of the reference clock is partly determined by the required guard band suppression characteristics.
Proposal 6:  	The evaluation of the design of the Zero-IF architecture, considers:
· The accuracy of the reference clock and it’s impact on the guard band.

Proposal 7:  	The evaluation of the design of FSK architectures, considers:
· The FSK demodulator type SNR performance given low bandwidth (eg restricted by RedCap devices)
· The requirements on the LO to maintain stability, accuracy and noise performance

Observation 8:    Further analysis of architecture, requires common agreements regarding aspects LP-WUS being considered in other agenda items, eg L1 signal design in 9.13.3.



[8]	R1-2211320	Discussion on LP-WUS receiver architectures	InterDigital, Inc.
	Proposal 1: Consider an RF envelope detection receiver as a candidate receiver for LP-WUS.



[9]	R1-2211326	FSK Architectures for WUR	Everactive
	Proposal 1: Heterodyne architecture for FSK
· F1 and F2 paths detect the FSK symbols
[image: ]



[10]	R1-2211421	Discussion on LP-WUS receiver architecture	Intel Corporation
	Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW
Proposal 2: 
· The coverage of LP-WUR is not worse than a reference channel of main radio which is selected from a DL/UL channel/signal which are involved in idle mode operation.
Proposal 3
· Study receiver architecture which considers single or multi-carrier -OOK/ FSK as modulation scheme for LP-WUR. OFDM based receiver for LP-WUR is not further considered. 
· Sequence detection, repetition coding or spreading can be considered for LP-WUR
Observation 1: For a receiver using RF envelope detection 
· It can achieve lower complexity/power consumption than other receiver architectures. 
· It has worst sensitivity than other receiver architectures since it cumulates significant noise/interference including flicker noise. 
· The sensitivity may be improved by high-Q matching network and RF BPF. However, it may require off-chip high-Q component, e.g., inductor or SAW.
· It only supports limited number of bands or carrier frequencies. 
· It may be impractical for FSK with parallel OOK detectors. An FM-to-AM detector may be applicable in this architecture
Observation 2: For a heterodyne receiver with IF envelope detection 
· It has better sensitivity and interference resilience
· It consumes more power due to the LO/PLL
· Image rejection is required
· Low IF receiver architecture can be considered
· High-Q matching network and/or high-Q RF BPF can be avoided
· The support of multiple bands or carrier frequencies can be implemented by tuning the LO frequency. 
· Both parallel OOK detector and FM-to-AM detector can be integrated in this architecture
Observation 3: For a zero IF receiver 
· It simplifies the signal processing for low complexity/power consumption. 
· No issue of image interference
· It has the issue on DC offset and flicker noise
· High-Q matching network and/or high-Q RF BPF can be avoided
· The support of multiple bands or carrier frequencies can be implemented by tuning the LO frequency. 
· Both parallel OOK detector and FM-to-AM detector can be integrated in this architecture



[11]	R1-2211472	Discussion on low power WUS receiver	OPPO
	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.
· 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



[12]	R1-2211599	Discussion on low power wake up receiver architectures	Panasonic
	Proposal 1: Heterodyne and homodyne/zero-IF architecture should have higher priority than the RF envelope detector architecture.
Observation 1: Depending on the detailed design and implementation of LP-WUR, there is clear tradeoff between the LP-WUR sensibility and power consumption.
Proposal 2: As outcome of discussion on receiver architecture, three key aspects should be prioritized and concluded in the study: LP-WUR sensibility (i.e. LP-WUS coverage requirement), power consumption of LP-WUR , system impact and overhead.
Proposal 3: The discussion of the LP-WUS design should also contribute to narrowing down the scope of the LP-WUR architecture and power consumption.



[13]	R1-2211835	On low power wake-up receiver architectures	Apple
	Observation 1: OFDM-based receiver architecture has the potential benefit of maximally reusing the existing MR receiver architecture, reusing legacy NR signals, and may be better at satisfying existing ACS requirements and more efficiently multiplexing with existing NR signals.
Proposal 1: OFDM-based receiver architecture, based on the heterodyne architecture or the homodyne/zero-IF architecture, is further studied for LP-WUR.
Proposal 2: De-prioritize the study on the architecture with RF envelope detection.
Proposal 3: Send an LS to RAN4 including a list of RAN1 agreements on the WUR architecture [and WUS design] with the following:
· RAN1 kindly asks RAN4 to study the potential impact of the WUR architectures on various RAN4 related procedures and requirements, including ACS.



