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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#110bis-e. 
[110bis-e-R18-LP_WUS-02] Email discussion on LP WUS receiver architecture by October 19 – Sigen (Apple)
· To be kicked off after first GTW session
· Check points: October 14, October 19
Section 2 provides the list of the agreements. Section 3 cotains the proposals for GTW discussion and email approval during the meeting. Section 4 documents the detailed discussions. References are provided in Section 5 and companies’ proposals from the contributions are captured in the Appendix.
Agreements

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
[image: ]

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.

Proposals for GTW/Email approval
Proposals for 10/14 GTW
Proposal conclusion 1-1r2:
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.

Proposal 2-8r2: 
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of receiver components 
· Receiver architecture type
· 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
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· RF/IF/BB filter characteristics (e.g. type of filter, order), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s)
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate

Proposal 2-1r3:
For evaluation purpose, Further study at least the following three types of receiver RF architectures at least for LP-WUR based on OOK modulation:
· RF envelope detection architecture
· 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.

Proposal 2-2r3: (RF envelope detection)
For OOK modulation, For evaluation purpose, study the RF envelope detection architecture can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· 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 in baseband processing.
· RF LNA [and/or BB AMP] can be optionally applied [to improve sensitivity, with the cost of additional power consumption].
· High-Q matching network and/or RF BPF and/or BB LPF can be used to suppress The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components and is band-specific.
[image: ]


Proposal 2-3r2: (Heterodyne)
For OOK modulation, For evaluation purpose, study the heterodyne architecture with IF envelope detection can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the 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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
· The interference rejection can be performed by a high-Q RF BPF and/or IF BPF and/or BB LPF.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· RF LNA and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
[image: ]

Proposal 2-4r3: (zero-IF)
For OOK modulation, For evaluation purpose, study the homodyne/zero-IF architecture with baseband envelope detection can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· 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 frequency offset and increased 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 in baseband processing.
· The interference rejection can be performed by a high-Q RF BPF and/or BB BPF.
· No image rejection filter is required.
· RF LNA and/or BB AMP can be optionally applied [to further improve sensitivity, with the cost of additional power consumption].
[image: ]

Proposal 2-6r1: (FSK)
Further study the receiver architectures for FSK, with the two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit
· [image: A picture containing text, clock, screenshot
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· Example 2: using FM-to-AM detector
· Alternative 1: a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector.
[image: ]
· Alternative 2: the FM-to-AM detector can implemented in digital domain after ADC.
· The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.

Proposal 1-2r3:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure
· Sensitivity/coverage
· Supported modulation/waveform
· Supported data rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· [Inter-cell interference]
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency impairments
· [Duty cycle handling of WUS and other signals (if any)]
· Support for sequence correlation detection/decoding

Proposals for 10/18 GTW
Proposal 2-2r5: (RF envelope detection, clean version)
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.
[image: Diagram
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Proposal 2-3r4: (Heterodyne, clean version)
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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q 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.
[image: Diagram
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Proposal 2-4r5: (zero-IF, clean version)
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 frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q RF BPF and/or BB BPF 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.
[image: A picture containing text, clock, device
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Proposal 2-6r2: (FSK, diff mark on top of r1)
Further study the receiver architectures for FSK, with the 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
· Alternative 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: ]
· Alternative 2: Use a the FM-to-AM detector or an FM detector can be 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: ]
· [The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.

Proposal 2-8r4: (diff mark on top of r3)
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
· 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)
· 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: performance metrics for 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.

Proposals for 10/19 email approval

Proposal 2-2r8: (RF envelope detection, clean version)
Study the architecture with RF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· 1-bit or multi-bit ADC is applied.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· FFS the support of band and/or carrier tuning
[image: Diagram
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Proposal 2-3r7: (Heterodyne, clean version)
Study the heterodyne architecture with IF envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is down converted into IF signal via an RF mixer with a LO. The IF signal is converted into baseband signal via an IF envelope detection.
· There may be one or multiple IF stages depending on design.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or IF BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied.
· Image rejection filter or an image rejection mixer is required.
· FFS the support of band and/or carrier tuning
· FFS the choice of IF frequency range
[image: Diagram
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Proposal 2-4r9: (zero-IF, clean version)
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: ]

Proposal 2-6r3: (FSK, clean version)
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: ]
· 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.


Proposal 2-8r5: (clean version)
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.

LP WUR architectures
[CLOSED] General
[CLOSED] First round
Two companies (CATT, QC) explicitly stated that the exact receiver architecture should not be mandated or specified, and it should be left to UE implementation. This should be common understanding. The study of LP WUR architecture is to understand the feasibility and the trade-off between power consumption and performance.

[CLOSED] Proposal 1-1:
3GPP shall not mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
	Company
	Comments

	ZTE, Sanechips
	[bookmark: OLE_LINK3]From our understanding, the output of AI 9.13.2 is to provide necessary support for  power consumption evaluation of AI 9.13.1 and LP-WUS design of AI 9.13.3, and related implementation should be captured in the TR. It does not mean the UE should be mandated to implement the architecture in the TR. However, some performance metrics, e.g., sensitivity, power consumption, should be guaranteed.

	Spreadtrum
	We are fine with proposal. 

	TCL 
	In our view, the common understanding of companies about the general architecture of LP-WUR will allow the companies to define those methods/procedures which is necessary to standardize, such as the LP-WUS monitoring procedure, the LP-WUR and MR synchronization procedure, and the power consumption of LP-WUR. 

	Nordic 
	Statement is true, but 3GPP will define requirements having some types of architecture in mind

	Panasonic
	We support this proposal.

	vivo
	We agree that the implementation of LP WUR architecture should not be mandated. 

In this study, we investigate the feasibility of the potential receiver architectures to figure out the proper architecture type satisfying the design targets in terms of power consumption, sensitivity, latency, and data rates as required by the use cases in the SI. 

The study outcome of proper architecture type can provide guidance on future implementation. 


	Intel
	OK

	Futurewei
	We agree with the proposal, the purpose of the study should be the agreement on general architecture(s) with nominal values for power consumption, sensitivity, and supported modulation & data rates without any specific implementations for the evaluation.

	Nokia, NSB
	We agree with the proposal and like ZTE, we see a key output of this agenda item, are improved assumptions for the power evaluation model developed in AI 9.13.1 and also RAN4 evaluations, that take into consideration different architecture features/characteristics given NR main radio constraints.  Also, in the assumed work item phase, RAN4 should determine requirements for the performance parameters, e.g. sensitivity and selectivity. Thus assumptions/values considered in SI phase should be realistic for different LP-WUR architectures so that LP-WUS design is feasible.  

	CATT
	We support this proposal.  We also agree that the minimum requirements of LW-WUR in term of power consumption, coverage, and minimum supporting data rate should be defined.  

	OPPO
	We agree with this proposal. The design targets on power consumption, sensitivity and minimum data rate should be determined first. The LP WUR architecture is up to implementation.

	InterDigital
	Fine with the proposal. 

	MediaTek
	We support this proposal. 

	Sharp
	We are fine with the proposal.

	QC
	Support. 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.

	Samsung 
	Agree with the proposal. The identified LP-WUR architecture is mainly for the evaluation purpose, i.e., to see that the reception performance of WUS and power consumption of the WUR can be guaranteed. So, the identified LP-WUR architecture should not be a mandatory UE architecture to be implemented.

	Moderator
	It seems that companies are generally fine with the proposal. To address some comments related to RAN4, I added a sub-bullet in the updated proposal below.
Proposal 1-1r1:
3GPP shall not 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.
In terms of expectation on the outcome of this AI, it is good to see comments from companies. I think companies’ views are aligned on the high level. I do not see a need to capture anything.


	Everactive
	Agree

	Huawei,
Hisilicon
	In principle, we are fine with the proposal, on the understanding that in fact this is an SI so it automatically cannot ‘mandate’ anything. Nonetheless, for evaluation purposes we need to take into consideration the possible LP-WUR architectures and how they impact the selection of parameters in AI 9.13.1 and the selection of designs in AI 9.13.3. Or equivalently, for evaluation purposes we need to take into consideration the impact that the AI 9.13.1 chosen parameters and AI 9.13.3 chosen designs on the possible LP-WUR architectures. Hence. the TR is going to capture various Rx architectures and descriptions, etc… 

	vivo 2
	We support the proposal.

	SONY
	Agree with the proposal but as Nordic has also pointed out, 3GPP will define requirements which allow certain types of architecture.

	Ericsson1
	OK in principle. Suggest updating “3GPP shall not mandate…” to “3GPP RAN1 shall not mandate…”

	Moderator
	Another attempt to address the comments:

Proposal conclusion 1-1r2:
RAN1 does not intend to 3GPP shall not 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.

	ZTE, Sanechips
	OK with this.

	CMCC
	OK with the Moderator2 proposal. The exact receiver architecture can be left for UE manufactures to implement according to the specified performance, and no need to be mandated in 3GPP as long as it can meet the specified performance requirements. 

	Nordic 
	OK

	Futurewei 2
	We are fine with Proposal 1-1r2.

	vivo
	support

	Nokia, NSB2
	OK.

