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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#112. 
Section 2 provides a summary of the agreements as the outcome of RAN1#112 discussions. Section 3 captures the proposals for online sessions. Section 4 documents the detailed discussions. Agreements from previous meetings and companies’ proposals from the contributions are captured in the Appendix.
RAN1#112 Agreements
Agreement
Study the parallel receiver architectures (as examples that can be captured in the TR) for FSK based on the following diagrams:
· Parallel homodyne architecture receiver
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
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· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· The OOK receiver architectures agreed for study in RAN1#110bis-e are also examples that can be captured in the TR


Agreement
Study the receiver architectures (as examples that can be captured in the TR) for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
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· Heterodyne architecture receiver with frequency to amplitude conversion
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· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· Note: Other architectures are not precluded.

Agreement
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT (companies to provide details on how).
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Reduced BB processing complexity compared to the MR
· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.
· Companies to report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.
· Companies to report the possible number of information bits
· In addition, companies should consider the power consumption in the OFF state and the transition energy.
[image: Diagram

Description automatically generated]


Agreement
For the study on LP WUR architecture, power consumption relative to the deep sleep state of the MR is provided.
· Deep sleep state of non-RedCap UE should be assumed

Proposals for Online Sessions
Proposals for Feb. 28th Online
Proposal 2-1r1: (FSK)
Study the parallel receiver architectures for FSK based on the following diagrams:
· Parallel homodyne architecture receiver
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· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
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· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· This supersedes the agreements on receiver architectures for FSK made in RAN1#110b-e.

Proposal 2-2r1: (FSK)
Study the receiver architectures for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
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· Heterodyne architecture receiver with frequency to amplitude conversion
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· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· E.g. Phase shifter based conversion, High-Q band pass filter, Injection locking oscillator, Differential detection as discussed in [4]
· Note: Other architectures are not precluded.
· This supersedes the agreements on receiver architectures for FSK made in RAN1#110b-e.

Proposal 3-3: (OFDMA-based signal)
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may include FFT.
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on the digital BB processing being studied, the assumptions/requirements on time/frequency synchronization, and the corresponding power consumption estimate.
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Proposals for Mar. 2 Online
Proposal 3-3r2: (OFDMA-based signal)
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT.
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on the digital BB processing being studied, the assumptions/requirements on time/frequency synchronization, and the corresponding power consumption estimate.
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Reduced BB processing complexity compared to the MR
· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.
· Companies report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.
· In addition, companies should consider the power consumption in the OFF state and the transition energy.
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Proposal 5-1r2: 
For the study on LP WUR architecture, at least power consumption relative to the deep sleep state of the MR is provided.

Proposal 5-2r1: 
For the study on LP WUR architecture, companies are encouraged to provide the analysis on the LP WUR architecture based on the following template:
	WUS modulation/waveform
	

	Architecture type
	

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	

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

	ADC (sampling rate, bit-width)
	

	Details on digital BB processing
	

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

	Adjacent channel interference rejection capability
	

	Adjacent subcarrier interference rejection capability
	

	In-band/out-of-band blocker handling capability
	

	Power consumption (including break-down if possible)
	

	Noise figure
	

	Additional info
	



LP WUR architectures
Architecture with RF envelope detection
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A few contributions (OPPO, Panasonic, Intel, Nordic, Samsung, Apple) explicitly or implicitly suggested de-prioritizing the architecture with RF envelope detection despite of the low power consumption, mainly considering the following drawbacks of this architecture:
· Challenging in practice to support multi-band as it requires multiple very high-Q matching networks and/or RF BPFs and may require off-chip components.
· Relatively poor sensitivity/coverage
· Poor interference rejection/suppression capability
Some other companies suggested that it is more suitable for single-band receiver.
However, these few disadvantages make this architecture not very suitable for a cellular environment, which should be the more typical scenario. Therefore, the moderator proposes to de-prioritize this architecture, so that we can spend the limited time on the other more interesting architectures.

Proposal 1-1: (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

	FUTUREWEI
	RF envelope detection (ED) offers very low power consumption in addition to the disadvantages that the FL described above. We understand that it may not be a mainstream solution, but it might be a little early to have a specific agreement to deprioritize this architecture especially that we have not finalized agreements on LP-WUS content in AI 9.13.3. We think that this architecture may still be an alternative for applications where battery life is an important requirement. We prefer not to preclude RF ED architecture from the study at this stage.    

	Intel
	We agree with observations from moderator and fine for de-prioritization

	Huawei, HiSilicon
	We would like to be sure that De-prioritization in this proposal does not mean 1) overriding previous agreements 2) nor triggering new LS to be sent to RAN4 since in previous meeting we sent a LS to RAN4 asking about the feasible noise figure(s) for each type of LP WUR architectures that RAN1 identifies. 
 Hence, we propose the following modifications

Proposal 1-1: (RF envelope detection)
 De-prioritize the study further studies on the architecture with RF envelope detection. 
· Note: The de-prioritization applies regardless of the modulation.
· Note: The de-prioritization of further studies does not mean overriding previous agreements 


	Spreadtrum
	We are fine with this.

	OPPO
	Fine with the proposal.

	Nokia, NSB 
	We support the proposal. 

	vivo
	We don’t support to de-prioritize RF envelope detection at this stage. The reasons are as below:
· It provides much lower power consumption than other types of receiver architectures and thus, for power-sensitive use cases, it will be more suitable to prolong battery life. 
· Before study, the exact sensitivity/coverage performance of RF ED is not known yet, which relies on WUS structure and size of information to be discussed in 9.13.3 as well as noise figure to be replied by RAN4. 
· For interference rejection/suppression, it depends on both filter design as well as signal design which are still under discussion. 
Thus, we prefer not to deprioritize it before the performance are identified.

	MTK
	Agree. RFED has no LO and it is challenging to support multi-band. Alternatively, RAN1 can postpone the study on RFED until more inputs from RAN4 on ACS and the support of multi-band.

	Samsung
	Agree with the proposal.

	Sony
	Support

	QC
	Agree with FL proposal. Our understanding is that it had difficulty in supporting multi-bands.

	Moderator
	It seems that some companies may be concerned that if this is de-prioritized, the architecture with RF envelop detection cannot be used for UE implementation any more. I would like to clarify this is not the intention. LP WUR is up to UE implementation in the end. If a certain implementation can satisfy the requirements for some use case(s), such implementation is not precluded from spec point of view. The de-prioritization only suggests that the design will not be driven by this type of architecture, and we do not discuss this architecture further for the study. Instead, we focus on the other architectures that are of more interest. Please comment if this clarification changes your view on the principle of the proposal. If the principle is agreeable, we can further discuss the text.

	Moderator
	No agreement



[CLOSED] Architecture for FSK
Some companies [3][4][7][8][11][14] provided more details on the receiver architectures for FSK and some analysis on the architectures. Given that Proposal 1-1 proposes 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 [3]):
· Homodyne
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· Heterodyne
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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: C:\Users\l00363185\AppData\Roaming\eSpace_Desktop\UserData\l00363185\imagefiles\006A86E9-9095-4CBD-ABAA-70D6323D33BC.png]
· Heterodyne
[image: Chart
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· In addition, [4] discusses a few different types of frequency-to-amplitude conversion, including:
· Phase shifter based conversion
· High-Q band pass filter
· Injection locking oscillator
· Differential detection

[CLOSED] Proposal 2-1: (FSK)
Study the parallel receiver architectures for FSK based on the following diagrams:
· Parallel homodyne receiver
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· Parallel heterodyne receiver
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· Note: Other architectures are not precluded.

	Company
	Comments

	FUTUREWEI
	We are OK with the proposal.

	Intel
	It is better to clarify if some components, e.g., LNA is always included or can be optionally present. 

