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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), 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#114. 
Section 2 provides a summary of the agreements as the outcome of RAN1#114 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.
Note that there is a template for collecting the analysis results for the LP WUR architectures, and companies are encouraged to provide input.
RAN1#114 Agreements 
The TP in R1-2308596 (for Section 7.1 of TR 38.869) is endorsed in principle.

The TP in R1-2308604 (for the conclusion section of TR 38.869) is endorsed in principle with the following changes/points
· Change “estimated” to “reported”
· Change the note as follows
· Note that:
· S some of the inconsistent ranges for the architectures for different casesOOK and FSK waveforms (e.g., power consumption for the homodyne/zero-IF architecture for OOK and the parallel homodyne/zero-IF architecture for FSK) is due to the fact that different not all sources provided analysis for different all the casesarchitectures.
· For each individual source, the power consumption for FSK is similar as or slightly higher than the power consumption for OOK with the same architecture type.
· Note that some of the wide ranges for the different architectures is due to the fact that different sources made different assumptions and there is a tradeoff between power consumption and noise figure.
· Change as follows
· For time-domain correlation, the estimated relative power consumption for ON state is in the range of 0.15~10/30, and the estimated noise figure is in the range of 7~25.


LP WUR architectures
Analysis on relative power consumption and noise figure
Here is a very brief summary based on the contributions:
OOK, RF envelope detector (some companies suggest de-prioritizing)
	
	Huawei [1]
	InterDigital [2]
	vivo 
[3]
	CATT
[5]
	ZTE 
[6]
	Samsung [10]

	Power consumption
	0.05
	0.01
	0.01~0.1
	0.01
	0.01~0.1
	[0.01/0.05/0.1/0.2]

	Noise figure (dB)
	20
	17~22
	[12-18]
	
	
	



OOK, heterodyne/IF envelope detector
	
	Huawei [1]
	InterDigital [2]
	Vivo
[3]
	CATT
[5]
	ZTE 
[6]
	Samsung [10]
	QC 
[11]
	Ericsson [12]

	Power consumption
	0.1
	0.5
	0.1~1
	0.1
	0.1~1
	[1/2/4]
	[4]
	0.1~0.5

	Noise figure (dB)
	15
	10~15
	[9-15]
	
	
	12 or 15
	[15]
	12~15

	
	
	
	
	
	
	
	
	0.001



OOK, homodyne/zero IF with baseband envelope detector
	
	Huawei [1]
	InterDigital [2]
	Vivo [3]
	CATT
[5]
	ZTE [6]
	Apple [7]
	Samsung [10]
	Ericsson [12]
	MTK [13]

	Power consumption
	0.09
	0.5
	0.1~1
	0.1
	0.05~0.5
	~1
	[0.5/1]
	0.1~0.5
	

	Noise figure (dB)
	15
	10~15
	[10-16]
	
	
	~15
	12 or 15
	12~15
	

	Power consumption OFF
	
	
	
	
	
	
	
	0.001
	0.02



FSK, Parallel heterodyne
	
	Huawei
[1]
	Vivo
[3]
	CATT
[5]
	ZTE
[6]

	Power consumption
	Single-branch+0.01
	0.01~1
	0.1
	0.2~2

	Noise figure (dB)
	15
	
	
	



FSK, Parallel homodyne
	
	Huawei [1]
	Vivo
[3]
	CATT
[5]
	ZTE
[6]

	Power consumption
	Single-branch+0.02
	0.01~1
	0.1
	0.1~1

	Noise figure (dB)
	15
	
	
	



FSK, heterodyne with frequency to amplitude conversion
	
	ZTE
[6]

	Power consumption
	0.2~2

	Noise figure (dB)
	



FSK, homodyne with frequency to amplitude conversion
	
	Vivo
[3]

	Power consumption
	1

	Noise figure (dB)
	



Receiver architecture for OFDM-based signals – time domain correlation without FFT
	
	Huawei [1]
	ZTE 
[6]
	Apple [7]

	Power consumption
	0.15~2
	10~20
	～5

	Noise figure (dB)
	15
	
	15～25



OFDM-based receiver – unclear with or without FFT, or for both with/without FFT
	
	InterDigital [2]
	Vivo
[3]
	QC 
[11]
	Ericsson [12]
	MediaTek
[13]
	MediaTek
[13]

	Power consumption ON
	>=10
	10
	[10 or 20]
	1~5
	4
	10

	Noise figure (dB)
	7~12
	[9-15]
	[9]
	7~10
	> [MR noise figure + 2.5dB]
	< [MR noise figure + 2.5dB]

	Power consumption OFF
	
	0.001/0.02/0.1
	
	0.001~0.01
	
	

	Transition time
	
	
	
	
	
	



OFDM-based receiver –with FFT
	
	Vivo
[3]
	ZTE 
[6]
	CATT
[7]
	QC 
[9]

	Power consumption ON
	35
(normal receiver)
	20~30
	Very high
	[10 or 20]

	Noise figure (dB)
	7
	
	
	[9]

	Power consumption OFF
	0.001/0.02/0.1
	
	
	

	Transition time
	
	
	
	



A combined architecture is proposed by MTK [13], which uses OFDM-based receiver for SS/RRM measurement and OOK-based receiver for LP-WUS detection, with an average power consumption of 0.27.