	Panasonic
	Good with us.

	Intel
	OK

	SONY
	OK

	MediaTek 
	Agree. The intention is to support evaluations and functionalities rather than mandating implementation.  

	Huawei,
Hisilicon
	This still does not have an evident purpose in a feasibility study item in a WG whose terms of reference would not allow such a mandate in any case. 
If it is like a pre-disclaimer that any later agreement cannot be interpreted as such a mandate, that is something we are OK with.

	Everactive
	OK

	Ericsson2
	OK 

	QC
	OK

	Moderator
	The plan is to take this to 10/14 GTW for agreement.

@Huawei/HiSi, as I mentioned at the beginning, I believe all the companies are on the same page regarding the principle. This is just to set the stage properly, and avoid the topic popping up later on when we discuss the architectures.

	Moderator
	The following was agreed in 10/14 GTW:

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.



There have been various proposals on what factors should be taken into account in the LP WUR architecture discussion. The following proposal intends to capture the more critical factors but not necessarily every single factor.

[CLOSED] Proposal 1-2:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption
· Noise figure and/or sensitivity and/or coverage
· Modulation
· Data rate
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization
	Company
	Comments

	ZTE, Sanechips
	[bookmark: OLE_LINK5]We are generally OK with the proposal. Besides, the following also should be captured: 
· Sequence correlation detection
The number of supported sequences may have the impacts on  the receiver memory size and receiver architecture due to performance compensation brought by CDM sequences.

Additionally, besides modulation, waveform also needs to be considered since it may has an impact on filter design, ED design, and so on.

Therefore, the following is suggested
· Power consumption
· Noise figure and/or sensitivity and/or coverage
· Modulation/waveform
· Data rate
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization
· Sequence correlation detection


	Spreadtrum
	We are fine with this proposal.

	TCL 
	For this proposal we prefer the ZTE revised proposal.

	Nordic 
	We would like to also consider-study also “LP-WUS position within carrier/band” and its impact on interference rejection. 

	Panasonic
	We are okay and suggest to add inter-cell interference in the bullet of interference rejection, or in the second bullet, to reflect the sensitivity.

	Vivo
	1. Interference rejection: 
it’s important to evaluate the interference rejection of the receiver architecture based on non-coherent detection where sophisticated digital processing is not available, and thus, interference rejection mainly relies on analog filters in RF/IF/BB, which should be considered in architecture design. And we have one question for clarification on adjacent-channel interference here, is it supposed to be discussed in RAN 1 or RAN 4? 
 
2. Time/frequency synchronization
Time/frequency error comes from frequency error of the clock and/or local oscillator. We prefer to use impairments, i.e., frequency error of clock/ local oscillator instead.

3. Power consumption in active state
The power consumption of a particular receiver architecture should be the peak power when the receiver is actively receiving. 

Thus, we suggest the following modifications below:
   For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active WUS monitoring 
· Noise figure and/or sensitivity and/or coverage
· Modulation
· Data rate
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments, i.e., frequency error of clock/ local oscillator


	Intel
	Bandwidth of LP-WUR should be included. Other consideration points include easily integrated with main radio, potentially sharing some component with main radio, e.g., antenna and matching network, etc. 

	Futurewei
	We are OK with the proposal from Vivo with the additional suggestion of changing “Modulation” and “Data rate” to “Supported modulation” and “Supported data rate”.

	Nokia, NSB
	In general we support the proposal, with an additional bullet to cover the support of   
“Flexible frequency allocation/placement of the LP-WUS within a band.”
We also with agree the “/waveform” edit suggested by ZTE.  
Unclear, if the ZTE suggested “sequence correlation detection” is also needed, given other bullets, covering sensitivity and interference with other LP-WUS.

	CATT
	We are OK with the proposal.  

	OPPO
	We are fine with the proposal.

	InterDigital
	We are fine in principle with the following update. 
· We support to add “/waveform” as proposed by ZTE
· Fine with the update from vivo, but prefer to change impairments  time/frequency impairments

	MediaTek
	Some LP-WUR prototypes don’t support Time/frequency (T/F) synchronization to achieve ultra-low power consumption. The benefit to support T/F tracking is to enable duty cycle and improve receiver sensitivity and interference resilience. With this regard, we have the following text proposal. 

Time/frequency synchronization Duty cycle support (including Time/frequency tracking)

	Lenovo
	We are fine 
Please add 
Tx Waveform (eg., OFDM, DFT)
Co-channel interference? 
Duty cycle of LP-WUS 


	Sharp
	We are fine with the proposal.

	QC
	We suggest the following addition/modification 
· …
· Noise figure
· Sensitivity/coverage
· Modulation/waveform
· Time/freq synchronization and clock accuracy
…

	Samsung 
	We are fine with the proposal.

	Moderator
	Thanks for the good comments. The updated proposal below attempts to capture most of the comments above:
Proposal 1-2r1:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure and/or sensitivity and/or coverage
· Sensitivity/coverage
· [Impact of inter-cell interference may be considered.]
· Modulation/waveform
· Data rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments
· Duty cycle of WUS
@ZTE, on “sequence correlation detection”, it seems to get down to the WUS design detail. Even though I agree this is something to be considered, but not sure if it is on the same high level as the other bullets. I would like to hear opinions from other companies on this issue.
@Nordic, I think what you proposed can be included as part of “interference rejection”. This list is intended to be somewhat high level. Wonder if you may be fine with the current version.
@Panasonic, I added inter-cell interference under sensitivity/coverage. I personally think this may not be necessary to be included here. In any case, the impact can be evaluated in link-level sims. Let us see what companies think.
@vivo, thanks for raising a good question on whether ACI should be discussed in RAN1 or RAN4. Traditionally this was done in RAN4. One possible way is that when we send LS to RAN4, we request RAN4 to study ACI issue. Would like to hear more views.
@Futurewei, I am not sure about the intention of adding “supported”. I don’t really see the difference.
@Nokia/NSB, I added “Bandwidth and frequency location within a carrier”. Hopefully this addresses your concern.

Now we have the sub-bullet for “time/frequency impairments”, and hopefully this can address the concern from a few companies.

Note that this list only intends to remind companies about some important factors to consider, without going into details of each aspect.

	Panasonic
	Thanks for adding the inter-cell interference under sensitivity/coverage. We understand that conventionally we only evaluate by using noise limited condition in LLS. However, in this context of LP-WUS/WUR discussion, the OOK performance can be sensitive to symbol by symbol interference fluctuation, which can be caused by inter-cell interference beside the scope off interference rejection bullet. So we would like to see companies’ view on this aspect on whether/how to handle this.

	Everactive
	Agree with the initial list.
Just to clarify, “Time/frequency synchronization” refers to synchronizing and aligning to the LP-WUS
Propose adding:
- Frequency accuracy of the RF LO
- Frequency accuracy of the duty-cycling oscillator (leads to uncertainty in LP-WUR turn-on time)

	Huawei,
Hisilicon 
	We propose to clarify the proposal because it is not clear if all items in the suggested consideration list is related particularly to the Rx architecture rather than signal and/or procedure design. It is also not very clear what it means to “consider” these points. It appears the intention is to have them reported by proponents and (if agreed) capture them in the TR. We propose the following modification to the proposal: 

 For the study of LP WUR architecture, at least the following features/capabilities should be reported per receiver architecture candidate (or class of candidates):
· Power consumption during active monitoring/reception
· Noise figure and/or sensitivity and/or coverage
· Sensitivity/coverage
· [Impact of inter-cell interference may be considered.]
· Modulation/waveform
· Data rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments
· Duty cycle of WUS
· Sequence correlation detection / decoding 
· Support of any other signal processing

However, it seems that Proposal 2-8 has a similar intention but is a better place to start.

	vivo2
	As sensitivity/coverage is not only impacted by inter-cell interference but also other factors, we prefer to take inter-cell interference as a separate sub-bullet.
Further, we suggest to delete ‘Duty cycle of WUS’ as it is more related to WUS design, rather than receiver architecture. 
Proposal 1-2r1:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure and/or sensitivity and/or coverage
· Sensitivity/coverage
· [Impact of inter-cell interference may be considered.]
· inter-cell interference
· Modulation/waveform
· Data rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments
· Duty cycle of WUS


	SONY
	We are OK with the updated proposal.

	Ericsson1
	We are in principle OK with Proposal 1-2r1: suggested by vivo2. Can add ‘Supported’ before ‘Modulation/waveform’ and ‘Data rate’ for clarity. Agree with comments that impact of inter-cell interference should be considered. 