	Huawei, HiSilicon
	We support this proposal because we already have an agreement about the study of this types of receiver architectures for FSK 
	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
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Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
….



Additionally, we propose to add to the following to the proposal:  
  
· The following observations to be captured in TR38.869:
· Parallel receiver architectures for FSK is suitable for M-carrier FSK
· FO estimation and compensation are possible if periodic reference signal is used
· Has better selectivity compared to FM-to-AM
· The parallel branches of the receiver architectures for FSK share RF BPF, FR LNA, and LO/mixers. Hence, the additional power consumption of these receivers with respect to their equivalent single branch receivers is marginal, i.e., less than 20% additional power consumptions.    


	Spreadtrum
	We are fine with this. 

	OPPO
	Fine with the proposal.

	Nokia, NSB 
	We support the proposal. 

	vivo
	As we have already agreed to study the receiver architectures for FSK based on parallel OOK receivers, with each path 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.
We may not need to repeat it again without further details on pros and cons. 

	MTK
	Okay. The diagrams align with the parallel OOK receivers agreed in RAN1#110b-e.

	Samsung 
	For the receiver architecture with FSK modulation, it will cost more power for LP-WUS detection than the architecture with OOK modulation. Therefore, considering the uncertain/lower performance gain with more power consumption, we think this architecture can be deprioritized. However, if most companies support to continue to study, we can compromise and support the proposal. 

	Moderator
	Proposal 2-1r1: (FSK)
Study the parallel receiver architectures for FSK based on the following diagrams:
· Parallel homodyne architecture receiver
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· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
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· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· This supersedes the agreements on receiver architectures for FSK made in RAN1#110b-e.

	Moderator
	Agreement was made after Feb. 28th online session. Discussion closed.



[CLOSED] Proposal 2-2: (FSK)
Study the receiver architectures for FSK based on the following diagrams:
· Homodyne receiver with frequency to amplitude conversion
[image: ]
· Heterodyne receiver with frequency to amplitude conversion
[image: Graphical user interface, application
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· FFS what type(s) of frequency to amplitude conversion is studied
· E.g. Phase shifter based conversion, High-Q band pass filter, Injection locking oscillator, Differential detection as discussed in [4]
· Note: Other architectures are not precluded.

	Company
	Comments

	FUTUREWEI
	We agree with the proposal and suggest using the parallel FSK receiver as the baseline to compare performance and power consumption.

	Intel
	It is better to clarify if some components, e.g., LNA is always included or can be optionally present. 

	Huawei, HiSilicon
	We support this proposal because we already have an agreement about the study of this types of receiver architectures for FSK 

	Agreement 
…
· 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
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Note: Other architectures are not precluded.




Additionally, we propose to add to the following to the proposal:  
  
· The following observations to be captured in TR38.869:
· FO estimation and compensation are possible if periodic reference signal is used
· Relatively less power consumption than parallel receiver architectures for FSK
· Might not be suitable for M-carrier FSK. Hence, it has worse selectivity compared to parallel receiver architectures for FSK
· 


	Spreadtrum
	 We are fine with this.

	OPPO
	Fine with the proposal.

	Nokia, NSB 
	We support the proposal. 

	vivo
	Besides the blocks, details and functionalities of key modules as well as pros and cons should be provided for better understanding.

	MTK
	Homodyne receivers should add/show FM-to-AM in Digital BB processing, otherwise there is no difference to a Homodyne OOK receiver.    

	Samsung 
	Same view as proposal 2-1.

	Moderator
	Note that in the updated proposal below, the diagram for homodyne architecture is replaced with the one with some detail on FM-to-AM conversion in digital BB.

Proposal 4-2r1: (FSK)
Study the receiver architectures for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
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· Heterodyne architecture receiver with frequency to amplitude conversion
[image: Diagram
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· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· E.g. Phase shifter based conversion, High-Q band pass filter, Injection locking oscillator, Differential detection as discussed in [4]
· Note: Other architectures are not precluded.
· This supersedes the agreements on receiver architectures for FSK made in RAN1#110b-e.

	Moderator
	Agreement was made after Feb. 28th online session. Discussion closed.



Architecture for OFDMA-based signal
The following was agreed in RAN1#111:
Agreement
· Study generation and link performance of multi-carrier (MC)-ASK (including OOK) waveform
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS. 
· Note that above does not preclude DFT-S-OFDMA 
· Study generation and link performance of multi-carrier (MC)-FSK waveforms
· study techniques to generate waveform by modulating sub-carriers of CP-OFDM symbol symbol, consider up to M bits transmitted per OFDM symbol, where M is FFS.
· Study link performance of OFDMA-based signals/channels considering at least the existing signal/channel structure (e.g. CSI-RS, SSS)
· Other signal/channel structures are not precluded
· For next meeting, companies to provide input on aspects to consider that might impact link performance

Some contributions discussed the receiver architectures for OFDMA-based signal, focusing on sequence-based signals. There are mainly two types of receiver architectures, they can be based on either homodyne architecture or heterodyne architecture. 
· The first type is similar to the traditional OFDM-based receiver (or the main radio), where FFT/OFDM demodulation is performed and the signal is further processed in frequency domain. We call it “OFDM-based receiver” for convenience.
· The second type does not perform FFT, and the signal is processed in time domain (e.g. sequence correlation). We call it “sequence-based receiver” for convenience.

OFDM-Based Receiver
For the OFDM-based receiver, two example architectures are provided in [18] and [19], as shown below. This architecture has also been discussed in [4][7][8][11][12][14][15][16]. Among these contributions, [7] ZTE, [8] vivo, [12] Intel, and [19] MediaTek proposed not to pursue it further due to the concern on high power consumption, while the remaining companies would like to study it further.
Some arguments in favor of this type include: (1) the LP WUR can use legacy SSB for synchronization and RRM measurement purpose; (2) can maximumly reuse MR components; (3) better sensitivity. The power reduction may come from low-power version of RF components and simplified baseband processing with sequence detection.
The main argument against it is the higher power consumption, which still needs to be further studied. 
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[18] Ericsson
[image: Diagram
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[19] MediaTek

[CLOSED] Question 3-1: (OFDM-based receiver)
Please provide your views on whether OFDM-based receiver (based on either homodyne or heterodyne architecture) should be further considered for LP WUR and why.

	Company
	Comments

	FUTUREWEI
	Our understanding is that a wake-up signal based on, e.g., SSS, has already been considered as part of power saving study in earlier releases at which stage a DCI based wake-up signal (PEI) was eventually selected to be part of the standard. Therefore, we think that an OFDM based receiver that is capable of receiving such signals, e.g., SSS and/or SSB, might not be able to provide the desired power saving gains under this SI. However, at this stage, we are still OK with studying these architectures under the assumption of a lower-power version of the RF components taking into account the assumption’s impact on signal design and performance (e.g., sensitivity).

	Intel
	We think OFDM-based receiver should be deprioritized since the FFT operation at receiver cause large complexity and power consumption. A better time/frequency synchronization is also required than other candidate receiver architectures. 

	Huawei, HiSilicon
	 In our opinion, A first step would be to define OFDM-based receiver or reach a common understanding between the companies about what is a OFDM-based receiver, as illustrated by the FL? This should help companies decide about if this receiver can be considered for further study or not 

	Spreadtrum
	We do not think it is necessary to continue to study OFDM-based receiver, because its complexity is not fundamentally different from that of the main receiver, so the power consumption will not be reduced by an order of magnitude.

	OPPO
	We think at least OFDM-based receiver should be deprioritized, since the power consumption and complexity are obviously larger than ASK/FSK based receiver. 

	Nokia, NSB 
	We support further study of OFDM-based architectures.   Until we have proven other signal-architecture combinations are equally capable of the sensitivity capabilities of OFDM-based architectures that are needed to ensure full and reliable WAN coverage, we should continue to include these architectures in the study. 
 