A template has been provided to collect results from companies on the analysis of different architectures in terms of power consumption and noise figure. Please update the spreadsheet if you would like your company’s results to be included in the TP.
https://www.3gpp.org/ftp/tsg_ran/WG1_RL1/TSGR1_114/Inbox/drafts/9.11(FS_NR_LPWUS)/9.11.2%20architecture/analysis%20result%20collection
A draft TP is provided here for companies to check: https://www.3gpp.org/ftp/tsg_ran/WG1_RL1/TSGR1_114/Inbox/drafts/9.11(FS_NR_LPWUS)/9.11.2%20architecture/draft%20TP
The draft TP will be updated based on the results companies provide in the spreadsheet.

Q1: Comments for TP
Please provide comments on the draft TP.
	Company
	Comments

	Huawei, HiSilicon
	We are OK to capture the relative power value and corresponding noise figure for each architecture.
For the draft TP, as it is said in 7.1.1a, “the actual power consumption and noise figure are very implementation specific”. The results from different companies may not be directly comparable, since they may be based on different assumptions, for example, the presence of RF LNA/FLL/PLL, bit-width of ADC, and different specs for each module etc. We suggest that at least add a note for each table as follows:
-  Note: The power value and noise figure from companies may be estimated based on different assumptions, see [x] for more details.
[XX] LP WUR architecture analysis results collection_vYY.xlsx
 
And we noticed that the tables in the summary and TP are not consistent, all the tables in the TP only have two rows for ON state power consumption and noise figures, while some tables in the summary have a row of “Transition time” or “Power consumption OFF”, and other receiver architectures were not provided. It’s not clear what are the difference for each architecture.

There are also some missing values and mistakes with respect to Huawei’s results based on the excel file, we corrected them as follows:

FSK, Parallel homodyne
	
	Huawei [1]
	Vivo
[3]
	CATT
[5]
	ZTE
[6]

	Power consumption
	Single-branch+0.02 for digital envelope detection
Single-branch+0.01 for analogue envelope detection
	0.01~1
	0.1
	0.1~1

	Noise figure (dB)
	15
	
	
	



FSK, heterodyne with frequency to amplitude conversion
	
	ZTE
[6]
	Huawei [1]

	Power consumption
	0.2~2
	0.1

	Noise figure (dB)
	
	15



FSK, homodyne with frequency to amplitude conversion
	
	Vivo
[3]
	Huawei [1]

	Power consumption
	1
	0.1

	Noise figure (dB)
	
	15



Receiver architecture for OFDM-based signals – time domain correlation without FFT
	
	Huawei [1]
	ZTE 
[6]
	Apple [7]

	Power consumption
	0.15~0.2
	10~20
	～5

	Noise figure (dB)
	15
	
	15～25




	Samsung
	Thanks the FL for the summary. It appears that one of our proposals and our simulation results for OFDM-based receiver in the spreadsheet are missing in the summary. 

Proposal 7: For the OFDMA-based receiver architecture, the relative power consumption can be 10, 20, and 30 and the corresponding noise figure can be 9dB in our opining.

Receiver architecture for OFDM-based signals – time domain correlation without FFT
	
	Huawei [1]
	ZTE 
[6]
	Apple [7]
	Samsung
[10]

	Power consumption
	0.15~2
	10~20
	～5
	30

	Noise figure (dB)
	15
	
	15～25
	9





	Moderator
	Draft TP is updated to v006.

	Moderator
	Draft TP is updated to v012 based on updated input and discussions.



Other
Q2: Any other Comments
Please provide comments on any other aspects that are important to be discussed/concluded in this meeting for the completion of the SI.
	Company
	Comments

	Huawei, HiSilicon
	In RAN1#113, it was agreed that to discuss synchronization and RRM measurement in addition to LP-WUS detection when necessary:
	Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when necessary:
· [bookmark: _Hlk141539571][bookmark: _Hlk141538070]Synchronization signal processing and time/frequency synchronization for LP-WUR
· RRM measurement at least for the serving cell



However, in the TP, at least synchronization was not an analysis aspect for LP-WUR architectures in 7.1.1a. We suggest to add synchronization and RRM measurement as one bullet:

For the analysis of different LP-WUR receiver types, the following aspects have been considered, and the corresponding power consumption and noise figure have been estimated.
· 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
· Whether there is any support for synchronization signal processing and time/frequency synchronization (e.g. synchronization based on either LP-SS or NR signal detection / calibration between LP-WUR and MR) 
 

	Moderator
	The draft TP is updated in v005 to address Huawei’s comments.