	Moderator
	Another update to address companies’ comments:

Proposal 1-2r2:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure and/or sensitivity and/or coverage
· Sensitivity/coverage
· [Impact of inter-cell interference may be considered.]
· Supported Mmodulation/waveform
· Supported Ddata rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· Inter-cell interference
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments
· [Duty cycle handling of WUS]

@Panasonic, on inter-cell interference, I think we can discuss the details under AI 9.13.1 evaluation methodology/assumptions.
@Everactive, “time/frequency impairments” was suggested, and it is intended to be a generic bullet to make sure it is considered in the design.
@Huawei/HiSi, I agree there seems to be some overlapping between this one and P2-8. My intention is that this proposal is to have a high-level list of important factors that should be considered in the architecture design (i.e. factors that can impact the architecture itself). P2-8 intends to provide a guidance on what kind of details should be provided for any specific architecture being proposed/investigated so that the most critical information is available for other companies to understand it. With this explanation, I wonder if it is ok not to include the last two bullets for now. We could consider adding them into P2-8.
On “duty cycle of WUS”, my interpretation/guess was that the architecture design needs to be able to handle the duty cycle monitoring of WUS (e.g. the uncertainty in LP-WUR turn-on time as suggested by Everactive). I keep it in bracket for now to seek for more comments.

	ZTE, Sanechips
	We are generally fine. Besides, 
Sequence correlation detection has impacts on correlator/comparator, memory size, bitwidth of ADC, and the number of sequences for sequence correlation detection also have impacts on the detection performance and further impact on architecture selection. Therefore, we think sequence correlation detection should be added for consideration.


	CMCC
	OK with the proposal. We suggest to update some points with further notes as below: 
· Power consumption during active monitoring/reception 
· both the power consumption of the “core parts” and the “assisted parts” shall be taken into consideration, including VCO/Oscillator, IF Amp, Envelop Detector, BB Amplifier, Digital Circuit, Bias, PMIC, Bandgap voltage reference, GPIO, etc 
· Supported band(s)
· the number of supported band(s) shall be taken into consideration 
· Time/frequency synchronization impairments
· the transient period between “main radio turned on” and “main radio turned off/deep sleep” shall be taken into consideration in the evaluation methodology

For “Supported band(s)”, to indicate the number of supported band(s) shall be taken into consideration. LP-WUR is band specific. If more bands are needed to be supported by main radio, more simultaneously active RF paths may be needed in low-power WUR, which will increase the die area/complexity/cost and decrease the benefits of power saving proportionally.To balance among the die area/benefits of power saving/complexity/cost, etc., the less bands supported, the more benefits can be obtained from the low-power WUR solution.


	Nordic 
	OK

	Fuuurewei 2
	We are fine with proposal 1-2r2, but we think that indicating “ power consumption during active monitoring/reception” and “Time/frequency impairments” already capture the impacts on “Duty-cycle handling of WUS” by the LP-WUR, so we are fine with removing the duty-cycle bullet. 


	vivo
	We suggest to delete ‘duty cycle of handling of WUS’, the time uncertainty in LP-WUR is already covered by time/frequency impairments

	Nokia, NSB2
	We are generally fine with the proposal.
We think the “Duty cycle handling of WUS” point is a useful consideration to add for the reasons stated by the FL.Everactive.
We support some “sequence correlation” related point (as suggested by ZTE), since, we do not see that the current points, cover the architecture modifications that may be required to support more aggressive LP-WUS intra-cell/carrier multiplexing/interference handling, eg multiple sequences/randomisation.

	Panasonic
	Thanks. We are okay with this version. The details can be up to the report from the companies when presenting the evaluations and detailed designs, in either 9.13.1 or this AI.

	Intel
	In addition to the listed aspect, channel coding scheme can be considered too. For example, Manchester coding, repetition, or a sequence-based transmission of one or more bits. 
Another point for consideration is potentially sharing some components with main radio, e.g., antenna and matching network, etc., which helps to reduced complexity of adding LP-WUR

	Samsung 
	Agree with the proposal in general. One question for the first sub-bullet and the last sub-bullet. If LP-WUS is monitored periodically, it has two state, one is active WUS state and the other is inactive WUS state, why do we only consider the power consumption during active monitoring/ reception?

	SONY
	We would be supportive of adding “support for sequence correlation / decoding”.
Presumably, some architectures are better at supporting sequence correlation / decoding than other architectures, just as some LP-WUR architectures are better at supporting some modulations / waveforms than others.

	MediaTek
	We are okay with the proposal. All sub-bullets have certain architectures impacts. We suggest considering duty cycle because it requires sufficient timing synchronization and parsing assistant information from LP-WUS payload. 
For mobility support, however, we wonder how to determine whether a LP WUR architecture has mobility support. 

	Huawei,
Hisilicon
	Thanks for the response on overlapping of P2-8. It may help if we can see what the purpose in terms of the TR is. If we are just writing down some basic facts of Rx architectures, as opposed to things relating to low-power architectures, it may be relevant to focus on 2-8 or merge them.
If this proposal is kept then the following points need to be deleted:
· Bandwidth and frequency location in a carrier
· Supported bands
· Inter cell interference
· Mobility support
· Duty cycle of WU
Because they belong to 9.13.3. They are design of the signal and procedures, not a study design of an architecture, and it’s important we don’t start to interleave the agenda items as it leads to confusing discussion in later meetings.


	Everactive
	Thanks for addressing our comment.
If there’s support from others, we think linearity of the receiver should also be considered and added to the list. 

	Ericsson2
	Support including “Sequence correlation detection / decoding”. 
Also ok to include “Duty cycle handling of WUS”. 

	QC
	Thanks for the update. Generally speaking, we are OK with the proposal. However, we suggest the following change:
Remove bracket around Duty cycle handling.
 Proposal 1-2r2:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure and/or sensitivity and/or coverage
· Sensitivity/coverage
· [Impact of inter-cell interference may be considered.]
· Supported Mmodulation/waveform
· Supported Ddata rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· Inter-cell interference
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency synchronization impairments due to channel and clock accuracy
· Duty cycle handling of low power signals (e.g., WUS, sync, others)


	Moderator
	Updated proposal, with diff marks on top of r2.

Proposal 1-2r3:
For the study of LP WUR architecture, at least the following should be considered:
· Power consumption during active monitoring/reception
· Noise figure
· Sensitivity/coverage
· Supported modulation/waveform
· Supported data rate
· Bandwidth and frequency location within a carrier
· Supported band(s)
· [Inter-cell interference]
· Interference rejection (including both adjacent-channel interference and interference from adjacent subcarriers occupied by legacy NR signals or other LP WUS)
· Mobility support
· Time/frequency impairments
· [Duty cycle handling of WUS and other signals (if any)]
· Support for sequence correlation detection/decoding

@CMCC, I do agree with your comments in general, but this proposal does not intend to include all the details. The “Supported band(s)” at least from my perspective is intended to also cover the number of supported band(s).

On duty cycle handling of WUS, a few companies want to keep it and a few companies think it is not necessary. Given that it may not be obvious for some people, I would suggest we simply list it and save the debating time (as it does not hurt anything).

@Intel, I think sharing components with main radio is a plus, but we may not want to add to the list here because it may be secondary. Also this list is not intended to be exhaustive anyway, with “at least” in the main bullet.

@Samsung, to address your comment, maybe the simpler way is to remove “during active monitoring/reception”, which is also aligned with the spirit of keeping the bullet on high level.

@MediaTek, on mobility support, my thinking is that the architecture (and the signal design) may need to consider certain signal strength measurement capability.

@Huawei, I think the points you crossed out all have architecture impact, except for inter-cell interference, which is not too clear to me. E.g. bandwidth/frequency location impact the filter design, supported bands, including the number of supported bands, as explained by CMCC, impact the components that are needed, and the corresponding power consumption. For mobility support, please see my response to MediaTek. For duty cycle, it has been discussed by many companies already. For inter-cell interference, it is not exactly clear to me how it may impact the architecture. The only thing I can think of is the impact on the bit-width for ADC and baseband processing. I put it in bracket now to seek for more comments. This is not to suggest that inter-cell interference is not to be considered. It is just about how it impacts the architecture.

@Everactive, the reason for adding linearity is not clear to me, but let us see what other companies think.


	Moderator
	Some companies had commented to merge this with Proposal 2-8, which is a possible way to make things easier. This discussion is closed and merged into Proposal 2-8.



Given that RAN4 is also tasked to study LP WUS/WUR, it is important that RAN1 sends an LS to RAN4 in time on the candidate receiver architectures so that RAN4 can perform feasibility study. Since RAN4 study starts in 2023Q1, it would be good if RAN1 can send the LS by November 2022, as proposed by vivo.
[CLOSED] Proposal 1-3:
RAN1 targets to send an LS to RAN4 on the candidate receiver architectures by the end of Nov meeting.
	Company
	Comments

	ZTE, Sanechips
	We are not sure whether we have enough time to converge on the architectures. But at least, one candidate receiver architecture based on OOK should be selected and sent to RAN4. 

	Spreadtrum
	We are fine with this proposal.

	TCL
	We are fine with this proposal 

	Nordic 
	We can target, but no need waste RAN1 time on agreeing above.

	Panasonic
	We support the proposal and also we think the request of confirmation of the power consumption values and sensitivity is needed, as RAN4 has better expertise on defining such parameter, although RAN1 needs these in early phase study.

	vivo
	Proper receiver architectures for WUR are supposed to be figured out based on both RAN1’s and RAN 4’s feasibility study, and thus, it’s necessary to send RAN1’s initial study outcome on the candidate receiver architectures with necessary information to RAN4 before their work starts. It is also preferred to add other related background information such as use cases/design targets/… together to RAN4 to their better understanding.