[14]	R1-2211908	LP-WUS receiver architectures	ZTE, Sanechips
	Observation 1: Frequency offset caused by UE mobility may affect detection performance of RF envelope detection.
Observation 2: For heterodyne architecture with IF envelope detection, the frequency offset caused by UE mobility is much less than that of RF.
Observation 3: For homodyne/zero-IF architecture with baseband envelope detection, the frequency offset caused by UE mobility is the least in the three receiver architectures.
Observation 4: For 2FSK with envelope detection, the total bandwidth requirement for 2FSK detection is at least 2*) +2*).
· is the frequency offset caused by frequency drift of LO
·  and  are the transmission frequency of 2FSK signal 
· Make sure the spectrum aliasing will not generate between the 2*) and 2*); otherwise, 2FSK demodulation performance is affected.
[bookmark: OLE_LINK25]Proposal 1: whether the frequency draft during periodic monitoring is the same with that during always-on monitoring can be discussed.
Proposal 2: For the architecture with RF envelope detection, the following components should be considered:
· RF filter
· High-Q filter is needed
· Filtering order is not larger than 3
· Frequency carriers tuning is not supported
· Tuning within some operating bands which are close in frequency domain may be supported
· RF LNA
· RF ED
· BB AMP
· Multiple-bit ADC
· No larger than 4-bit ADC can be used as a baseline
· BB Filter
· Filtering order is not larger than 3
· Digital Baseband processing
· Correlator and corresponding storage device
Proposal 3: For heterodyne architecture with IF envelope detection, the following components should be considered:
· RF filter
· High-Q filter is needed
· Filtering order is not larger than 3
· Frequency carriers tuning is not supported
· Tuning within some operating bands which are close in frequency domain may be supported
· RF LNA
· Active Mixer
· LO
· Ring oscillator can be used as a baseline
· Whether PLL/FLL is added should be depended on the LP-WUS detection performance evaluation and power consumption evaluation  
· IF BPF
· High-Q filter is needed
· Filtering order is not larger than 3
· Channel selectivity can be supported
· IF ED
· IF AMP/BB AMP
· Depended on the LP-WUS detection performance evaluation
· Multiple-bit ADC
· No larger than 4-bit ADC can be used as a baseline
· BB Filter
· Filtering order is not larger than 3
· Image rejection filter
· Digital Baseband processing
· Correlator and corresponding storage device
Proposal 4: For homodyne/zero-IF architecture with baseband envelope detection, the following components should be considered:
· RF filter
· High-Q filter is needed
· Filtering order is not larger than 3
· Frequency carriers tuning is not supported
· Tuning within some operating bands which are close in frequency domain may be supported
· RF LNA
· Active Mixer
· LO
· Ring oscillator can be used as a baseline
· PLL/FLL is added 
· BB LPF
· High-Q filter is needed
· Filtering order is not larger than 3
· Channel selectivity can be supported
· BB ED
· BB AMP
· Depended on the LP-WUS detection performance evaluation
· Multiple-bit ADC
· No larger than 4-bit ADC can be used as a baseline
· Avoid DC offset and Flick Noise
· Digital Baseband processing
· Correlator and corresponding storage device
Proposal 5: IF ED and Zero-IF ED can be as main candidate architectures.
· Define the power consumption range, NF range, sensitivity range, data rate range for each architecture
· Analysis the complexity/cost and interference suppression capability for each architecture
Proposal 6: For differential detection architecture for FSK, the following issues should be further study
· Bandwidth requirement of FSK if this receiver is used;
· How to get a preferred shifted phase value;



[15]	R1-2212007	Discussion on low power WUS receiver architectures	NTT DOCOMO, INC.
	Proposal 1: Interference rejection capability and inter-cell interference handling should be added into the performance metrics of LP-WUR architecture.
Proposal 2: Cost/complexity should be further studied for performance metrics of LP-WUR architecture