Reference 
[1] R1-2306549	Discussion on architecture of LP-WUS receiver	Huawei, HiSilicon
[2] R1-2306692	Discussion on LP-WUS receiver architectures	InterDigital, Inc.
[3] R1-2306770	Remaining issues on low power wake-up receiver architecture	vivo
[4] R1-2306804	Discussion on low power wake up receiver architectures	Panasonic
[5] R1-2307063	Low-Power WUS receiver Architectures and its performance	CATT
[6] R1-2307143	LP-WUS receiver architectures	ZTE, Sanechips
[7] R1-2307300	On low power wake-up receiver architectures	Apple
[8] R1-2307419	Low Power WUS receiver architectures	Nokia, Nokia Shanghai Bell
[9] R1-2307556	Discussion on low power WUS receiver	OPPO
[10] R1-2307700	Receiver architecture for LP-WUS	Samsung
[11] R1-2307949	Receiver architecture for LP-WUS	Qualcomm Incorporated
[12] R1-2307990	Low power WUS receiver architectures	Ericsson
[13] R1-2308068	Low power WUS receiver architectures	MediaTek Inc.
Appendix A: Agreements from previous meetings
RAN1#110bis-e
Conclusion
RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.

Agreement
Study at least the following three types of receiver architectures for LP-WUR:
· Architecture with RF envelope detection 
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
· Note: The details of each type of receiver architecture are discussed separately.
· Note: Above receiver architectures are considered suitable for OOK modulation. Some of the architectures 
can be applicable for other modulations such as FSK.

Agreement
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning
[image: Diagram

Description automatically generated]

Agreement
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range
[image: Diagram

Description automatically generated]

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
[image: A picture containing text, clock, device

Description automatically generated]

Agreement
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
· [image: A picture containing text, clock, screenshot

Description automatically generated]
· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.
[image: ]
· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.
· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.
· Here is an example of using zero-IF architecture: [image: A picture containing text, clock

Description automatically generated]
· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).
· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
· [image: Diagram

Description automatically generated]
· Note: Other architectures are not precluded.


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

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.

RAN1#112
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
[image: A picture containing text, night sky

Description automatically generated]
· 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.
[image: C:\Users\l00363185\AppData\Roaming\eSpace_Desktop\UserData\l00363185\imagefiles\006A86E9-9095-4CBD-ABAA-70D6323D33BC.png]
· Heterodyne architecture receiver with frequency to amplitude conversion
[image: Diagram

Description automatically generated]
· 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
RAN1#112bis-e
Agreement
Provide the following response to RAN4 on “Whether IoT/wearables/smartphone UE types are all considered for LP-WUR design”:
· Yes, IoT/wearables/smartphone UE types are all considered for LP-WUR design, according to the following agreement made in RAN1#112:
	Agreement
The following characteristics for target use cases are considered in the study item:
· IoT cases including e.g., industrial wireless sensors, controllers, actuators and etc, including the following characteristics,
· FFS: latency
· primary for small form devices
· power-sensitive
· static, nomadic or limited mobility
· Wearable cases including e.g., smart watches, rings, eHealth related devices, and medical monitoring devices etc., 
· FFS: latency
· primary for small form devices,
· power-sensitive
· low/medium speed, FFS: high speed
· eMBB cases including e.g., XR/smart glasses, smart phones and etc.,
· FFS: latency
· devices form is various and not restricted
· power-sensitive
· low/medium speed, FFS: high speed
Note: other use cases/characteristics are not precluded if any.



Agreement
Provide the following response to RAN4 on “Whether FR1 is considered as first priority frequency range”:
· Yes, FR1 is considered as first priority frequency range in RAN1, and it is still FFS whether FR2 should be included in the scope of the SI.

Agreement
Provide the following response to RAN4 on “Whether in-band power boosting of LP-WUS is considered from RAN1 perspective”:
· RAN1 is considering as part of evaluation, the in-band power boosting of LP-WUS. As the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following for the modelling of adjacent subcarrier interference. RAN1 would appreciate feedback from RAN4, if any, on the power boosting assumptions made in RAN1.
	Adjacent subcarrier interference
	· PDSCH mapped on resources other than that for WUS and guard band; 
EPRE of LP-WUS / EPRE of PDSCH =ρ, where ρ=0 dB as baseline, ρ= {3, 6} dB as optional



Agreement
OOK-2 can be received using the agreed receiver architectures for OOK with parallel envelope detection.

Agreement
Provide the following response to RAN4 on “Power consumption, coverage and SNR targets”:
· RAN1 has not reached any agreements on LP-WUR power consumption targets. RAN1 is still studying it.
· For the power consumption of LP-WUR, the following power model was agreed for evaluation purpose. Note that the power consumption is defined as the relative power w.r.t. the deep sleep state of the main radio following the non-RedCap UE power model defined in Section 8.1 of TR 38.840. The UE power model for RedCap UEs can be found in Section 6.2 of TR 38.875.
	Agreement
The following power model for LP-WUR is used for evaluation for FR1,
	Power State
	Relative Power (unit)
	Transition energy:
(unit multiplied by ms)
	Ramp-up time
TLR, ramp-up (ms)

	Off
	0.001
	[TLR, ramp-up *(PON+POFF)/2]
	TLR, ramp-up = FFS, and company to report TLR, ramp-up
 
FFS: Relation between Receiver architecture and its relative power and value of TLR, ramp-up

	On
	0.005/0.01/0.02/0.03/0.05/0.1/0.2/0.5/1/2/4
FFS: If other values are needed
	
	


FFS: whether further categorization/sub-categorization is needed and how.