Another potential advantage of these OFDM-based signal-architecture combinations, is the ease to ensure multiplex these signals with legacy signals and meet existing RAN4 RF ACS requirements. 
 
Some companies have cited that these architectures have been studied before at part of previous SIs.  Whilst this is true, those studies did not consider techniques to further reduce power consumption by optimisation of MR components and operations (eg. Smaller FFT and ultra-deep sleep mode). 

	vivo
	For OFDM-based receiver, it involves both power-hungry RF hardware and complicated BB processing including FFT, time-frequency synchronization procedures. It is not possible to obtain significant power saving gain as targeted in SID. Even with a simplified design on hardware and BB processing in literatures, we observe that the power consumption of tens of milliwatts are required by the majorities, which are tens or hundreds of times of the power consumption for OOK/FSK.
Furthermore, with simplified design, it’s not clear to us whether the pros of OFDM-receiver still hold as the requirements of OFDM detection are relaxed. 
We prefer not to pursue this kind of OFDM-based receiver further.   

	MTK
	Deprioritize OFDM-based receivers. There is no PSG without duty circles, no latency gain, and no PSG in RRC CONNECTED. Since there is no PSG in RRC CONNECTED, we are concerned whether the OFDM-based LPWUR can be used for eMBB/XR/VoIP scenarios.  

	Samsung
	It is undeniable that the OFDM-based receiver architecture has higher power consumption, but the NF and the sensitivity/coverage is much better than the architectures with OOK/FSK modulation. In addition, low accuracy hardware modules can be used to reduce the power consumption of the OFDM-based receiver architecture. Therefore, we suggest that the tradeoff between the performance gain and the power consumption should be carefully evaluated for the OFDMA-based receiver architecture at the early stage.

	Sony
	Yes, continue to study OFDM-based receiver architecture

An OFDM-based receiver probably has higher power consumption than other receivers, but 3GPP already has a good idea about how to handle mobility measurement, interference suppression and re-tuning (this has already been done in eMTC / NB-IoT) for this receiver type. This receiver type also has a good sensitivity and relatively low noise figure. 

Other receivers may have lower power consumption, but at this stage it is less clear how mobility measurement, interference suppression and re-tuning etc. are handled.

Hence, the study of OFDM-based receivers should be further considered.

	QC
	Like other receiver types, we think RAN1 needs to further study and better understand pros/cons of OFDM based receiver w.r.t other types of receivers in various aspects; including complexity, impact to existing UE HW/gNB HW, system overhead, etc.

	Moderator
	Please check Proposal 3-3

	
	




Sequence-Based Receiver
For sequence-based receiver, no FFT is performed, and the signal is processing in time domain directly, e.g. a sequence correlation function. This was discussed or mentioned in [3][14][15][16]. A homodyne-based architecture (figure from [3]) is shown below:
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[CLOSED] Question 3-2: (Sequence-based receiver)
Please provide your views on whether sequence-based receiver should be considered for LP WUR and why.

	Company
	Comments

	FUTUREWEI
	We think that this architecture may be a better alternative to OFDM based receiver described in Question 3-1 and we are Ok with considering this architecture.

	Intel
	The sequence-based receiver is expected to put a high requirement than OOK/FSK based receivers, including high sampling rate, a higher ADC bit-width, small I/Q imbalance and better LO/PLL to enable sequence detection with complex values. As a result, the power consumption is expected to increase much. 
On the other hand, if companies prefer to keep this option, we are open to study this receiver in addition to OOK/FSK receivers in 4.1 & 4.2. 

	Huawei, HiSilicon
	Yes, it should be considered because:
1- As the FL mentioned correlation is done in time domain, Hence, no need for FFT which is known to be a power-hungry process
2- According to our studies with good optimizations of RF components and BB processing component the power consumption could be in the range of 0.2
3- Inter-cell Interference rejection is possible which help the coexistence with NR 
4- Intra-cell RRM measurements, e.g. RSRP, are possible especially in AI 9.13.3 we are studying kinds of offloading NR measurements to LP-WUS
5- Better noise rejection performance as shown in our simulation results in our contributions in 9.13.3.



	Spreadtrum
	Although the sequence-based receiver reduces FFT operations, it still needs to do a lot of multiplication and addition, which also needs to consume a lot of power. In addition, it is necessary to add memory to store sequence information. Therefore, the necessity of sequence receiver needs further study.

	OPPO
	It need be clarified whether sequence-based receiver has acceptable power consumption level, and the comparison with ASK/FSK based receiver.

	Nokia, NSB 
	We are open to study these architectures further. 

	vivo
	We understand that FFT is not needed if sequence detection is performed in time domain. However, the complexity of sequence detection in time domain is still high as huge number of sequence correlations should be performed across a time window, depending on the accuracy of time-frequency synchronization. With relaxed time-frequency tracking to reduce power consumption, a large sliding time window is needed for correlation-based detection, resulting in higher complexity and higher power consumption for sequence detection. 
Furthermore, reduction of power consumption highly relies on both relaxed hardware requirements and simplified BB processing, the details should be provided on how the hardware and BB processing are relaxed and the impacts on performance as well as the power saving gain accordingly. 

	MTK
	Okay to study, if higher performance is needed comparing to OOK-based LPWUR.  
Sequence-based LPWUR performs coherent detection (using phase provides information as well), which requires IQ branches, PLL, and potentially high-resolution ADC and high-sampling-rate CLK. Although FFT is not needed, its power consumption may not be less than 1mW due to the use of high-performance PLL and ADC.    

	Samsung 
	Share the same view with Nokia.

	Sony
	If the LPWUS is a sequence, then a sequence-based receiver is a natural architecture. But even in sequence-based receivers, some frequency domain based processing may need to be done (in the ‘Other processing’ to decode any data carried by the WUS.

	QC
	We think this should be further studied together with above mentioned OFDM based receiver. Given that the detection is assumed to be done in time domain, it would be better to call this receiver as “time domain sequence based receiver”.

	Moderator
	Please check Proposal 3-3

	
	



After the offline discussions, a proposal that covers the architectures in both Section 4.3.1 and 4.3.2 is proposed.
[CLOSED] Proposal 3-3: (OFDMA-based signal)
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may include FFT.
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on the digital BB processing being studied, the assumptions/requirements on time/frequency synchronization, and the corresponding power consumption estimate.
[image: Diagram

Description automatically generated]

	Company
	Comments

	Moderator
	Some comments were received offline that it may be helpful if proponents can provide some details on where the potential power saving can come from compared to the main radio. The proposal is modified as follows (the figure remains unchanged):
Proposal 3-3r1: (OFDMA-based signal)
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT.
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on the digital BB processing being studied, the assumptions/requirements on time/frequency synchronization, and the corresponding power consumption estimate.
· The potential power reduction compared to the main radio can come from:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Greatly reduced BB processing complexity compared to traditional OFDM receiver

	QC
	We agree to study OFDM receivers. Similar to OOK and FSK, it is too early to focus on one architecture or waveform/modulation at this early stage. We already have agreements related to OFDM receivers, so they are part of the SI and nothing is excluded at this stage. In addition, we showed, among other companies, notable power saving gain relative to PEI/PO under the latency requirements of interest for this SI, with duty cycle approach used by LP-WUR (which is a natural choice for such relatively higher-power receivers). Therefore, this proposal from FL has to be agreed as OOK and FSK receiver architectures.


	Spreadtrum
	Fine. It can be studied, and the details of power consumption and performance is the outcome of study. Like SSS detection, FFT is not the must. CFO requirement can be relaxed for SSS detection. High-precise CLOCK (including PLL) can be shared by MR in RRC CONNECTED (MR is turned on in RRC CONNECTED), or in RRC IDLE/INACTIVE for cell edge UEs (these UEs needs to turn on MR for cell re-selection).
This architecture is very mature in market. Maturity is also a factor for low power consumption.
As QC mentioned, it can be used for OOK/FSK, e.g. I/Q two branches can be combined for OOK reception.