[16]	R1-2212071	Receiver architecture for LP-WUS	Samsung
	Proposal 1: The coverage of LP-WUS should be consistent with the legacy signal of the main receiver. 
Proposal 2: The power consumption of the separate WUR should be reduced dramatically compared with main radio.
Proposal 3: Study synchronization and interference issue in LP-WUS reception.
Proposal 4: Study the impact of the tradeoff between sensitivity, data rate and power consumption in the process of WUR designing.
Proposal 5: Considering the uncertain performance gain with higher power consumption, the receiver architecture with FSK modulation can be deprioritized.
Proposal 6: For the architecture with RF envelope detection, even though it can achieve the lowest power consumption, the receiver sensitivity or coverage cannot match with other NR signals and channels.
Proposal 7: When applying the architecture with RF envelope detection, the LP-WUS should be bounded with specific band since LO is discarded.
Proposal 8: Considering the interference resiliency and sensitivity of LP-WUS, the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope can be further evaluated for receiving LP-WUS signals.



[17]	R1-2212143	Receiver architecture for LP-WUS	Qualcomm Incorporated
	Proposal 1: The goal of UE architecture study is to investigate the feasibility of different architecture options and identify whether they can meet 3GPP LP-WUR design target.

Observation 1: Low IF has better sensitivity (coverage) than RF-ED for the same data rate.

Observation 2: From the given analysis, the RF-ED receiver requires larger overhead (or lower data rate) than Low IF to achieve equivalent sensitivity (coverage).

Observation 3: From the given analysis, the RF-ED with always-on WUS monitoring scheme requires higher power consumption than Low IF to achieve equivalent sensitivity (coverage).

Proposal 2: 3GPP RAN1 determines the design target of LP-WUR for WAN application.

Proposal 3: RAN1 strives to design LP-WUS to have a similar coverage as NR channels. 
· FFS: target channel and its configuration.

Observation 4: 1mWms of energy consumption for LP-WUS monitoring every 2.56sec is equivalent to 0.4uW of additional average power consumption.

Observation 5: 1mW is a reasonable power consumption budget for R18 LP-WUR for WAN application.

Proposal 4: Duty cycling of WUS monitoring is considered to achieve low target power consumption.



[18]	R1-2212159	Low power WUS receiver architectures	Ericsson
	Proposal 1	WUR should support band and carrier tuning and support for this should be considered in study for each architecture.
Proposal 2	WUR architecture should strive to support similar coverage for LP-WUS as for Paging PDCCH.
Proposal 3	WUR architecture needs to meet the sensitivity requirement with acceptable power consumption and performance.
Observation 1	Power consumption of WUR can be further reduced by selecting suitable components for each function, e.g., using ring oscillator and low order filters.
Observation 2	The three WUR architectures can support fixed or flexible frequency location within a carrier without significant increase in power consumption.
Proposal 4	WUR should support flexible frequency location within a carrier and support for this should be considered in study for each WUR architecture.
Proposal 5	Support for duty cycle handling of WUS should be considered in study for each WUR architecture.
Observation 3	All three WUR architectures can potentially provide some extent of  interference rejection including adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS. Architecture 2 and Architecture 3 are expected to have better performance compared to Architecture 1.
Observation 4	Architecture 2 and Architecture 3 have better potential to mitigate inter-cell interference mitigation than Architecture 1.




[19]	R1-2212262	Low power WUS receiver architectures	MediaTek Inc.
	Proposal 1	The homodyne/zero-IF architecture with baseband envelope detection can support band or carrier tuning based on a voltage-controlled oscillator.
Proposal 2	Consider a general baseband model for LP-WUR LLS evaluation, including LPF, envelop detector, and sequence correlator.



[20]	R1-2212317	Receiver architectures for low power WUS	Rakuten Symphony
	Proposal 1: Define multiple LP WUR categories where each category is characterized by at least power consumption and sensitivity.
FFS: Specific values.

Proposal 2: Support LP WUR categories based on at least RF envelope detection and zero IF detection.
FFS: IF detection.
Note: Both OOK and FSK are supported. 