· RAN1 has not reached any agreements on the coverage and SNR targets for LP-WUR. RAN1 is still studying these aspects.
· For evaluation of the coverage of LP-WUS, RAN1 has agreed to use MIL as the metric, with more details in the following agreement.
	Agreement
For evaluation of the coverage of LP-WUS, the methodology and assumptions in R17 CovEnh SI (described in TR38.830) is reused as baseline.
· MIL is used as the metric for LP-WUS coverage evaluation
· urban (2.6GHz/4GHz), rural(700MHz) scenario for FR1 are considered to be evaluated, others (e.g., FR2) are not precluded.
Note: For IoT/wearables devices, refer to R17 Redcap SI TR38.875 if the assumptions differ from TR38.830.
Companies report any other assumptions which differ from the TR38.875/ TR38.830, e.g., Tx and Rx loss
Companies are encouraged to compare LP-WUS with at least PDCCH for paging, PUSCH, others are not precluded.
FFS: Target coverage of LP-WUS



Agreement
Provide the following response to RAN4 on “Max occupied RB number in channel bandwidth for LP-WUS, for 1.4MHz and 5MHz RF bandwidth case”:
· For the bandwidth of LP-WUS, RAN1 has agreed on the following:
	Agreement
For the purpose of study, the BW of one LP-WUS is not greater than X (FFS X is 5 or 20) MHz for FR1, study further 
· whether BW of LP-WUS is configurable (implicitly or explicitly)
· size of guard band [FFS: within or outside of BW X], if any 
· whether there is different X for Idle, Connected, Inactive modes
FFS: Whether FR2 is included in the scope of LP-WUS SI


· RAN1 has not discussed the RF bandwidth of 1.4MHz for LP-WUS, and has not reached any conclusion on the maximum occupied RB number in 5MHz RF bandwidth case for LP-WUS. As the starting point for link-level simulations of LP-WUS, RAN1 has agreed on the following for LP-WUS bandwidth, the guard band and the filter.
	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS

	Filter 
	X-th Order filter (e.g. Butterworth, Chebyshev, …) with Y MHz bandwidth,
· X = {3, 5}
· Companies to report Y
Companies to report any other assumptions if needed



Agreement
Provide the following response to RAN4 on “Possible supported SCS for LP-WUS, if applicable”:
· RAN1 has reached the following agreement on SCS:
	Agreement
For MC-ASK or MC-FSK waveform generation, SCS of a CP-OFDM symbol used for LP-WUS generation can be the same as SCS used for other NR transmissions in CP-OFDM symbol overlapping in time with, study whether SCS can be different, also study
· FDM/TDM multiplexing with other NR transmissions
· link performance 
· impact to legacy UEs
· impact on gNB 


· In addition, as the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following assumptions for LP-WUS:
	Configuration for LP-WUS signal
	For OOK/FSK waveform,
· Option 1a: M=1 and SCSs = 15kHz (same as NR signal)
· Option 1b: M=1 and SCSs = 30kHz (same as NR signal)
· Option 2a: M =2/4/8 for SCS = 15KHz (same as NR signal)
· Option 2b: M =2/4/8 for SCS = 30 kHz (same as NR signal)
· Option 3: M=1 and SCSs = 60kHz/120kHz/240kHz
· Note: M is referred to the definition of “M” in the agreements for OOK-1/2/3/4 and FSK-1/2
For OFDM: FFS, e.g., ZC sequence

Other options are up to companies to report



R1-2303942	Summary #2 on LP WUR architectures	Moderator (Apple)

Agreement
Provide the following response to RAN4 on “Whether WUS can be located in a band separate from the UE’s NR band”:
· RAN1 has reached the following agreement, and the case where WUS is located in a band separate from the UE’s NR band is to be further studied from RAN1 perspective.
	Agreement
· Capture in TR: From RAN1 perspective, LP-WUS and signals/channels used by MR can be within the same FR1 band.
· At least LP-WUS and signals/channels by MR can be on the same carrier in the band
· Study further 
· Whether LP-WUS and signals/channels used by MR can be different carriers in the band 
· Details on the LP-WUS location within a carrier
· Whether LP-WUS is applicable for TDD / FDD (with full duplex operation)
· Band can be different than band of signals/channels used by MR
· LP-WUS association with BWP
· LP-WUS can be configurable within guard-band of a band (like NB-IoT)



R1-2303943	Summary #3 on LP WUR architectures	Moderator (Apple)

Agreement
Observation for FSK with frequency to amplitude conversion:
· The FSK architectures with frequency to amplitude conversion is applicable to single-SC FSK, but it may be challenging to make the frequency to amplitude conversion work well with multi-subcarrier FSK.
· Note: single-SC FSK refers to the waveform where each frequency segment has a single subcarrier, and multi-subcarrier FSK refers to the waveform where each frequency segment has multiple subcarriers, as described in the agreements for FSK-1 and FSK-2.

Agreement
Reply LS to RAN4 on LP WUR architecture is endorsed. Final LS is in R1-2304251.