	Intel
	The figure in proposal 3-3 is for zero-IF receiver architecture since it uses ‘BB LPF’. Does it mean we focus on zero-IF or heterodyne receiver will be studied with equal priority? 
Sequence-based operation is mentioned in the proposal. Does it mean channel coding will not be considered in OFDM-based receiver? If it is considered, what is the candidate and how to support it by the diagrams shown above? 

	Moderator
	Updated proposal after offline discussions among companies:
Proposal 3-3r2: (OFDMA-based signal)
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT.
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on the digital BB processing being studied, the assumptions/requirements on time/frequency synchronization, and the corresponding power consumption estimate.
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· Lower performance LNA/amplifier
· Oscillator/PLL with relaxed performance requirements
· ADC with lower sampling rate and smaller bit-width
· Reduced BB processing complexity compared to the MR
· Companies are encouraged to provide the performance analysis corresponding to the considered power consumption considering the impact of e.g. phase noise, I/Q mismatch.
· Companies report whether the LP WUR is assumed to share components with MR. In case of component sharing, the potential impact on the MR ultra-deep sleep state should be considered.
· In addition, companies should consider the power consumption in the OFF state and the transition energy.

	Moderator
	An agreement was made based on the proposal.




Interference
The interference issue has been discussed by some companies, emphasizing the importance for the LP WUR to be able to handle different types of interference, such as adjacent channel interference, in-band/out-of-band blocker, adjacent subcarrier interference, and co-channel interference.
Co-channel interference can be evaluated via link-level simulations. Adjacent subcarrier interference can be handled by filtering and guard band, and can also be evaluated in LLS. The discussion in this section focuses on adjacent channel interference, in-band/out-of-band blocker.
In [14], it observed that “Noise figure of mixer architecture depends on linearity requirements, which in turn depend on required in-band and out-of-band blocking requirements.” And it suggested that RAN1 should wait for RAN4 input to determine realistic noise figure.
In [15], there is a proposal to consider ACS requirements in the architecture evaluation. One example provided is that the existing ACS requirements would require a large number of bits for ACS.
In [16], it says that LP WUR experiences almost the similar interference as the MR, so LP WUR should have similar interference rejection capability. RAN1 should work with RAN4 together on these aspects.

The moderator thinks it is important to for RAN1 to take into account co-channel adjacent channel interference and in-band/out-of-band blocker. Before RAN4 provides feedback on whether relaxation is possible, it seems to make sense that RAN1 assume the existing requirements still hold. 

[CLOSED] Question 4-1: (Interference)
Please provide your views on whether and how co-channel interference and in-band/out-of-band blocker should be considered in RAN1, e.g. whether the existing requirements should be assumed as the baseline before RAN4 provides feedback.

	Company
	Comments

	Intel 
	We agree that interference handling is key issue for LP-WUS design. The co-channel interference can be evaluated by link level simulation, with or without certain coordination among neighbour cells. For the interference from an out-of-band blocker, it can be handled by filter of LR which can handle the adjacent subcarrier interference in the cell 

	Huawei, HiSilicon
	The LS from last meeting asks RAN4 to look into ACS and other matters which will cover the in-band/out-band blockers. While waiting for their response we suggest letting companies report their assumptions.

For co-channel interference, the EVM agenda item (9.13.1) is a more comprehensive place to discuss it.

	Spreadtrum
	Agree to take the existing requirements as the baseline.

	OPPO
	Prefer to wait for RAN4 response.

	Nokia, NSB 
	Until we receive RAN4 feedback, we should assume existing requirements apply. 

	vivo
	For in-band/out-of-band blocker, we share the views to wait for RAN 4 response. 
And co-channel interference can be considered in 9.13.1 evaluation and 9.13.3 signal design. 

	MTK
	RAN1 can determine whether LPWUS locates in the middle of the frequency band. This gives some protection from co-channel interference.
Adjacent channel interference, in-band/out-of-band blocker has around 30dB signal power. If LPWUS locates at the edge of the frequency band, LPWUR’s LPF may not be insufficient to suppress the co-channel interference. On the other hand, if LPWUS can locate in the middle of the frequency band, LPWUR can only handle the nearby interference (e.g., PDSCH having the same PSD controlled by the same gNB), and the impact of co-channel interference can be minimized.   

	Samsung  
	Since the coverage of LP-WUS is expected to be matched with legacy NR signals, the ACS for main radio could be considered as a starting point. For ACS calculation, the noise figure, the channel bandwidth, the PRB number for LP-WUS, the required SNR and the targeted reference sensitivity should be further determined.

	Sony
	LPWUS signal design has to take into account co-channel interference from adjacent cells that are also trying to wake up their own attached UEs. Whether or not existing requirements can be assumed depends on the bandwidth of the LP-WUS signals. 

	QC
	We agree with FL opinion; “Before RAN4 provides feedback on whether relaxation is possible, it seems to make sense that RAN1 assume the existing requirements still hold.”

	Moderator
	I am sorry for the typo in the original question. The intention was to ask about adjacent channel interference, not to ask about co-channel interference.
For example, in RAN4 ACS requirements, the adjacent channel interference can be e.g. 33 dB stronger than the interested signal in certain cases. This can put high requirement on the linearity of the components and could also require large dynamic range (and more bits) for ADC. Without considering these aspects, the analysis can be over-optimistic.
My personal view is that the existing requirements should be assumed to hold before RAN4 replies that the requirements can be relaxed.
Please provide further comments based on the clarification on the question. (Sorry for the confusion.)

	Moderator
	Please check Proposal 4-2 below. Discussion closed.



Based on offline discussions with companies, there seems to be a good support to assume the existing requirements before any feedback from RAN4.
[CLOSED] Proposal 4-2: 
RAN1 assumes existing ACS requirements and in-band/out-of-band blocker requirements should be satisfied by LP WUR in the study, until RAN4 provides feedback suggesting otherwise.
	Company
	Comments

	Moderator
	During the offline discussion, there were a few companies raising concern on (1) whether this proposal requires RAN1 to do a comprehensive study on ACS, and/or whether this can be properly done in RAN1; (2) whether it is reasonable to assume the existing requirements should be directly applicable to LP WUR. The proposal also evolved to the following during the discussion.
Proposal 4-2r1: 
RAN1 assumes existing ACS requirements and in-band/out-of-band blocker requirements specified in RAN4 for the UE receiver should be satisfied by LP WUR in the study, until RAN4 provides feedback suggesting otherwise.

Due to the diverse view, the moderator feels it may be difficult to converge on this proposal. Instead of continuing the discussion on the above proposal, Proposal 4-3 is proposed below for further discussion. Discussion closed.




Proposal 4-3: 
Before RAN4 provides feedback on the ACS requirements and in-band/out-of-band blocker requirements for the LP WUR, companies are encouraged to provide analysis for the LP WUR architectures assuming the existing requirements specified in RAN4 for the UE receiver still hold for LP WUR.
· Note: this does not prevent companies from performing analysis for the LP WUR architectures that do not satisfy the existing requirements.

	Company
	Comments

	Spreadtrum
	Y

	Intel
	We are fine with the proposal. 
Regarding in-band blocker, does it mean the other channels/signals in the same cell outside LP-WUS? If so, the power of the other channels/signals may not be much higher than or even lower than LP-WUS. Then, it seems in-band blocker may not be an issue.  

	Moderator
	No agreement.