	Intel
	Agree

	Futurewei
	We share the same view as Nordic.

	Nokia, NSB
	We are fine with the proposal, though in addition to candidate receiver architectures, it would be useful to include “relevant RAN1 LP-WUS related assumptions”

	CATT
	We don’t need to sign a blank check at this time.  We will determine at next meeting when we have sufficient conclusion to share with RAN4.  

	OPPO
	We are fine with the proposal.

	InterDigital
	We agree with Nordic and Futurewei. 

	MediaTek
	We are okay, but no agreement is needed.

	Lenovo
	We are fine with the proposal 

	QC
	It should depend on the RAN1 progress. We don’t think this agreement is necessary.

	Samsung 
	The LS to be sent to RAN4 will include not only the candidate receiver architecture but also other aspects in our view. Basically, the contents of the LS will be dependent on what the purpose of the LS is (e.g., what RAN1 will ask for to RAN4). However, it is not clear what RAN1 will ask for to RAN4 at this stage.  So, we'd better reformulate the proposal rather than limit it to "candidate receiver architecture". Therefore, we think the proposal can be revised as follows:

RAN1 targets to send an LS to RAN4 so that RAN4 can start their study on the LP-WUS/WUR by the end of Nov. meeting.

	Moderator
	Quite some companies do not see the need for making such an agreement, which has a valid point. So this proposal is dropped.
But it is important for companies to keep this in mind, and we should send an LS to RAN4 by the end of Nov meeting so that RAN4 can start their study based on RAN1’s investigation.

	Huawei,
Hisilicon
	We were fine with this proposal, but no need to spend time agreeing it, since it’s already in the workplan and has to arise naturally by agreement at the appropriate meeting.
We are fine with the drop. 

	Nokia, NSB2
	Support FL assessment – fine to drop.



LP WUR Architectures
[CLOSED] First round
The following modulation schemes have been discussed by companies, which directly impact the LP WUR architectures:
· OOK (or ASK), including MC-OOK
· FSK, including MC-FSK
· OFDM

It is generally acknowledged that in the traditional NR receiver (or the main radio), the most power-hungry components include:
· LC oscillator with PLL (phase locked loop)
· LNA (low-noise amplifier) with very low noise figure in order to achieve good sensitivity
· ADC (analog-to-digital converter), with high sampling rate and large bit-width
· FFT and complex baseband processing
The architectures under discussion for LP WUR target for either removing one or more of these components or replacing them with less power-hungry components while sacrificing performance. OOK and FSK have the advantage of supporting non-coherent detection, which does not require phase tracking (which is power consuming). Note that most discussions did not go into the details of digital baseband processing yet because it highly depends on the WUS design. Moreover, the power consumption of the digital baseband processing is expected to relatively simple and should not dominate the overall power consumption.
For OOK modulation, many companies discussed the following three types of receiver RF architecture on the high level, even though there can be different names being used and some differences in details.
· RF envelope detection architecture
· Heterodyne architecture
· Zero-IF architecture
Given the strong interest in these architectures as the candidates for LP WUR, the intention of the next few proposals is to provide a high-level diagram/description for each type of the architecture, and the corresponding. Advantages/disadvantages. Please provide comments on whether they should be studied, and how the diagrams/descriptions should be improved.

[CLOSED] Proposal 2-1: (OOK)
Further study OOK modulation, based on at least the following three types of receiver RF architectures:
· RF envelope detection architecture
· [bookmark: OLE_LINK4]Heterodyne architecture
· Zero-IF architecture
· Note: down-selection may be performed in the future.
	Company
	Comments

	[bookmark: OLE_LINK6]ZTE, Sanechips
	Yes, we agree with this proposal. 

	Spreadtrum
	We basically agree with this proposal, but also have the following comment:
There are also many specific implementation schemes under these three architectures. Therefore, we need to give a baseline scheme for each category receiver.

	TCL
	We support this proposal. 

	Nordic 
	Support, but some more details need to be agreed for each architecture. 

	Panasonic
	We agree.

	Vivo
	Agree with some modification as follows,

Further study OOK modulation, based on at least the following three types of receiver RF architectures:
· RF envelope detection architecture
· Heterodyne envelope detection architecture
· Zero-IF envelope detection architecture
· Note: down-selection may be performed in the future.
For the note, although RAN1/4 may study the pros and cons for each feasible receiver architecture, down-selection may not be necessary to conclude the study given the understanding that 3GPP does not mandate any particular receiver implementation.

	Intel
	Just for understanding, what is the purpose for the down-selection in the note? According to proposal 1-1, RAN1 may only make observations on different architectures. 

	Futurewei
	We agree with the updated proposal from vivo.

	Nokia, NSB
	We support the proposal.

	CATT
	We are OK with the proposal.  However, we don’t need to down select the proposals during study item.  

	OPPO
	We think the proposal2-1 is an implementation issue. Maybe we can make agreement on proposal1-1 first. If it is decided that some types of receiver architectures should be defined for LP WUR, we can discuss the down selection of the three types of receiver architectures. 

	InterDigital
	Fine with the proposal. 

	MediaTek
	We support this proposal. 	

	Lenovo
	We agree

	Sharp
	We support the proposal.

	QC
	We are fine to study various architecture options for OOK waveform. But, we do not agree on making down selection. It is not clear why down selection is required.

What we need eventually is the requirements in terms of sensitivity, FA, MD, data rate, etc. rather than receiver architecture. The choice of receiver architecture will be left as implementation choice.

	Samsung 
	Agree with the proposal, in general. However, it would be good to clarify what is a purpose of this down-selection. In addition, we need to have clear terminology to define the different architectures. More specifically, we are not sure whether 'RF envelope detection architecture' and 'Zero-IF architecture' are appropriate terminologies. For example, zero-IF architecture can be replaced by homodyne receiver in order to keep the consistency with heterodyne architecture. Also, we are not sure what 'RF envelope detection architecture' means.

	Moderator
	It seems that the note on down-selection is causing a lot of confusion. Down-selection is not the accurate wording. My intention is to say that we may prioritize or de-prioritize certain architecture(s) in the future during the investigation. But such a note may not be necessary at this stage. If we see the need to prioritize or de-prioritize, we will make a new agreement anyway. So the note is now removed.

Some companies commented that more details are needed. It is not clear to me whether the next 3 proposals can adequately address the concerns already, or more details are expected. No change is made at this moment.

If you have any suggestions on more accurate terminology to use for the 3 types of architecture, please do so. I did not want to combine this proposal with the next 3 proposals together. So we need some names to refer to them.

Proposal 2-1r1: (OOK)
Further study OOK modulation, based on at least the following three types of receiver RF architectures:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection


	Everactive
	Agree with the revised proposal

	Huawei,
Hisilicon
	It’s necessary to retain the agenda item arrangement, whereby signal design belongs to 9.13.3, and thus this agenda item should not discuss nor agree to modulations such as OOK (even though we are fine with that modulation included). Instead, 9.13.2 should say:

Further study OOK modulation, At least the following architectures are included in the study:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
Note: Down-selection may be performed in the future.


	vivo2
	We are ok with the proposal

	SONY
	We support studying these LP-WUR architectures.

It seems odd that in the LP-WUR architecture agenda item, we have a proposal to study a modulation. Shouldn’t we be studying the three architectures when used with OOK modulation? Can’t some of these receiver architectures be used with other modulations / waveforms? 

Maybe the proposal could be updated as:

Further study at least the following three types of receiver RF architectures when LP-WUS is based on OOK modulation:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection


	Ericsson1
	We see a “Further study…” proposal for OOK but not for other types (e.g., FSK, OFDM). Our understanding is at this initial stage all receiver types should be further studied and not just OOK based WUR. 

That said we are OK to discuss different types for receivers for OOK and suggest following updates.
Proposal 2-1r2: (OOK)
For LP-WUR based on OOK modulation, consider based on at least the following three types of receiver RF architectures:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection
 

	Moderator
	
Proposal 2-1r2: (OOK)
Further study OOK modulation, based on at least the following three types of receiver RF architectures for LP-WUR based on OOK modulation:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection


@Huawei/HiSi, as the architecture depends on the modulation/waveform, it seems meaningless to talk about an architecture without mentioning the intended modulation/waveform. This does not intend to replace AI 9.13.3 on the WUS design. But given the inter-dependency in nature, I don’t see a way to avoid the discussion on modulation/waveform under this AI.

The main bullet is modified based on the comments from Sony and Ericsson, to avoid the misleading info that we are trying to decide on modulation. Instead we are studying the architecture. Hopefully this also somewhat addresses Huawei/HiSi’s concern.
I prefer to keep “Further study” in the proposal, because it gives clear information we will study them. As I commented earlier, we may also choose to prioritize/de-prioritize certain architectures later if the group agrees. For other types of signals such as FSK and OFDM, I do not have any proposal yet because it is not clear how strong the interest is from the group. If there is sufficient interest, I will make similar proposals.


	ZTE, Sanechips
	OK with it.