RAN1#113
Agreement
Include the following in the reply LS to RAN4:
For LP-WUS/WUR evaluation purpose, RAN1 has not included the case when the WUS/WUR is same as NR channel bandwidth. As the starting point for link level simulations for LP-WUS, RAN1 has agreed on the following for gNB channel BW and LP-WUS BW:
	gNB Channel BW 
	20MHz, FFS other values

	LP-WUS BW
	Option 1:
· 5MHz including subcarriers for guard band
· 4.32MHz (i.e.,12 RBs) for LP-WUS transmission for 30kHz SCS
Option 2:
· {2.16, 4.32} MHz including subcarriers for guard band 
· 1.44MHz, 2.88MHz (i.e.{4, 8} RBs) for LP-WUS transmission for 30kHz SCS
FFS: other options are up to companies to report
GB is symmetrically placed on each side of LP-WUS



Agreement
Proposed observation 4-1: (FSK parallel receiver)
For FSK receiver based on parallel OOK receivers with heterodyne or zero-IF architecture,
· If no interference between the segments’ detectors is allowed, the frequency gap between two adjacent frequency segments should not be smaller than two times the maximum frequency offset, and at least two times of the max frequency offsets within the frequency gap should not be used by other DL signals/channels or other WUS signals.
· If some interference between the segments’ detectors is allowed, it can be possible to have frequency gap between two adjacent frequency segments smaller than two times the maximum frequency offset, where the gap is not used by other DL signals/channels or other WUS signals.

Agreement
Proposed observation 4-3: (FSK with frequency to amplitude conversion)
For the FSK architectures with frequency to amplitude conversion, the bandwidth between the frequency segments used for FSK transmissions may not be used for other LP-WUSs or legacy NR transmission in order to allow frequency to amplitude conversion to work properly.

Agreement
LS to RAN4 is endorsed (draft in R1-2306125). Final LS in R1-2306126

Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when necessary:
· Synchronization signal processing and time/frequency synchronization for LP-WUR
· RRM measurement at least for the serving cell

Agreement
For the baseband processing of the LP WUR architectures,
· The baseband processing may use Goertzel filters as an alternative for FFT to compute the signals for one or more tones. Tone energy is computed and a detection algorithm is used to detect the presence of LP-WUS. One example diagram is shown below:
· [image: A diagram of a flowchart

Description automatically generated with low confidence]
· This can be used with the receiver architecture for OFDMA-based signals/channels for OOK-3.
· This can be used with heterodyne receiver architecture with IF envelope detection or the homodyne receiver architecture with baseband envelope detection for [OOK-1]/FSK-2.
· For the receiver architecture for OFDMA-based signals/channels,
· The receiver architectures for OFDMA-based signals/channels can be used for OOK/ASK and FSK modulated LP-WUS
· For sequence-based OFDM signals/channels, one example diagram with time domain correlator (without FFT) for LP-WUS detection is shown below: 
· [image: A picture containing line, diagram, font, text

Description automatically generated]

Appendix B: Proposals from contributions
[1]	R1-2306549	Discussion on architecture of LP-WUS receiver	Huawei, HiSilicon
	Observations: 
Observation 1. The relative power consumption for each additional branch for analogue/digital envelope detection will be round 0.01 and 0.02 respectively for parallel envelope detection. 
Proposals: 
Proposal 1: Support baseband processing with LP-SS/NR signal detection and RRM measurement functionality.
Proposal 2: Support baseband processing with time and frequency calibration functionality between LP-WUR and MR.
Proposal 3: Conclude on reasonable power value range for receiver architectures for OOK, FSK and sequence-based OFDM with time domain correlator.
Proposal 4: Capture the following in TR38.869: 
For OOK receivers, the expected relative power consumption value of each receiver architecture with single branch of envelope detection 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 20 dB
· 0.1 for receiver heterodyne architecture with IF envelope detection with noise figure of 15 dB
· 0.09 for zero-IF architecture with baseband envelope detection with noise figure of 15 dB
Proposal 5: Capture the following relative power consumption value in TR 38.869:
For FSK receivers with parallel envelope detectors, the expected relative power consumption value of each receiver architecture with proper trade-off between components power consumption and performance can be as follow:
· A 2-branch parallel receiver architecture consumes similar power as a 2-branch parallel receiver for OOK signal with the same noise figure.
· Each additional branch for analogue or digital envelope detection will add around 0.01 or 0.02 power consumption. respectively.
Proposal 6: Capture the following relative power consumption value in TR 38.869:
The receiver architecture with baseband time domain correlator for sequence-based waveform can provide a relative power consumption of 0.15~0.2 with noise figure of 15dB.




[2]	R1-2306692	Discussion on LP-WUS receiver architectures	InterDigital, Inc.
	Observation 1  The RF envelope detection receiver architecture is suitable for single-band applications where battery life is critical (sub-μW power consumption) and, yet limited sensitivity and selectivity are acceptable. Current sub-μW receiver sensitivity levels are at -80dBm or above and noise figure levels of 17dB to 22dB are achievable.
Observation 2  Using a low-power ring oscillator for the heterodyne receiver can significantly reduce the LO stage power consumption at the cost of an increase in frequency error/offset. Typical power consumption reported for this architecture ranges from 100’s of μW to a few mW. Noise figure levels ranging from 10dB to 15dB are attainable.
Observation 3  The zero-IF architecture has a lower component count than the heterodyne but is susceptible to DC-offset and flicker noise. Low-cost and power efficient solutions should be considered. Typical power consumption and noise figure reported for this architecture are similar to the heterodyne above.