Next step
For this AI, the moderator’s understanding is that the most important output is the power consumption estimate and the noise figure for the proposed architecture(s) for a WUS design.
For the power consumption, one question is whether the absolute power consumption or the relative power consumption should be provided. Given that we are having detailed study on the components for each architecture and companies are providing the absolute power consumption values for these components, the more natural outcome (at least as the initial step) is the absolute power consumption.
[CLOSED] Proposal 5-1: 
For the study on LP WUR architecture, absolute power consumption is provided.
· FFS how it is mapped to relative power consumption for power saving gain evaluation

	Company
	Comments

	Moderator
	After the offline discussion, the proposal is updated to the following:
Proposal 5-1r1: 
For the study on LP WUR architecture, absolute power consumption or a range of absolute power consumption is provided.
· FFS how it is mapped to relative power consumption for power saving gain evaluation

	Spreadtrum
	It is hard exercise.

	Intel
	We support the FL proposal. 

	Moderator
	Proposal 5-1r2: 
For the study on LP WUR architecture, at least power consumption relative to the deep sleep state of the MR is provided.

	Moderator
	An agreement was made based on the discussion.



We had agreement in RAN1#110b-e on what should be provided for the architecture study. To facilitate the discussion in the next meeting(s), a template can be provided to companies so that we can collect all the input for further discussion/conclusion.
[CLOSED] Proposal 5-2: 
For the study on LP WUR architecture, companies should provide the analysis on the LP WUR architecture based on the following template:
	WUS modulation/waveform
	

	Architecture type
	

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	

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

	ADC (sampling rate, bit-width)
	

	Details on digital BB processing
	

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

	Adjacent channel interference rejectionACS capability
	

	Adjacent subcarrier interference rejection capability
	

	In-band/out-of-band blocker handling capability
	

	Absolute power consumption (including break-down if possible)
	

	Noise figure
	

	Additional info
	



	Company
	Comments

	Spreadtrum
	Supportive

	Intel
	OK



Proposal 5-2r1: 
For the study on LP WUR architecture, companies are encouraged to provide the analysis on the LP WUR architecture based on the following template:
	WUS modulation/waveform
	

	Architecture type
	

	Architecture details (e.g. presence of RF LNA / IF AMP / BB AMP / PLL / FLL)
	

	Local oscillator (Type of oscillator and the corresponding frequency accuracy/drifting)
	

	Amplifier gain (RF LNA / IF AMP / BB AMP)
	

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

	ADC (sampling rate, bit-width)
	

	Details on digital BB processing
	

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

	Adjacent channel interference rejection capability
	

	Adjacent subcarrier interference rejection capability
	

	In-band/out-of-band blocker handling capability
	

	Power consumption (including break-down if possible)
	

	Noise figure
	

	Additional info
	



	Company
	Comments

	Moderator
	No agreement
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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
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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
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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
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· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
[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
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· Note: Other architectures are not precluded.


Agreement
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver 
· Receiver architecture type
· Assumed modulation/waveform/coding
· Presence of a RF LNA / IF AMP / BB AMP, and the corresponding gain, if any
· Local oscillator
· Type of oscillator and the corresponding frequency accuracy/drifting
· Handling of time/frequency impairments
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band, and frequency location within a carrier (including whether it is fixed or can be flexible)
· RF/IF/BB filter characteristics (e.g. type of filter, order, cut-off frequency/frequencies), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s) and the support of band and/or carrier tuning
· Duty cycle handling of WUS and other signals (if any)
· Interference rejection capability (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Handling of inter-cell interference
· Whether there is any mobility support function, e.g. measurement capability
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible)
· Noise figure
· Sensitivity/coverage
· Data rate
· FFS: other performance metrics for, e.g., cost/complexity, interference rejection capability and inter-cell interference handling
· Note: The performance and design of receiver architecture is expected to be dependent on WUS design. This list can be updated later when the discussion on WUS signal/procedure design (AI 9.13.3) starts.

RAN1#111
Agreement
Include the following in the LS to RAN4:
RAN1 kindly asks RAN4 to take RAN1 agreements into account, study at least the LP WUR architectures that RAN1 identifies and provide feedback, potentially considering the aspects including but not limited to:
· The reasonable assumption on adjacent channel selectivity (ACS) assumption for the study and the impact on the LP WUR architectures and signal design
· The impact of adjacent subcarrier interference suppression/rejection on the LP WUR architectures if LP WUS is multiplexed with other signals/channels in frequency, including e.g. 
· The necessity of guard band (if needed, the minimum guard band) between LP WUS subcarriers and adjacent subcarriers
· Whether it is feasible to have LP WUS location flexible within the carrier
· The feasible noise figure(s) for each type of LP WUR architectures
· Impact, if any, LP-WUS transmission on existing gNB emissions/compliance requirements
· The potential RF impairments to be considered include e.g. timing error, frequency error, image impact, LO leakage (DC offset) and flicker (1/f) noise
· Whether certain LP WUR architectures can support multi-band capability
· Note: RAN1 may or may not identify further architecture(s) for the study.
Include all agreements on 9.13.2. Mention that other agreements have been made in other AIs. Final LS is in R1-2212999.
Draft LS in 2953

Agreement
The following observation to be captured in TR38.869:
For the architecture with RF envelope detection,
· It can achieve relatively low power consumption due to the removal of LO/PLL.
· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.

Agreement
The following observation to be captured in TR38.869:
For homodyne/zero-IF architecture with baseband envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error.
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The baseband envelope detection can be done in either analog domain (before ADC) or digital domain (after ADC).

Agreement
The following observation to be captured in TR38.869:
For heterodyne architecture with IF envelope detection,
· For the support of band and/or carrier tuning, the band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using FLL instead of PLL consumes less power, but it may result in larger frequency error. 
· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.

Appendix B: Proposals from contributions
[2]	R1-2300053	Low Power WUS Receiver Architectures, Considerations, and Modeling	FUTUREWEI
	Observation 1: In-band selectivity of the uncertain IF receiver architecture is limited by wide IF bandwidth required to deal with the LO uncertainty.
Observation 2: Interference rejection and In-band selectivity of the synchronized switching receiver architecture is limited by RF FE band-pass filtering capability due to envelope detection at RF.
Observation 3: In-band selectivity of the sub-sampling & uncertain IF receiver architecture is limited by wide IF bandwidth required to deal with the LO uncertainty, which can be improved by a period-based oscillator calibration circuit.
Observation 4: Interference rejection and In-band selectivity of an RF envelope detection (double-sampling) receiver architecture can be improved using a 2-tone transmission scheme/signal design.
Observation 5: Interference rejection and In-band selectivity of a mixer-first (uncertain-IF) receiver architecture can be improved using a combination of LC-DCO and distributed high-Q N-PPM filtering at the cost of increase in power consumption.
Observation 6: Low-power receiver architectures of power consumption around W such as dual uncertain-IF and 2-tone reception show reasonable sensitivity and good selectivity with effective bandwidths  MHz.
Observation 7: Low-power receiver architectures of power consumption W such as uncertain-IF, sub-sampling, and double-sampling may show reasonable sensitivity but at poor selectivity with effective bandwidths  MHz.

Proposal 1: A Low-power receiver model based on the model as shown in Figure 1 is adopted for the evaluation studies.
[image: ]
Figure 1: Wake-Up Receiver and Signal Design Evaluation Model.


Proposal 2: A resource efficient multi-bit low power receiver utilizing two reference frequency resources as shown in Figure 14 should be further studied.