	Nordic 
	OK

	Futurewei 2
	We are OK with proposal 2-1r2.

	vivo
	support

	Nokia, NSB2
	OK

	Panasonic
	Although we are also okay with current version, it can be more inclusive at this moment to say “…at least based on OOK modulation”.

	Intel
	OK with the proposal 

	Samsung 
	If most companies decide to have a high-level proposal at this stage to list the candidate LR architecture only based on OOK modulation, we can compromise and agree with the updated proposal. Consider that it may be difficult to have a more accurate terminology, we can add a Note to further clarify, which can be shown as:

Note: The detail of each architecture can be studied further.

	SONY
	Can we just drop the “based on OOK modulation”?
We have the three bulleted LP-WUR architectures. As part of the study outcome, can’t we just say “LP-WUR architecture A is great but only works with OOK” or “LP-WUR architecture B has a bit more power consumption than A but works with several different modulations”. In other words, isn’t part of the goal of the study to determine which modulations can be supported with which LP-WUR architectures? 

	MediaTek
	Support. Good way to differentiate these three types of architectures.

	Huawei,
Hisilicon
	This agenda item is dealing with wake-up receiver architectures and it should be kept that way. Additionally, in all cases OOK modulation or any other modulation/wave will be considered. Based on that we suggest 

Proposal 2-1r2: (OOK)
Further study OOK modulation, based on at least the following three types of receiver RF architectures for LP-WUR based on OOK modulation:
· RF envelope detection architecture
· Heterodyne architecture with IF envelope detection
· Homodyne/zero-IF architecture with baseband envelope detection

Note: These three types of receivers are suitable for OOK modulation. 




	Everactive
	We agree with the proposal on OOK architectures.
Regarding the comment:
“For other types of signals such as FSK and OFDM, I do not have any proposal yet because it is not clear how strong the interest is from the group”
We have a strong interest in studying FSK LP-WUR architectures. 

	Ericsson2
	We are OK with studying the three types of receiver RF architectures mentioned in the proposal for LP-WUR based on OOK modulation.

However, we still prefer formulation which reflects that at this initial stage all receiver types (e.g., OOK, FSK, OFDM) are further studied and not just OOK.

	QC
	OK

	Moderator
	Updated version with diff marks on top of r2:
Proposal 2-1r3: (OOK)
For evaluation purpose, Further study at least the following three types of receiver RF architectures at least for LP-WUR based on OOK modulation:
· RF envelope detection architecture
· 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.

It seems that some companies think this proposal implies that we do not want to study other modulation, which is not the intention here. As you can see already, we have the proposals later on that for FSK modulation and OFDM-based receiver also. Please note that all these proposals are driven by contributions and comments provided by companies, and I can only progress based on the info I receive.
My difficulty is that I personally do not see how an architecture can be discussed without mentioning the modulation scheme. In fact, an architecture design starts from the assumption on the modulation scheme that we intend to handle. It may turn out that two modulation schemes can use similar architecture, but that should not affect this proposal. E.g. later in the proposal for FSK, we mention that it can use a similar architecture as OOK, by replacing envelope detection with FM-to-AM detector.
I added another “at least” in the main bullet as suggested by Panasonic. Even though the sentence now reads a bit awkward with two “at least” in it, hopefully this can address the concern from some companies.

I also removed “RF” from the main bullet, as the diagrams later on are not just for RF only. It is just that there is no detail provided for baseband processing.

	Moderator
	The following was agreed in 10/14 GTW:

Proposal 2-1r3:
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.



[CLOSED] Proposal 2-2: (RF envelope detection)
For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset.
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	Company
	Comments

	[bookmark: OLE_LINK8]ZTE, Sanechips
	We are generally fine with the structure for RF envelope detection. However,  it is not appropriate to say , it has poor receiver sensitivity or it has poor interference rejection. The conclusion should be based on the comparison with other architectures and the sensitivity range or other metrics details can be listed and compared together, which would help for candidate architecture convergence in future.

	Spreadtrum
	We are fine with this proposal.

	TCL
	We are fine with this proposal, but share similar views with ZTE about the sensitivity and poor interference rejection sub-bullets. 

	Nordic 
	Even though we “generally speaking” agree with last 3 bullets, rather than drawing conclusion already, we should agree on properties of the components, e.g. that Matching network and RF BPF are 100MHz band or tuned to 20MHz carrier only, or  …. 

	Panasonic
	We are generally fine but also think it is good to remove/relocate the bullets of receiver sensitivity and interference rejection, as they should be relatively compared to other receiver architectures, which we also agree on the relatively poor performance.

	Vivo
	It seems that we can describe the functionality of each block in the diagram first and get common understanding on this receiver architecture before commenting on its pros and cons. So we suggest the following:
For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector. No Local oscillator (LO) and PLL.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which has high power consumption/cost/area and is band-specific.
· LNA can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· 1bit or multi-bit ADC is applied and multi-bit ADC can facilitate reducing interference in baseband processing.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset.


	Intel
	We wonder high-Q matching network and RF BPF means off-chip component, e.g. high-Q inductor or RAW. If this is the common understanding, it can be captured in the proposal. 

	Futurewei
	We agree with ZTE, Sanechips, TCL, and Nordic that we do not have to qualify the architecture’s sensitivity or interference rejection here and can rather focus on the properties of the components. We also suggest considering a general filtering block after RF ED. Further, we may consider an optional mixing stage after BB filtering to capture the 2-tone reception architecture as noted in our answer to Q 2-5.

	Nokia, NSB
	Generally, we are fine with the proposal, but we feel that this architecture potentially has another drawback that is worthy of a bullet:

•	Compared with other architectures, the lack of an LO, can lead to a poorer (even fixed) range of LP-WUS locations.

For the slightly controversial bullets raised by ZTE, perhaps replacing “Generally speaking ..” with “Compared to the other architectures discussed here, it generally has ..” is suffice?    


	CATT
	We are OK with the principle of the description.  The description and functions need to further fine tuning.  We kind of agree with other companies on the receiver sensitivity since it is a relative term.  We prefer vivo’s modification.  

	OPPO
	We are fine with the principle of the proposal. We share the views of other companies on the description modification.

	MediaTek
	Power hungry components, RF BPF, RF LNA and BB AMP can be optional, because RF BPF is to improve inference rejection, RF LNA is to improve sensitivity for the use of RF RD, and BB AMP and BB LPF are to improve sensitivity for the use of 1-bit ADC. 

Proposal 2-2-MTK: (RF envelope detection)
· [omit unchanged]
· RF LNA and BB AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· RF BPF can be optionally applied to improve interference rejection, with the cast of power consumption/cost/area.
· Generally speaking, it has poor receiver sensitivity, compared to Heterodyne and Zero-IF architectures.
· Generally speaking, it has poor interference rejection, compared to Heterodyne and Zero-IF architectures.
The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which has high power consumption/cost/area and is band-specific.

	Lenovo
	After the third bullet we can delete rest of the generally speak. As part of the conclusion of the study we can mention it

	QC
	We are generally fine with capturing pro/cons of different receiver architecture. But, we think it is too early to make conclusions.

	Samsung
	It should be discussed after proposal 2-1 is stable.

	Moderator
	Thanks for the good comments. Most companies think it is too early to conclude on pros/cons at this stage, so those statements are removed from the updated proposal.

@MediaTek, on RF BPF, my understanding is that it is needed at least as a band filter, which filters the interference out of the band (which may consist of multiple carrriers). If we want to use it for ACI rejection, I wonder if the bullet on interference rejection can address the concern.

@all, I kept the last bullet for now because it is a fact. Please comment further.

@Samsung, ideally yes, it is better to discuss after P2-1 is stable. Given the feedback so far, it seems that companies are fine with it in general, maybe with some fine-tuning on wording, so it is good to discuss things in parallel given the limited time we have.

Proposal 2-2r1: (RF envelope detection)
For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· RF LNA and BB AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset.


	Everactive
	Agree with the revised proposal

I would add that the RF front-end is broadband, and band or channel tuning is performed with a tunable matching network, RF BPF, and/or LNA.

Regarding interference rejection:
In general, it is true that an ED-first architecture is more susceptible to interference. In the plot below of published receivers, all points below 10µW are ED-first. Many ED-first publications do not report their SIR(ACR).
New methods for improving ACR in these architectures have been proposed in literature. 2-tone FSK and chirping are two examples.  
Off-chip high-Q matching and RF BPFs help with ACR, but are not easily tunable for multi-band, multi-carrier support.
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	Huawei,
Hisilicon
	For proposal 2-2, 2-3, 2-4:

It may be easier in this first meeting to remove all the text and keep only the diagram. The text can be (re-)added later based on evaluations and assessments. If the text is kept, then as in our other comments, this agenda item should not address signal design / modulation, rather should just identify the architectures.

For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· RF LNA and BB AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset.
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	vivo2
	· BB AMP: Due to non-linearity of envelop detection, signal, interference, and noise will be superposed after passing envelop detector, BB AMP will amplify them to the same level and thus, BB AMP may not help improving sensitivity. 
· Flicker 1/f noise and DC offset: only active envelop detector suffers flicker 1/f noise and DC offset, while passive envelop detector without relying on bias current can avoid this. 
So we suggest the following: 
Proposal 2-2r1: (RF envelope detection)
For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· RF LNA and BB AMP can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset when active envelop detector is adopted.