Observation 4  The overall performance impact from power reduction can be mitigated by keeping the degree of power reduction relatively small, resulting in higher power consumption for the OFDMA receiver relative to the previously discussed architectures.

Proposal 1  Consider relative power consumption of the RF envelope as 0.01 with a noise figure between 17dB and 22dB.
Proposal 2  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.
Proposal 3  Consider relative power consumption of the Heterodyne with IF envelope detection receiver as 0.5 with a noise figure between 10dB and 15dB.
Proposal 4  Consider relative power consumption of the OFDM receiver with zero-IF as at least 10 with a noise figure between 7dB and 12dB.



[3]	R1-2306770	Remaining issues 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[3][4][5]is -56.5dBm~-86dBm with data rate serval kbps to hundred kbps under power consumption less than 1 uw to 10s 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[6][7] 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[8][9] is -91.5dBm to  −92.6dBm with data rate tens of kbps to hundreds of kbps under power consumption hundreds of uw.
Observation 9 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 10  A high precise phase shifting network is necessary to discriminate frequency deviation.
Observation 11 The DC offset in analog quadrature FM discriminator deteriorates the detection performance.
Observation 12  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 13  For FSK receiver, it is difficult to utilize soft information in correlation-based sequence detection for FSK carrying M bits.
Observation 14  For OFDM receiver architecture with reduced complexity, the power consumption of LNA reduced to 1milliwatt around can be considered with larger noise figure compared to the main radio, e.g., NF=5dB. 
Observation 15  For OFDM receiver architecture with reduced complexity, several milliwatts can be considered for XO to provide frequency stability around 10ppm or less. 
Observation 16  For OFDM receiver architecture, around ten milliwatts can be considered for PLL with promising phase noise. 
Observation 17  For OFDM receiver architecture, the power consumption of ADC is less than 1mw, for resolution 4-8 bits and 7.68MHz sampling rate.
Observation 18  For OFDM receiver architecture, a ratio 1:1 for power consumption of RF part to BB processing part can be considered.
Observation 19  For OFDM receiver architecture, a total of 25milliwatts to 40milliwatts is estimated from the subcomponents with reduced complexity. 
 Observation 20  The reported values of OFDM receiver with low power consumption in literatures mainly fall into level of  tens of milliwatts.
Observation 21  For OFDM receiver architecture with reduced complexity, at least 10 units can be assumed as relative power consumption of WUR-ON. 
 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:  The relative power consumtion of LP-WUR ‘on’ state 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.
Proposal 4:  The relative power consumption of LP-WUR ‘on’ state for FSK detection are 0.01x~1x unit for parallel RF/IF/BB envelop detection based receiver and 1x unit for frequency to amplitude conversion based receiver.
Proposal 5    The relative power consumptions of LP-WUR for OFDMA-based signals/channels detection are given as:
· LP-WUR ‘on’ state, i.e., the LP-WUR performs monitoring: 
· 10 units(reduced complexity OFDM receiver), 
· 35units(normal OFDM receiver)
· LP-WUR ‘off’ state, i.e., the LP-WUR does not perform monitoring: 
· WUR-OFF value 0=0.001units  (Note: XO is not in ‘active mode’, memory is not kept, only RTC is running)
· WUR-OFF value 1=0.02units (Note: XO is in ‘active mode’, assuming XO option 1/2)
· WUR-OFF value 2=0.1units (Note: XO is in ‘active mode’, assuming XO option 3/4)



[4]	R1-2306804	Discussion on low power wake up receiver architectures	Panasonic
	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 1: To facilitate power saving, the LP-WUS/LP-SS design should consider the tradeoff of system flexibility and requirement on the LP-WUR operation of time/frequency tracking.
Proposal 2: 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 3: 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 4: For the design of LP-WUS/LP-SS, only heterodyne and homodyne/zero-IF architecture should be taken into account for power model and requirement study, although the UE with RF envelope detector architecture is not prevented in implementation.



[5]	R1-2307063	Low-Power WUS receiver Architectures and its performance	CATT
	Observation 1: 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 2: 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 3: ASK modulation brings lower detection complexity and power consumption than FSK modulation and OFDM. 
Observation 4: 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. 
Proposal 1: The waveform and modulation schemes should be selected with the target in minimizing power consumption of the LP-WUR.