[3]	R1-2300101	Discussion on architecture of LP-WUS receiver	Huawei, HiSilicon
	Observations:  
Observation 1. Heterodyne receiver for 1-bit FSK can use the same type of LO as Heterodyne receiver for 1-bit OOK, e.g. a ring oscillator helped by RTC.
Observation 2. The heterodyne receiver for 1-bit FSK with parallel envelope detectors has only a small power increase compared to an OOK receiver using a heterodyne architecture, because the most power-intensive components are shared by both branches.
Observation 3. Heterodyne receiver for FSK with parallel envelope detector enables frequency error correction, if assisted by proper designed reference signal.
Observation 4. Heterodyne receiver architecture is applicable for both FSK receiver with parallel envelope detector and analogue FM-to-AM detector.
Observation 5. Frequency offset estimation and correction is possible in both FM-AM based FSK receiver and parallel envelope detector 
Observation 6. Zero-IF receiver with I/Q mixer structure can support FSK demodulation in digital baseband.
Observation 7. Zero-IF receiver FM-AM conversion can estimate and correct frequency offset.
Observation 8. The RF envelope detector for FSK has a small power increase compared to a single-branch RF envelope detector (e.g. such as used for OOK), because the most power-intensive components (matching network, and RF BPF) are shared by both FSK branches.
Observation 9. The zero-IF architectures can be extended to support sequence modulated LP-WUS with time domain correlation detector implemented in digital baseband processing.
Observation 10. Low power oscillator can be adopted in receiver for sequence type modulation with performance loss less than 1dB from ideal.
Observation 11. Zero-IF architecture with digital baseband correlator for sequence type modulation can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.

Proposals:

Proposal 1: Capture the following relative power consumption value in TR38.869:
The expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be:
· 0.05 for receiver architecture with RF envelope detection with noise figure of 20dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15dB

Proposal 2: The Heterodyne architecture suitable for FSK is characterized in TR 38.869 as follows:
· Applicable for both FSK receiver with parallel envelope detector and analogue FM-to-AM detector.
· Band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use IF BPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using low power oscillator with FLL instead of PLL consumes less power.
· The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise.
· Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.
· RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption.
· Both parallel envelope detector and FM-to-AM detector enable frequency offset estimation and correction.
· The relative power consumption is about 0.1 with noise figure of 15 dB.

Proposal 3: The Zero-IF architecture with baseband FM-to-AM detection is characterized in TR 38.869 as follows:
· Applicable for both FSK receiver with parallel envelope detector and digital FM-to-AM detector.
· Band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Using low power oscillator with FLL instead of PLL consumes less power.
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· I/Q frequency mixer is required for FM-to-AM detector.
· Both parallel envelope detector and FM-to-AM detector enables frequency offset estimation and correction.
· The relative power consumption is about 0.12 if FM-to-AM detector is used with noise figure of 15dB.

Proposal 4: The architecture with RF envelope detection for FSK is characterized in TR 38.869 as follows:
· Applicable for FSK receiver with parallel envelope detector.
· Interference suppression for adjacent channel interference requires very high-Q matching network and/or RF BPF.
· Interference suppression for interference from legacy NR signals and/or other LP WUS on adjacent subcarriers, if performed in RF, requires very high-Q matching network and/or RF BPF.
· The support of multiple bands and/or carriers may require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· The noise figure can be relatively high.
· Small power consumption increase is expected compared to that for RF envelope detection for single-branch receiver.

Proposal 5: Based on our studies, Zero-IF architecture with digital baseband correlator is captured in TR38.869 as follows: 
· It can be applied to receive OOK, FSK and sequence type waveform.
· Band and/or carrier tuning can be achieved via tuning the LO frequency.
· The matching network and RF BPF for LP WUR may or may not reuse those of the main radio.
· It is more effective and less complex to use BB BPF/LPF instead of high-Q matching network and/or RF BPF to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· I/Q frequency mixing branch is required to reserve phase information
· Using PLL with low power oscillator embedded to save the power
· It can suffer from LO leakage (DC offset) and flicker (1/f) noise. The impact may be alleviated by using BB BPF in some cases.
· RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
· Higher sampling rate might be relatively high for the precision of sequence correlator
· Sliding correlation with the received signal might be necessary
· The relative power consumption is about 0.15~0.2 with noise figure of 15 dB.



[4]	R1-2300242	Discussion on low power WUS receiver architectures	Spreadtrum Communications
	Observation 1: High-performance BPF filters can better suppress interference, reduce the interval between FSK frequency points and improve spectral efficiency, at the expense of high power consumption and high complexity.
Observation 2：For the phase shifter based conversion , accurate phase control is the key to distinguish frequency points.
Observation 3：For the high-Q band pass filter based conversion, due to the less required components, lower power consumption are expected.
Observation 4：For the injection locking oscillator based conversion, this scheme may improve the detection accuracy because it only changes in the amplitude of the frequency that is no longer in the phase-locked range.
Observation 5: For the differential detection based conversion, this scheme is essentially similar to the baseline, but the accuracy of control delay may be simpler than the phase.
Observation 6: The power consumption of the RF side of the OFDM-based receiver can also be reduced to the level of the OOK receiver through optimization.
Observation7: RF simplification comes at the expense of synchronization accuracy, which may require increased complexity on the baseband side to compensate for the performance loss.
Observation 8: Due to the need for synchronous calibration and FFT operations, the complexity and power consumption of baseband receiver are significantly improved.

Proposal 1: Study and discuss the tradeoff between the sensitivity and power consumption, and the tradeoff between the sensitivity and resource overhead.
Proposal 2: The required SNR and baseband bandwidth can be discussed both in the architectures design and the LP-WUS design.
Proposal 3: Study and discuss how to mitigate interference.
Proposal 4: Study and discuss the transmission bandwidth at gNB.
Proposal 5：For FSK parallel homodyne or heterodyne receivers, study the relationship between the filter and the FSK frequency interval.
Proposal 6: Study the following four frequency to amplitude conversion schemes for frequency to amplitude detector and compare the performance of different schemes.
· Phase shifter based conversion
· High-Q band pass filter
· Injection locking oscillator
· Differential detection



[5]	R1-2300274	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.



[6]	R1-2300362	Discussion on low power wake up receiver architectures	Panasonic
	Proposal 1: Although the current three receiver architectures (RF envelope detection, homodyne/zero-IF architecture with baseband envelope detection, and heterodyne architecture with IF envelope detection) are considered suitable for OOK modulation, it is proposed to also support proper AGC training, t/f synchronization and RRM measurement for at least serving cell, with more considerations of the detailed components.
Observation 1: Better band and/or carrier tuning and time/frequency tracking performance may benefit the LP-WUR power saving with less searching time.
Proposal 2: To facilitate power saving, the LP-WUS design should consider the tradeoff of system flexibility and requirement on the LP-WUR operation of time/frequency tracking.
Proposal 3: The candidate of LP-WUS frequency location should be designed to be reduced for complexity reduction.
Observation 2: The potential guard band between LP-WUS subcarriers and adjacent subcarriers should consider both candidate LP-WUR architectures and LP-WUS sensitivity performance requirement.
Observation 3: LP-WUR with better sensibility may reduce the active time for LP-WUS reception and requires less system overhead.
Proposal 4: Baseband should only support basic processing, e.g. MC-OOK/FSK demodulation and sequence correlation. For more complicated channel estimation based coherent detection and channel decoding, more justification is needed in the discussion of LP-WUS design.
Proposal 5: For the design of LP-WUS, only heterodyne and homodyne/zero-IF architecture should be taken into account, although the UE with RF envelope detector architecture is not prevented.