	SONY
	The updated proposal from the moderator looks OK. 

We think the last bullet (on flicker noise and DC offset) should be removed. Whether the bullet describes a fact or not, the bullet says nothing about the architecture, but something about the performance. We can draw conclusions on performance later.

· The figure doesn’t show clearly on some computer systems (e.g. mine). It looks like it is a zoomed JPEG. Can we include a figure that is better rendered?

	Moderator
	Proposal 2-2r2: (RF envelope detection)
For OOK modulation, the RF envelope detection architecture can be studied based on the following diagram.
· The RF signal is converted into baseband signal directly via an RF envelope detector.
· It can achieve very low power consumption due to the removal of power-hungry local oscillator (LO) and PLL.
· There is no Local Oscillator (LO) and no Phase-Locked Loop (PLL).
· RF LNA [and BB AMP] can be optionally applied to improve sensitivity, with the cost of additional power consumption.
· Generally speaking, it has poor receiver sensitivity.
· Generally speaking, it has poor interference rejection.
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components has high power consumption/cost/area and is band-specific.
· It suffers from flicker 1/f noise and DC offset.

@Huawei/HiSi, for now I am still keeping “OOK modulation” in the main bullet. Please see my comments for P2-1. If later discussion suggests that the same architecture can also be used for other modulation schemes, we can have another agreement. I also wonder why you want to remove all the descriptions and just keep the diagram. The sub-bullets intend to be descriptive/informative at this stage, to complement the diagram. The controversial part involving any pros/cons assessment has been removed. Would appreciate if you can elaborate more on your concern, or more specifically, on which sub-bullets you have concern.

Based on the comments, I will simply remove the last bullet for now and we can come back to this discussion later.
@Everactive, thanks for the comments.
@vivo, I am keeping “BB AMP” in the bracket now to seek for more input. 

	ZTE, Sanechips
	Similar as other architechtures, the ADC also can be considered, which can be added as follows
· 1bit or multi-bit ADC is applied in baseband processing.
Additionally, we think we can add ‘at least’ to make it open at current stage, as follows:
For OOK modulation, the RF envelope detection architecture can be studied at least based on the following diagram.

	Futurewei 2
	We agree with (ZTE, Sanechips) suggestion to add “at least” to the main point and suggest the following text based on text in proposal 2-1r2.
For OOK modulation, Study the RF envelope detection architecture can be studied based on at least the following diagram for LP-WUR based on OOK modulation.

Otherwise, we suggest adding the following sub-bullet under the interference rejection bullet:
FFS: interference rejection based on other BB processing techniques.

	vivo
	Support to add multi-bit ADC here.

	Nokia, NSB2
	Agree with ZTE, if the text description is defining the key characteristics of the architecture, then the final stage detector should be mentioned.

For the [BB Amp] option, we are ok to keep this but maybe prefixed by “and/or BB Amp”

If we mention how interference rejection can be done (off-chip band-specific components),  should we also mention how this architecture can be modified/developed to handle flexible placement of the LP-WUS? 

Also, is the terminology “band specific” understood to allow flexible positioning within a band or does it assume a fixed position with a band? 

	Panasonic
	We are okay.

	Intel
	BB AMP may not help to suppress noise however it seems necessary to get a reasonable signal level for follow-up processing. 
We prefer to keep the bullet on ‘flicker 1/f noise and DC offset’. Otherwise, do we plan to have another agreement/conclusion to do interference analysis?

	Samsung 
	It should be noticed that there is a trade-off between signal design/modulation and the architecture. If the intention of this proposal is to describe some details of the RF envelope detection architecture, rather than its pros and cons, the same logic should be followed, and the last bullet can be revised to illustrate the impact of module, which can be shown as following:
· High-Q matching network and RF BPF can be used to suppress adjacent channel interference or interference from legacy NR signals on adjacent subcarriers, which may require off-chip components and is band-specific.
In addition, ‘for evaluation purpose ‘should be added to make sure that a specific receiver architecture should not be enforced to implement, so the main bullet can be:

For OOK modulation, the RF envelope detection architecture can be studied for evaluation purpose based on the following diagram.


	SONY
	Can we just removed the “for OOK modulation” at the start of the proposal. As Everactive point out, “New methods for improving ACR in these architectures have been proposed in literature. 2-tone FSK and chirping are two examples”. Hence, it seems like the RF envelope detection architecture is not tied to OOK modulation, but is more generic.

	MediaTek
	Okay.

	Huawei,
Hisilicon
	We agree with SONY. 
This agenda item should not agree or imply to support particular modulation schemes that belongs to 9.13.3, so the opening sentence clause needs to be removed, hence it will begin with “The RF envelope detection ….”. The mention of OOK in P 2-1 is adequate to provide context to this proposal. Our concern on the text was in writing already now conclusion judgements before discussions. Other companies made a similar point. As a compromise, we can accept keeping the rest of the bullets together with the diagram, following the textual updates shown. With the deletion of 

· RF LNA [and BB AMP] can be optionally applied to improve sensitivity, with the cost of additional power consumption.




	Everactive
	The original schematic showed an optional 1-bit or multi-bit ADC. We agree with other companies that this should be included in the list. 
Otherwise, we are ok with the proposal.

	QC
	ADC
ADC description could be added.

In-band Interference rejection 
Suggest to add “ and BB LPF". RF BPF alone may not be good enough to filter out in-band NR signals in adjacent subcarriers.
 
· The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF and BB LPF, which where PF BPF may require off-chip components has high power consumption/cost/area and is band-specific.


	Moderator
	Updated version with diff marks on top of r2:
Proposal 2-2r3: (RF envelope detection)
For OOK modulation, For evaluation purpose, study the RF envelope detection architecture can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· 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 in baseband processing.
· RF LNA [and/or BB AMP] can be optionally applied [to improve sensitivity, with the cost of additional power consumption].
· High-Q matching network and/or RF BPF and/or BB LPF can be used to suppress The interference rejection for adjacent channel interference or interference from legacy NR signals on adjacent subcarriers can be potentially done using a high-Q matching network and RF BPF, which may require off-chip components and is band-specific.

The diagram is updated below (changed the dashed line around RF LNA to solid line).

I added the sentence for ADC. I did not add it originally because I thought it is obvious in the diagram already. But it is good to have some descriptive text.

@Nokia/NSB, if you have anything to suggest for flexible placement of LP-WUS, please suggest and we can discuss. Otherwise, we have plenty of time to discuss in the future. We will continue to work on this, including the pros/cons analysis, once we have better understanding. Right now, it just captures the basic things that are agreeable to everyone at this stage.
“Band specific” means that for each supported band, it needs to be different. It does not have much to do with the location of the signal within the band in my understanding.

@Intel, for the bullet on “flicker noise and DC offset”, it is probably better that we can come back to this discussion later, as some companies think there are certain ways to handle it and this is part of pros/cons analysis.

The main bullet is modified in a similar way as in P2-1. I think this particular diagram is for OOK modulation. Therefore, I think it makes sense to keep OOK in the main bullet.

	SONY
	Does this figure render better?






The diagram associated with Proposal 2-2r3 is updated as below:
[image: ]

[CLOSED] Proposal 2-3: (Heterodyne)
For OOK modulation, the heterodyne architecture can be studied based on the following diagram.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the signal is converted into baseband signal via an IF envelope detection.
· There may be multiple IF stages.
· 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, the corresponding frequency offset should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) can replace PLL for non-coherent detection.
· Amplification and filtering at IF is more power efficient than at RF.
· The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.
· The interference rejection can be performed by a high-Q IF BPF.
· Generally speaking, it has good receiver sensitivity.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· It has relatively high power consumption.
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	Company
	Comments

	[bookmark: OLE_LINK9]ZTE, Sanechips
	Similar comment as in proposal 2-2

	Spreadtrum
	We basically agree with this proposal, but we have one comment that in order to obtain better sensitivity, PLL may not be precluded at current. PLL can be further discussed to be compared with FLL.

	Nordic
	
· Agree that for comparison we should study also the case with PLL

· Image rejection filter is required, which must be a complex filter. 


· FLL compared to PLL is expected to have larger frequency error, resulting in uncertain position of LP-WUS in IF-band


· FLL compared to PLL is expected to have increased phase noise which may results in aliasing of neighbour band to LP-WUS band


· LO error will impact also timing accuracy and receiver will need to wake earlier or more often to synchronize.

	Panasonic
	We are generally supportive. 
Regarding “FLL (frequency locked loop) can replace PLL for non-coherent detection.”, we understand it is true in the context of OOK modulation, as confined in the main bullet. However, it is still in the initial stage of the study and other schemes are still not precluded, e.g. OFDM based MC-OOK and FSK. Thus we do not need to mandate the condition of using FLL. Given that, we propose to change to:

o	FLL (frequency locked loop) can possibly replace PLL depending on the detailed LP-WUS design.