[21]	R1-2212411	Design consideration of Low-Power WUS receiver	Lenovo
	Proposal 1: Evaluate different receiver architecture for power consumption, data rate, sensitivity, interference rejection, coverage
Proposal 2: Evaluate different receiver architecture for cost, complexity 



[22]	R1-2212418	On LP-WUS architecture	Nordic Semiconductor ASA
	Observations-1: Designs including non-tunable HQ-RF filters are not suitable for cellular systems. Designs assuming those should not be further considered. 
Observation-2: High selectivity RF filters would be of higher-order, which are complex and power consuming and are not implemented in CMOS.
Observation-3: Power consumption for LP-WUR RFFE could be somewhere 250uW plus 50uW for power management.
Observation-4: Feasibility of using unlock ring oscillator depends highly on in-band blocking requirements and target SNR.
Proposal-1: When sending LS to RAN4 with agreed architectures, ask what the in-band blocking requirements should be for LP-WUS. 
· RAN4 to consider an option as well, where LP-WUS location is restricted to middle of carrier. 






image1.png
RF BPF

Matching
network

&

RF Envelope|
Detector

AMP

BB LPF

&

1-bit or

imulti-bit ADC_>

Digital BB
processing





image2.png
RF BPF

Matching
network

&

5>

Mixer

X

Lo

BB
AMP.

BB LPF or BPF

8V

>

1-bit or
imulti-bit ADC|

Digital BB
processing





image3.png
RF BPF
Matching =

==
network =

RF LNA

Mixer

BB LPF or BPF

/2

BB AM

Digital BB
processing
wiith correlator

Mixer

BB AM

~ ADC
BB LPF or BPF
e ADC





image4.png
RF BPF

Matching
network

&

Mixer

Lo

IF BPF

&

IF Envelope
Detector

BB
AMP

BB LPF

&

1-bit or
Imulti-bit ADC]

Digital BB
processing





image5.png
RF BPF

Matching
network

RF LN;

IF BPF

Digital BB
processing
wiith correlator

Mixer
1F AME -(% ADC
w2
IF BPF
IF AME "( = ADC

Mixer





image6.png
BBBPFf,

Tbitor
R ¢
e N Jt-bit ADC|

e e e sa)





image7.png
IF BPF fo BB LPF

IF envelopg_, |B
RF BPF [ detector AMP

e
2

v

Digital
BB

IFBPF £, BB LPF decision

IF envelopq_ [BB
Al

detector p

©
R
2





image8.png
Mixer

Matching
network

T\ anc
AMP LPF
/2 v
B> > Digital B8
.~ °
~= processing
Bandpass INA I T
Fiter
>— —\ abc
Mixer “AMP LPF





image9.png
RF BPF

Matching

network

&

IF BPF

&

Spak(t)

BB LPF

Sam (t)

¢

Phase
shifter

BB LPF
L 1-bit or

multi-bit Digital BB
= ADC





image10.emf
FSK 

SIGNAL

S

1

S

2

DATA

OUT

Frequency to 

Amplitude 

Conversion

Envelope

Detector

osc

f

L

f


Microsoft_Visio___1.vsdx
FSK 
SIGNAL
S1
S2
DATA
OUT
Frequency to Amplitude Conversion
Envelope
Detector



image11.png
RF BPF a

RF BPF1 LP-WUS
Py FSK fy
atching
network | ] X
Band RF BPF b
selection =
LP-WUS

FSKf,




image12.jpeg
- - n(t)

Sslt) ——]
- - rolt)





image13.png




image14.png
BB LPF or BPF

~ or £M detector |p| DiEIt21 B8
[multi-bit Al processing|

Matching
network

o





image15.png
FM signal

Quadrature frequency discriminator

—_—— - ——

! hy M signal

| LPF IAM signal e
| I detector
1 |

I | [Pase shifter !

I circut 1

\





image16.png
Matching
Network

RF
BPF

IF
BPF

F1 IF Envelope
BPF Detector

F2 IF Envelope
BPF Detector

BB
Amp

BB
Amp

1-bit or

BB N Digital BB
N-bit .

LPF ADC processing

88 i

LPF

ADC