[7]	R1-2300376	LP-WUS receiver architectures	ZTE, Sanechips
	Observation 1: For 2FSK with envelope detection, at least two set of hardware (at least including BPF and envelope detector) are needed for the detection of 2FSK. 
Observation 2: Frequency drift of LO has significant impact on frequency resource allocation of FSK.
Observation 3: Regarding FM discriminator, in order to get a good transferring performance from FM to AM, value of phase shift,, should be carefully selected to make  and .
Observation 4: For FSK receiver using FM discriminator, the reception performance will be degraded if lower power consumption oscillator, e.g., ring oscillator, is used as LO since the large frequency drift of the LO lead to a non-linear transfer from FM to AM by FM discriminator.
Observation 5: For FSK receiver using FM discriminator, bandwidth between frequency carriers used for FSK transmission may not be used for other LP-WUSs or legacy NR transmission.
Observation 6: Regarding OFDM-based receiver for LP -WUS, it may require 
(1) The transmitted signal is sequence-based signal, also including traditional OFDM signal such as PSS/SSS of legacy NR; 
(2) CP-OFDM based MC-OOK signal and DFT-s-OFDM based MC-OOK signal are not necessary based on this type of receiver.
Observation 7: According to Rel-17 UE power saving discussion, sequence (SSB/CSI-RS) based WUS with OFDM based receiver has same power saving gain as PDCCH-based PEI (i.e., DCI format 2-7). 
Observation 8: OFDM based receiver by simplifying hardware or processes of the receiver may cause LP-WUS detection performance degradation, including RRM measurement performance. 

Proposal 1: For FSK receiver using FM discriminator, the following issues should be further studied
· How to get a preferred shifted phase value;
· Bandwidth requirement of FSK;
Proposal 2: For OFDM based receiver of LP-WUS, the receiver architecture and following metrics should be evaluated, including:
· Power consumption; 
· Detection performance; 
· Coverage performance;



[8]	R1-2300477	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 low-power WUR should be investigated along with the supported data rate.
Observation 3  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 4  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 5  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 caused by the frequency error of the LO can be further studied.
Observation 6  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 7    For homodyne/zero-IF architecture with BB envelope detection,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 8 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 9  The relative levels of active power consumtion of receive architectures for OOK detection are 0.01x~0.1x unit for RF envelope detection,  0.1x~1x unit for heterodyne architecture with IF envelope detection, and 0.1x~1x unit for homodyne/zero-IF architecture with BB envelope detection.
Observation 10   Compared to single-subcarrier FSK, multi-subcarrier FSK is more robust to channel fluctuation.
Observation 11  2M frequencies or frequency sets are required to carry M bits for single-subcarrier FSK and multi-subcarrier FSK, respectively.
Observation 12  Frequency gaps are required among multiple frequencies or frequency sets for frequency differentiation .
Observation 13 For FSK receiver based on parallel OOK receivers, 2M analog bandpass filters and envelope detectors are needed for reception of FSK carrying M bits.
Observation 14 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, the frequency gap between two adjacent frequencies or two adjacent frequency sets should be not smaller than two times of the max frequency offsets. 
Observation 15 For FSK receiver based on parallel OOK receivers with a heterodyne or zero-IF architecture, at least two times of the max frequency offsets within the frequency gap shall not be used by other DL signals/channels or other WUS signals.
Observation 16 For FSK receiver based on parallel OOK receivers, interference rejection performance highly depends on  whether the interferences across 2M frequencies or frequency sets are coherent or not.
Observation 17  A high precise phase shifting network is necessary to discriminate frequency deviation.
Observation 18 The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
Observation 19  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 20  For FSK receiver based on frequency to amplitude conversion, it does not work for multi-subcarrier FSK detection.
Observation 21  For FSK receiver, it is difficult to utilize soft information in correlation-based sequence detection for FSK carrying M bits.
Observation 22  The relative levels of active power consumtion of receive architectures for FSK detection are 0.01x~0.1x unit for parallel RF/IF/BB envelop detection based receiver and 1x unit for frequency to amplitude conversion based receiver.
Observation 23  The hardware components of OFDM receiver with relaxed hardware requirements are typically different from those of OFDM receiver for main radio.
Observation 24  The reported values of OFDM receiver with low power consumption mainly fall into level of  tens of milliwatts.
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: OFDM receiver architecture for main radio is not considered for LP WUR due to high power consumption.
Proposal 4: When considering the reduced power consumption for a OFDM receiver, the receiver architecture with detailed functional blocks as well as the relaxed hardware requirements, e.g.,  frequency error, phase noise,  noise figure, I/Q mismatch, and etc.,  should be provided.
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.



[9]	R1-2300598	Discussion on LP-WUS receiver architectures	InterDigital, Inc.
	Observation 1: While the RF envelope detection receiver suffers from challenges such as less sensitivity and selectivity, the RF envelope detection receiver is the simplest architecture with lowest power consumption which can be beneficial when battery life is primordial.
Observation 2: While the Heterodyne architecture offers improved sensitivity and interference resilience, the Heterodyne architecture clearly requires higher power consumption compared to the RF envelope receiver which reduces expected battery life of devices.
Observation 3: While the Zero-IF receiver architecture provides a compromise between the RF envelope detector and the Heterodyne receiver, the Zero-IF receiver architecture suffers from DC offset and flicker noise with higher power consumption than the RF envelope detection receiver.
Proposal 1: Consider the RF envelope detection receiver, the IF envelope detection receiver and the Zero-IF receiver as candidate receivers of LP-WUS for further study and potential specification enhancement.



[10]	R1-2300665	Low-Power WUS receiver Architectures and its performance	CATT
	Observation 1: For adjacent channel leakage, MC-ASK with CP-OFDM waveform is more sensitive to the PAPR comparing to that of FSK with CP-OFDM waveform and OFDM-based signal waveform.
Observation 2: For adjacent channel injection, OFDM-based signal waveform has better adjacent channel injection performance than that of MC-ASK/MC-FSK with CP-OFDM waveform but with extreme high receiver complexity and higher power consumption when FFT process is required at the LP-WUR.
Observation 3: For co-existence with NR channels/signals, all of the waveforms to each receiver architecture have good co-existence performance with NR channels/signals.
Observation 4: ASK modulation brings lower detection complexity and power consumption than FSK modulation and OFDM.
Observation 5: OOK and FSK modulations can bring same data rate performance with same assumption on the number of bits (M≥1) carried within one OFDM symbol, SCS and encoding. 
Observation 6: The design of LP WUS would affect the signal detection.
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the low-power wakeup receiver.



[11]	R1-2300699	Low Power WUS Receiver Architectures	Nokia, Nokia Shanghai Bell
	Observation 1:      The optimum LP-WUR architecture may vary depending on the use-case.  

Observation 2:    	To support simpler beam mapping the time duration of the WUS should be less than 1 time slot.

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

Observation 4:    	The existing NR OFDM based main radio, can be relatively easily reused to act as a LP-WUS zero-IF receiver, capable of supporting a wide range of LP-WUS deployment options.
Observation 5:		For a MC-OOK modulated signal, the required LP-WUS bandwidth increases as the tolerance of the reference oscillator used is relaxed .
Observation 6:  	The required accuracy of the reference clock is partly determined by the required guard band suppression characteristics.
Observation 7:	The LO/Mixer can be relaxed in tolerance and thereby lower the current consumption when running in LP-WUS mode.
Observation 8:    The Heterodyne receiver based architecture can most easily support LP-WUS being configured on different carriers and in different positions within a carrier.
Observation 9:    The Heterodyne receiver based architecture can most easily reuse elements of the main radio architecture.
Observation 10:    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 may be useful.
Observation 11:	To reduce the power consumption of the MR ADC, it should support reconfiguration to operate at lower sample frequences and/or lower numbers of bit resolution. This might require HW changes to the MR
Observation 12:    The parallel homodyne BFSK receiver shares the same characteristics as the homodyne (zero-IF) OOK receiver.
Observation 13:    Compared to other BFSK detector architectures, the parallel homodyne BFSK receiver architecture is expected to:
· Have better selectivity compared to than the frequency-to-amplitude based reciever designs, given the separate filtering per FSK tone, reducing the impact of spurious noise between the tones.
· Require more power than the frequency-to-amplitude based reciever designs, given the separate parallel processing chains applied per FSK tone.
· Be more complex to design to incorporate retunable elements, to support alternative frequency placements of the LP-WUS.