	Vivo
	It seems that we can describe the functionality of each block in the diagram first and get common understanding on this receiver architecture before commenting on its pros and cons. So we suggest the following:
For OOK modulation, the heterodyne architecture can be studied based on the following diagram.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the signal is converted into baseband signal via an IF envelope detection.
· There may be multiple IF stages.
· 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, the corresponding frequency offset should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) can replace PLL for non-coherent detection.
· Amplification and filtering at IF is more power efficient than at RF.
· The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.
· The interference rejection can be performed by a high-Q IF BPF.
· Generally speaking, it has good receiver sensitivity.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· 1bit or multi-bit ADC is applied and multi-bit ADC can facilitate reducing interference in baseband processing.
· It has relatively high power consumption.


	Intel
	We are supportive to the proposal

	Futurewei
	We are fine with the proposal, but we do not have to qualify the architecture’s sensitivity here. Further, we suggest indicating that the shown diagram can be used as a guideline for the evaluation but additional components (e.g., number of IF stages) and their impact on power consumption and other performance metrics should not be precluded from evaluation.

	Nokia, NSB
	Generally, agree with the proposal, though we have a few suggestions:

(1)  Similar comment as in 2-2 regarding the rephrasing of “generally speaking” 
(2)  Should the generally better selectivity and support of flexible positioning of the LP-WUS(given the LO) be emphasised?

	[bookmark: _Hlk116401285]CATT 
	We are generally OK with the principle of proposal with fine tuning the word.  Similarly, the receiver sensitivity should be described completely in terms of range of dBm not using relative term.  

	OPPO
	We are fine with the principle of the proposal. We share the views of other companies on the description modification. For example, “relatively” is not clear for us to compare the three receiver architecture types. 

	MediaTek
	Power hungry components, RF BPF and BB AMP can be optional, because of the same reasons given in Proposal 2-2.

Proposal 2-3-MTK: (Heterodyne)
· [omit unchanged]
· Generally speaking, it has good receiver sensitivity, compared to RF envelope detection and Zero-IF architectures.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· RF BPF can be optionally applied to improve interference rejection, with the cast of power consumption/cost/area.
· Image rejection filter is required.
It has relatively high power consumption, compared to RF envelope detection and Zero-IF architectures.

	Lenovo
	We agree to the proposal but the last three bullet can be deleted 

	QC
	We are generally fine with capturing pro/cons of different receiver architecture. But, we think it is too early to make conclusions.

	Samsung
	It should be discussed after proposal 2-1 is stable.

	Moderator
	I updated the proposal based on the comments.

@MediaTek, regarding your comment on RF BPF, my understanding of this architecture is that RF BPF performs band filtering, while ACI rejection is performed by IF filter to save power. Not sure which interference you refer to in “interference rejection”.

Proposal 2-3r1: (Heterodyne)
For OOK modulation, the heterodyne architecture can be studied based on the following diagram.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the signal is converted into baseband signal via an IF envelope detection.
· There may be multiple IF stages.
· 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, the corresponding frequency offset should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) can may replace PLL for non-coherent detection.
· Amplification and filtering at IF is more power efficient than at RF.
· The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.
· The interference rejection can be performed by a high-Q IF BPF.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· Generally speaking, it has good receiver sensitivity.
· RF LNA (e.g. low-cost) and BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· It has relatively high power consumption.



	Everactive
	Agree with the revised proposal

Would add that band or channel tuning can be performed by tuning the RF-LO frequency. (this is in contrast to the ED-first architecture above)

	Huawei,
Hisilicon
	Similar as proposal 2-2: Delete “For OOK modulation, the” from the start. But also consider just capturing only the diagram for this meeting. 

	vivo2
	Similar as proposal 2-2, we suggest to delete BB AMP here

	SONY
	Support the updated proposal.

	Moderator
	No changes are made on top of P2-3r1.

@Huawei, HiSi, please refer to my comments on P2-2.

@vivo2 and all, I haven’t made any update regarding “BB AMP”. But this is the same issue as in P2-2, and we can follow the same approach for both. Would appreciate the input from companies.


	ZTE, Sanechips
	The following statement is not appropriate for the architecture definition, and it is more like some aspects needs to be considered for each component design. So, we suggest to remove the following sentence and keep it open for future discussion. 

· The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.

Additionally, to make the discussion open, we suggest modify the following sentence 
· Multi-bit ADC can facilitate reducing interference in baseband processing.
as following:
· 1bit or multi-bit ADC is applied in baseband processing.


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


	Futurewei 2
	We agree with suggestions from (ZTE, Sanechips) and Nordic on proposal 2-3r1, and similar to our comment on proposal 2-2, we suggest the following text for the main point:

For OOK modulation, Study the heterodyne architecture can be studied based on at least the following diagram for LP-WUR based on OOK modulation.


	vivo
	ok

	Nokia, NSB2
	Support the ZTE comments and we should strive for consistency between the architecture descriptions.

Should “RF LNA (e.g. low-cost) and BB AMP”  be “RF LNA (e.g. low-cost) and/or BB AMP”?

	Panasonic
	Thanks for the updates. It is good with us.

	Intel
	Since this is the IF based architecture, it would be helpful to include the following guideline
· The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.

	Samsung 
	Agree with the revised proposal in general. And similar comment as proposal 2-2. And ‘for evaluation purpose ‘should also be added in the main bullet, so the main bullet can be:

For OOK modulation, the heterodyne architecture can be studied for evaluation purpose based on the following diagram.

	SONY
	We agree with Huawei on removing the “for OOK modulation” part, as per our comment on proposal 2-2.
We quite like the bullets that ZTE don’t like (on choice of IF frequency and use of multi-bit ADC for interference issues) and would be happy to keep them in the proposal.

	MediaTek
	Everactive’s comment seems reasonable. However, we are not sure about any power/sensitivity performance impact. We suggest adding a new sub-bullet for the next meeting.
FFS: band or channel tuning can be performed by tuning the RF-LO frequency

	Huawei,
Hisilicon
	Same comments as P2-2. To remove “For OOK modulation,” and keep after

	Everactive
	There are many examples of ultra-low-power OOK heterodyne receivers that use uncertain-IF to relax the requirements on the baseband filtering and the LO (saving power). We propose adding one bullet to capture that as an architecture to study.

For OOK modulation, the heterodyne architecture can be studied based on the following diagram.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the signal is converted into baseband signal via an IF envelope detection.
· There may be multiple IF stages.
· The IF may be uncertain-IF

Agree with MediaTek’s proposed bullet:
band or channel tuning can be performed by tuning the RF-LO frequency

	QC
	Agree to add ADC bullet.

We suggest the following modification.

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

In-band interference rejection could be done by IF BPF or BB LPF. We suggest to add these filters as well.

· The interference rejection can be performed by a high-Q RF BPF, IF BPF, and BB LPF if any.


	Moderator
	Updated version with diff marks on top of r1:
Proposal 2-3r2: (Heterodyne)
For OOK modulation, For evaluation purpose, study the heterodyne architecture with IF envelope detection can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· The RF signal is down converted into IF signal via an RF mixer with a LO. After the amplification and filtering of IF signal, the 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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
· The interference rejection can be performed by a high-Q RF BPF and/or IF BPF and/or BB LPF.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· RF LNA and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]

The diagram is updated below (changed the dashed line around RF LNA to solid line).

@ZTE, on the IF sentence, I keep it in bracket for now as quite a few companies prefer to keep it as a guideline. My suggestion is that you agree with the sentence technically, it should be ok to include it. Otherwise, we can discuss further.
@MediaTek, I agree that Everactive has good comments here. But my view is that we do not need to add FFS bullet at this point (otherwise we may end up with many FFS points). All the aspects can be investigated, and this is just a very basic description. I added the sentence in bracket. If companies can agree to it, that would be great. If not, I suggest we simply remove it for now, and discuss it in the future. 
@Everactive, I think the “uncertain-IF” aspect is covered by the sub-bullets under LO already. Please check.

	SONY
	Does this figure render better?






The diagram associated with Proposal 2-3r2 is updated as below:
[image: ]

[CLOSED] Proposal 2-4: (zero-IF)
For OOK modulation, the zero-IF architecture can be studied based on the following diagram.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· 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 frequency offset should be taken into account in the design and evaluation.
· FLL (frequency locked loop) can replace PLL for non-coherent detection.
· Signal processing at BB is easier and more power efficient than at RF or IF.
· The interference rejection can be performed by a high-Q BB BPF.
· No image rejection filter is required.
· Generally speaking, it has better receiver sensitivity than the RF envelope detection architecture but worse than heterodyne architecture.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· It suffers from LO leakage/DC offset and flicker noise.
[image: ]
	Company
	Comments

	ZTE, Sanechips
	Similar comment as in proposal 2-2

	Spreadtrum
	We are fine with this proposal.

	Nordic 
	
· It suffers from LO leakage/DC offset and flicker noise, which can be partially tackled with using BPF at BB instead of LPF at BB.