[6]	R1-2307143	LP-WUS receiver architectures	ZTE, Sanechips
	Observation 1: For Ring Oscillator with maximum frequency error of 200ppm@2.6GHz, if single-SC FSK with SCS=30KHz is used for LP-WUS transmission, about 35 times of BW required for the single-SC FSK should be allocated for guardband to mitigate the influence of up to 520KHz frequency offset. It will cause extremely low frequency efficiency.
Observation 2: For frequency to amplitude conversion receiver architecture, the conversion design must ensure obvious amplitude difference between multiple frequency ranges, where each frequency range is composed with potential frequency locations of FSK received signal caused by frequency drift of LO. In this way, the design of the conversion is much more complicated.
Observation 3: For single-SC FSK transmission and frequency to amplitude conversion receiver architecture, it will cause extremely low frequency efficiency.
Observation 4: Regarding quadrature frequency discriminator, in order to get a good performance of FM to AM conversion, value of phase shift,, should be carefully selected to make sure  and .
Observation 5: For FSK receiver using quadrature frequency 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 leads to a non-linear transfer from FM to AM by quadrature frequency discriminator.
Observation 6: OFDM receiver with FFT block may require a large RAM memory size, and additional hardware design. 
Observation 7: OFDM receiver with/without FFT block require blind detection for the sequence. 
Observation 8: For mixed receiver with separate RF components, the WUR complexity is relatively high.
Observation 9: For mixed receiver with shared RF components, the power consumption for each branch is impacted by the shared components.
Observation 10: For OFDM receiver with FFT block, the ramp-up time should be larger than that without FFT block; For OFDM receiver with lower WUR-off power, the ramp-up time should be larger than that with higher WUR-off power.

Proposal 1: For OOK receiver, it is proposed to de-prioritize the receiver architecture with RF envelope detection.
Proposal 2: Single-SC FSK signal is not pursued for parallel receiver architecture.
Proposal 3: For FSK receiver, it is proposed to de-prioritize the following receiver architectures for LP-WUS.
· Single-SC FSK;
· FSK with FM to AM conversion;
Proposal 4: The power saving gain from simplified OFDM receiver with FFT block is not attractive.



[7]	R1-2307300	On low power wake-up receiver architectures	Apple
	Observation: ACS requirements may have significant impact on the RF components in the WUR (e.g. better linearity for LNA, lower phase noise for LO/PLL, larger dynamic range for ADC) and the corresponding power consumption.
Proposal 1: The assumption on whether existing ACS requirements or relaxed ACS requirements are considered should be clearly stated for any analysis results.
Proposal 2: De-prioritize the architecture with RF envelope detection. (Note that this does not prevent a UE from implementing such an architecture.)
An estimate of power consumption and noise figure is provided in Table 2.



[8]	R1-2307419	Low Power WUS receiver architectures	Nokia, Nokia Shanghai Bell
	Observation 1:	The bands supported by the MR and LR maybe identical, distinct, or partially overlapping. 

Observation 2:    	New capabilities specific to the LR-WUR are likely to be specified for attributes such as the  supported bands. 

Observation 3:	Adding too many new and different capabilities for the LP-WUR will impose additional complexity on the network.

Observation 4:	With knowledge of the LP-WUR capabilities the structure of the LP-WUS/LP-SS can be optimised for the device/use-case.

Observation 5:	For the work item phase, RAN1 and RAN4 to evaluate the need to defining a set of LP-WUR radio types to facilitate better power consumption by relaxing the sensitivity requirement.

Observation 6:	For the LP-WUR to perform RRM to the level of accuracy of the MR, the LP-WUR would need to know how it’s gain changes with temperature.

Observation 7: 	To handle timing drift, the LP-WUS must be able to synchronize/adjust the sleep duration and wake-up time. This will require a synchronisation sequence which could be a part of the WUS or already defined part of the NR (SSB or part of the SSB).

Observation 8:   	The LP-WUR frequency accuracy can be improved by having frequency correction algorithm implemented in the device or having a static max. frequency offset indicated to the network as a capability.

These proposals can also be considered as recommendations for the TR.
Proposal 1: 	LP-WUS design and LP-WUR architecture shall support flexible placement in frequency domain. 

Proposal 2:	Consider enabling the support of different LP-WUR architectures that are optimised for different use-cases, if feasible from the LP-WUS design and system operation perspectives. 

Proposal 3:	RAN1 to send an LS to RAN4 asking RAN4 to evaluate the feasibility for the LP-WUR to perform RRM measurements with LP-WUS/LP-SS/SSB.



[9]	R1-2307556	Discussion on low power WUS receiver	OPPO
	Proposal: Study receiver architecture of LP-WUR that can receive signals/channels with multiple waveforms in the following aspects:
· Potential components
· Power consumption