Observation 14:    The parallel heterodyne BFSK receiver shares the same characteristics as the heterodyne architecture with IF envelope detection OOK receiver.
Observation 15:    Compared to other BFSK detector architectures, the parallel heterodyne BFSK receiver architecture is expected to:
· Have better selectivity compared to than the frequency-to-amplitude based reciever designs, given the separate filtering per FSK tone, reducing the impact of spurious noise between the tones.
· Require more power than the frequency-to-amplitude based reciever designs, given the separate parallel processing chains applied per FSK tone.
· Require more power than the comparable homodyne architecture but also support improved selectivity. 
· Be less complex to incorporate support retunable elements, to support alternative frequency placements of the LP-WUS.

Observation 16:    A BFSK Quadrature demodulator uses one filter chain, and is therefore less complex, and less power cinsumming than parallel matched filter based BPSK recievers.

Observation 17:    A BFSK Quadrature demodulator uses one main input filter for both tones, and therefore suffers more from any spurious noise between the tones, leading to poorer selectivity compared to other BPSK designs.
Observation 18:    The Heterodyne BFSK receiver with frequency to amplitude conversion, uses one filter chain, and is therefore less complex than parallel matched filter based BPSK recievers.
Observation 19:    The Heterodyne BFSK receiver with frequency to amplitude conversion, uses one filter chain,  and therefore suffers more from any spurious noise between the tones, and generally has poorer selectivity compared to other BPSK designs.
Observation 20:    The Heterodyne BFSK receiver with frequency to amplitude conversion, incorporates an IF stage that should be less complex to adapt to support retunable elements, to support alternative frequency placements of the LP-WUS
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.

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

Proposal 4:	There should be support for WUS in all NR bands and the location of the WUS within the NR band.

Proposal 5:	Select a LP-WUR architecture with high reuse og HW components form the Main Radio to obtain low cost and minimal influence of the size and volume of the device.

Proposal 6: 		Evaluate techniques to maintain timing synchronisation when duty cycle operation is applied.

Proposal 7: 	The evaluation of the design of the tuneable 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 

Proposal 8: 	Perform an evaluation of the required functionality of the statemachine/uP and compare the optimization with existing NR radio implementation
Proposal 9: 		Evaluate techniques to allow lower powered but less accurate reference osciallators to be used. Techniques that could be studied include:
· Including a preamble to the LP-WUS signal for frequency (and possibly time) synchronisation.
· Using a separate beacon signal.
· Other techniques are not precluded.

Proposal 10:  	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 11:	Frequency tolerances for any FSK receiver design should be evaluated, as the allowed frequency offset will affect the required frequency spacing between the FSK signals and between the FSK signals and the NR data.
Proposal 12:    Further study of FSK demodulators consider the M-FSK variants.



[12]	R1-2300970	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
· Study receiver architecture which considers multi-carrier -OOK/ FSK as modulation scheme for LP-WUR. OFDM based receiver for LP-WUR is not further considered. 
· Repetition coding, spreading and other low complexity channel coding can be considered for LP-WUR.
Observation 1: The receiver using RF envelope detection can be deprioritized in the study for LP-WUS receiver.
Observation 2: The heterodyne receiver with IF envelope detection can be considered for both OOK and FSK modulation. 
Observation 3: The zero IF receiver can be considered for both OOK and FSK modulation.



[13]	R1-2301195	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 implementable in CMOS.
Proposal-1: Consider dropping RF envelop detection architecture from further study.
Observation-3: Noise figure of mixer architecture depends on linearity requirements, which in turn depend on required in-band and out-of-band blocking requirements.
Observation-4: Power consumption for LP-WUR RFFE could be somewhere 250uW plus 50uW for power management.
Observation-5: RAN4 input is needed, before we can determine realistic noise figure for the architecture(s).



[14]	R1-2301290	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 more power consumption, the receiver architecture with FSK modulation can be deprioritized.
Proposal 6: The tradeoff between the performance gain and the power consumption should be carefully evaluated for the OFDMA-based receiver architecture.
Proposal 7: Considering the feasibility and the performance requirements of WUR architecture, the receiver architecture with RF envelope detection can be deprioritized.
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 should be evaluated based on a tradeoff between power consumption and the performance.
Proposal 9:  Study the possibility to reuse part of components of the main radio for the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope.



[15]	R1-2301372	On low power wake-up receiver architectures	Apple
	Proposal 1: De-prioritize the study on the architecture with RF envelope detection.
Proposal 2: ACS requirements should be considered in the architecture evaluation.
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 3: OFDM-based receiver architecture, based on the heterodyne architecture or the homodyne/zero-IF architecture, is further studied for LP WUR.



[16]	R1-2301439	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:
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is very difficult to achieve.

Proposal 2: Capture the following assessment for RF-ED.
· Degraded sensitivity of RF-ED receiver could limit the coverage of LP-WUS.
· RF-ED receiver has difficulty in supporting multi band due to the necessity of band specific high Q RF filter, which is difficult to achieve due to high impact on RFFE.


Observation 2: Low IF has better sensitivity (coverage) than RF-ED for the same data rate.

Observation 3: From the given analysis, the RF-ED receiver requires larger overhead (or lower data rate) than Low IF to achieve equivalent sensitivity (coverage).

Observation 4: 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).

Observation 5: RAN1 should jointly work with RAN4 for WUS design, and receiver architecture study, and understanding RF requirements.

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

Proposal 4: RAN1 strives to design LP-WUS to have a similar coverage as NR [PDCCH] channel.

Observation 6: 50mWms of energy consumption for LP-WUS monitoring every 2.56sec is equivalent to 20uW of additional average power consumption.

Observation 7: Duty cycling is effective method in achieving low average power consumption for R18 LP-WUR for WAN application, helping to meet tough cellular requirements.

Proposal 5: RAN1 supports duty cycling of WUS monitoring for LP-WUS monitoring for power saving.

Proposal 6: RAN1 support the offloading of RRM measurement activity from main radio to LP-WUR.



[17]	R1-2301517	Discussion on low power WUS receiver architectures	NTT DOCOMO, INC.
	Proposal 1: Further study LP-WUS coverage performance taking into account the capability of interference rejection and how to suppress the adjacent subcarrier interference and inter-cell interference
· The modelling of interference in LLS should be further studied.
Proposal 2: Study the flexibility of multiple-band operation for LP-WUS while keeping the reasonable cost/complexity of LP WUR.



[18]	R1-2301559	Low power WUS receiver architectures	Ericsson
	[image: ]
Proposal 1	Consider the LP-WUR architecture shown above for waveforms based on existing OFDMA-based signals/channels.
Proposal 2	Study LP-WUR architectures that support RRM measurements using existing OFDMA based signals without requiring introduction of additional new ‘always on’ broadcast signals.
Proposal 3	LP-WUR architectures should:
	Consider feasibility of operation in macro-cellular scenarios.
	Support FDM/TDM multiplexing of WUS with other NR transmissions.
	Support band and carrier tuning and flexible frequency location within a carrier.
	Strive to enable similar coverage for LP-WUS as for Paging PDCCH.



[19]	R1-2301578	Low power WUS receiver architectures	MediaTek Inc.
	Observation 1	OFDM-based LPWUR has high power consumption for coherent detection that requires good performance on the local oscillator, the clock, and the analog-to-digital converter.
Observation 2	OFDM-based LPWUR has no power-saving gain without duty cycle.
Observation 3	OFDM-based LPWUR has no power-saving gain to R17 PEI if its duty cycle (eDRX cycle) is smaller than 20.48s.
Observation 4	OFDM-based LPWUR has a peak power greater than 1mw and no potential to be powered by any green or renewable energy.
Proposal 1	RAN1 should stop pursuing OFDM-based LPWUR in the R18 LPWUR/WUS SI.
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