[10]	R1-2307700	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 WUR should be reduced dramatically compared with main radio.
Proposal 3: Synchronization and interference issue should be considered in the process of WUR designing.
Proposal 4: The impact of the tradeoff between sensitivity and power consumption should be evaluated in the process of WUR designing, and the WUR architecture cannot reach a same NF with Msg3 or PDCCH for paging with ultra-low power consumption.
Proposal 5: Considering that the FSK architectures with frequency to amplitude conversion may be challenging to work well with multi-subcarrier FSK, this architecture is not applicable to receive LP-WUS with N SCs. 
Proposal 6: Considering that the FSK architectures based on parallel OOK receivers with heterodyne or zero-IF architecture cannot work properly when other LP-WUSs or other DL signals/channels transmit in the frequency gap between two adjacent frequency segments, a higher resource overhead will be caused by using this architecture.
Proposal 7: For the OFDMA-based receiver architecture, the relative power consumption can be 10, 20, and 30 and the corresponding noise figure can be 9dB in our opining.
Proposal 8: Considering the feasibility and the performance requirements of WUR architecture, the receiver architecture with RF envelope detection can be deprioritized.
Proposal 9:  Study the possibility to reuse RF Section of the main radio for the heterodyne architecture with IF envelope detection architecture and the homodyne/zero-IF architecture with baseband envelope.
Proposal 10: Continuous monitoring may not work due to the interference between MR and LP-WUR.
Proposal 11: The relative power consumption of the LP-WUS based on the value defined for evaluation according to different types of receiver architecture, e.g., the relative power consumption for the architecture with RF envelope detection can be [0.01/0.05/0.1/0.2], the relative power consumption for the homodyne/zero-IF architecture with baseband envelope can be [0.5/1], and the relative power consumption for the heterodyne architecture with IF envelope detection architecture can be [1/2/4].
Proposal 12: The noise figure for MC-OOK receiver with homodyne/zero-IF architecture with baseband envelope and heterodyne architecture with IF envelope detection architecture can be 12 or 15 dB when the power consumption is [0.5/1/2/4] unit for the WUR ‘On’ state.



[11]	R1-2307949	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).

Proposal 3: Update the ZIF receiver architecture with following figure with digital BB including LP-SS detection, WUS detection, RRM measurement and clock calibration.
[image: A picture containing diagram, text, line, font
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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.



[12]	R1-2307990	Low power WUS receiver architectures	Ericsson
	An excel sheet with our analysis of LP-WUR OFDM and OOK architectures is included in the attachment (R1-2307990_LP WUR architecture analysis results_template_Ericsson_v001.xlsx).
Observation 1	LP-WUR active power in range of 1-5 relative power units could be feasible for OFDM-based LP-WUR.

Proposal 1	Architectures that support RRM measurements using existing OFDMA based signals without requiring introduction of additional new ‘always on’ broadcast signals and/or new RRM measurements framework should be considered for LP-WUR.
Proposal 2	LP-WUR architectures should:
a.	Consider feasibility of operation in macro-cellular scenarios.
b.	Support FDM/TDM multiplexing of WUS with other NR transmissions.
c.	Support band and carrier tuning and flexible frequency location within a carrier.
d.	Strive to enable similar coverage for LP-WUS as for Paging PDCCH.



[13]	R1-2308068	Low power WUS receiver architectures	MediaTek Inc.
	Proposal 1	Capture the following observation in TR38.869: For the homodyne/zero-IF OOK LP-WUR, a mixer with I/Q branches can be considered to enhance the system's resilience to multi-path channels and frequency errors.
Proposal 2	Capture the following observation in TR38.869: For the homodyne/zero-IF architecture with baseband envelope detection for OOK, the relative power consumption (OFF) of the receiver is 0.02 to to ensure that the residual frequency error stays within permissible limits for the need to maintain a sufficient level of clock accuracy and network timing synchronization.
Proposal 3	Capture the following observation in TR38.869:
If the OFDMA-based receiver can pre-stored the sequence candidates for frequency synchronization, the following observations have been identified to potentially reduce the power consumption of the receiver architecture for OFDMA-based signals:
· The relative power consumption (ON) of the receiver is arrpoxamted to be 10 if the noise figure is less than [MR noise figure + 2.5dB]
· The relative power consumption (ON) of the receiver is arrpoxamted to be 4 if the noise figure is larger than [MR noise figure + 2.5dB]
· Use a lower accuracy LO (e.g., initial frequency error 200ppm), which increases initial synchronization processing complexity.
· Adopt smaller sampling rates and bit-widths for the ADC (e.g., 4-bit and 3.84MHz)
· If sequence correlation is done in the time domain, remove FFT.
· Sequence candidates for sequence correlation can be generated by the main radio to reduce additional processing complexity.

Proposal 4	Include the following in TR 38.869: The combined receiver architectures for OOK-based LPWUS monitoring and SSB-based RRM measurement can base on the following diagrams:
[image: A picture containing text, diagram, line, font

Description automatically generated]
Proposal 5	Include the following in TR 38.869: A Table of Combined OOK and OFDMA LPWUR Receiver Using Zero-IF Architecture and Duty Cycle Operation
	Feature
	Specification
	Description

	Waveform
	OOK
	OOK-based LPWUR for payload demodulation

	Architecture
	Zero-IF / OFDMA
	Combination of OOK-based LPWUR and OFDMA-based LPWUR with duty cycle operation

	Power On
	0.27
	Relative power consumption

	Noise Figure
	12 dB
	Receiver noise figure

	ADC
	4-bit / 3.84 MHz
	ADC resolution and sampling rate

	Local Oscillator
	200 ppm (initial),
2 ppm (sync)
	Frequency error of oscillator/PLL before and after synchronization

	DBB Processing
	Detect PSS/SSS,
Demod OOK,
Duty cycle
	Digital baseband processing includes detection of PSS/SSS, OOK demodulation, and duty cycle operation
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