· FLL compared to PLL is expected to have larger frequency error, resulting in uncertain position of LP-WUS in base-band

· FLL compared to PLL is expected to have increased phase noise which may results in aliasing of neighbour band to LP-WUS band

· LO error will impact also timing accuracy and receiver will need to wake earlier or more often to synchronize.

	Panasonic
	Same comment as to proposal 2-3

	vivo
	It seems that we can describe the functionality of each block in the diagram first and get common understanding on this receiver architecture before commenting on its pros and cons. So we suggest the following:
For OOK modulation, the zero-IF architecture can be studied based on the following diagram.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· 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 frequency offset should be taken into account in the design and evaluation.
· FLL (frequency locked loop) can replace PLL for non-coherent detection.
· Signal processing at BB is easier and more power efficient than at RF or IF.
· The interference rejection can be performed by a high-Q BB BPF.
· No image rejection filter is required.
· Generally speaking, it has better receiver sensitivity than the RF envelope detection architecture but worse than heterodyne architecture.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· 1bit or multi-bit ADC is applied and multi-bit ADC can facilitate reducing interference in baseband processing.
· It suffers from LO leakage/DC offset and flicker noise.


	Intel
	We are supportive to the proposal

	Futurewei
	We are fine with the proposal, but we do not have to qualify the architecture’s sensitivity here. We also agree with Nordic that, based on the considered LP-WUS bandwidth, a BPF at BB may be considered instead of a LPF at BB. So, we would suggest considering a general filtering block after AMP.

	Nokia, NSB
	Similar comment as in proposal 2-2, regarding “generally speaking”.
Also, should a bullet be added, to emphasis the support of flexible positioning of the LP-WUS within a band (as a consequence of the LO)?

	CATT 
	We are generally OK with the principle of proposal with fine tuning the word.  Similarly, the receiver sensitivity should be described completely in terms of range of dBm not using relative term.  

	OPPO
	Similar comments with proposal 2-2 and 2-3. 

	MediaTek
	BB BPF is NOT in the diagram. Does it mean RF BPF?
Proposal 2-4-MTK: (zero-IF)
· [omit unchanged]
The interference rejection can be performed by a high-Q BB RF BPF optionally.

	Lenovo 
	Same as above proposal 

	QC
	We are generally fine with capturing pro/cons of different receiver architecture. But, we think it is too early to make conclusions.

	Moderator
	@Nordic, @Futurewei, I will update the diagram to replace BB LPF with a generic filter.
 
The change in the last bullet is just to keep consistent language as in P2-2.

@MediaTek, my understanding of this architecture is to avoid high-Q RF BPF. Would be good to hear other companies’ views.
Proposal 2-4r1: (zero-IF)
For OOK modulation, the zero-IF architecture can be studied based on the following diagram.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· 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 frequency offset should be taken into account in the design and evaluation.
· FLL (frequency locked loop) can may replace PLL for non-coherent detection.
· Signal processing at BB is easier and more power efficient than at RF or IF.
· The interference rejection can be performed by a high-Q BB BPF.
· No image rejection filter is required.
· Generally speaking, it has better receiver sensitivity than the RF envelope detection architecture but worse than heterodyne architecture.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· It suffers from LO leakage/DC offset and flicker noise and DC offset, which needs to be addressed.


	Everactive
	Agree with the revised proposal

Would add that band or channel tuning can be performed by tuning the RF-LO frequency. (this is in contrast to the ED-first architecture above)

	Huawei,
Hisilicon
	Similar as proposal 2-2: Delete “For OOK modulation, the” from the start. But also consider just capturing only the diagram for this meeting. 

	vivo 2
	Ok with the revised proposal

	SONY
	Updated proposal looks good.

	Moderator
	
Proposal 2-4r2: (zero-IF)
For OOK modulation, the zero-IF architecture can be studied based on the following diagram.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· 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 frequency offset should be taken into account in the design and evaluation.
· FLL (frequency locked loop) can may replace PLL for non-coherent detection.
· Signal processing at BB is easier and more power efficient than at RF or IF.
· The interference rejection can be performed by a high-Q BB BPF.
· No image rejection filter is required.
· Generally speaking, it has better receiver sensitivity than the RF envelope detection architecture but worse than heterodyne architecture.
· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· It suffers from LO leakage/DC offset and flicker noise and DC offset, which needs to be addressed.

The last bullet is removed to be consistent with P2-2r2.

@Huawei/HiSi, please see my comments for P2-2.

	ZTE, Sanechips
	Suggest to add ‘at least’ to make it open as follows
For OOK modulation, the zero-IF architecture can be studied based on at least the following diagram.

And suggest to consider 1bit or multi-bit ADC similar as other architectures.


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


	Futurewei 2
	We again agree with suggestions from (ZTE, Sanechips) and Nordic on proposal 2-4r2 for consistency, and further suggest the following text for the main point:

For OOK modulation, Study the zero-IF architecture can be studied based on at least the following diagram for LP-WUR based on OOK modulation.

	vivo
	Support to add multi-bit ADC also here as it facilitates interference rejection in digital BB processing.  

	Nokia, NSB2
	For consistency, we agree with ZTE about the ADC bullet.

Also, should the RF LNA bullet include “and/or BB Amp”?

If we are mentioning the factors that determine LO choice, should tuneability (to support flexible LP-WUS placement) be considered?  

	Panasonic
	We are okay.

	Intel
	We prefer to keep the last bullet for more information. otherwise, separate agreement/conclusion is fine too

	Samsung 
	Agree with the revised proposal in general. And similar comment as proposal 2-2. And ‘for evaluation purpose ‘should also be added in the main bullet, so the main bullet can be:

For OOK modulation, the zero-IF architecture can be studied for evaluation purpose based on the following diagram.


	SONY
	We agree with Huawei on removing the “for OOK modulation” part, as per our comment on proposal 2-2.

	MediaTek
	Everactive’s comment seems reasonable. However, we are not sure about any power/sensitivity performance impact. We suggest adding a new sub-bullet for the next meeting.
FFS: band or channel tuning can be performed by tuning the RF-LO frequency

	Huawei,
Hisilicon
	Additional to removing the mention of OOK (as per P2-2), for the LO description, similar as Heterodyne, we think the ring oscillator can also be one example of low power oscillators for zero-IF architecture. So we suggest to add this sentences:
· One example of low power oscillators is the ring oscillator.

We suggest the following deletion 

· RF LNA (e.g. low-cost) can be optionally applied to further improve sensitivity, with the cost of additional power consumption.


	Everactive
	Agree with MediaTek to add a bullet:
band or channel tuning can be performed by tuning the RF-LO frequency

	QC
	Agree to add ADC bullet.

	Moderator
	Updated version with diff marks on top of r2:
Proposal 2-4r3: (zero-IF)
For OOK modulation, For evaluation purpose, study the homodyne/zero-IF architecture with baseband envelope detection can be studied based on at least the following diagram for LP-WUR based on OOK modulation.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· 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 frequency offset and increased 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 in baseband processing.
· The interference rejection can be performed by a high-Q RF BPF and/or BB BPF.
· No image rejection filter is required.
· RF LNA and/or BB AMP can be optionally applied [to further improve sensitivity, with the cost of additional power consumption].

The diagram is updated below.



The diagram associated with Proposal 2-4r3 is also updated for the BB filter as commented by Nordic.
[image: ]

There are a few other receiver architectures discussed by companies but they do not seem to fit well into any of the three types discussed above, e.g. 
· Futurewei: double-sampling (synchronized switching) architecture, sub-sampling architecture, 2-tone reception architecture
· InterDigital: a receiver with a received signal strength indicator (RSSI) circuit
· Nokia: reuse 5G main radio RF architecture

[CLOSED] Q 2-5: (additional architecture?)
Please comment on whether additional receiver architecture (other than the three types in Proposal 2-2) should be considered for OOK modulation. If yes, please provide details.
	Company
	Comments

	Futurewei
	We would just like to note that:
· The sub-sampling architecture is similar in concept to the heterodyne envelope detection architecture but utilizing a sub-sampling block (with lower LO frequency) instead of a mixer at the beginning of the architecture.
· The 2-tone reception architecture is similar in concept to the RF ED but considers an additional mixing step at BB (with low LO frequency in conjunction with 2-tone signal design and which can be a passive mixing step) to improve the architecture’s sensitivity and interference rejection with minimal impact on power consumption. 
So, at this stage we would like to include at least the 2-tone reception architecture as part of the RF ED architecture.

	[bookmark: OLE_LINK10]Nokia, NSB
	In our view, the Heterodyne receiver discussed in proposal 2-3, covers the main points we wanted to make about using a LP-WUR based on a conventional receiver design.  

	MediaTek
	These architectures seem to be variations or enhancements of the three types in Proposal 2-2. In this case, they share the common parts with the three main types, and we can evaluate them by using a more general baseband model.

	Samsung
	It should be discussed after proposal 2-1 is stable.

	Everactive
	The proposed architectures have enough flexibility. See the plot below for OOK receivers published in literature.

[image: ]
David D. Wentzloff, "Ultra-Low Power Radio Survey," [online]. www.eecs.umich.edu/wics/low_power_radio_survey.html

	Moderator
	The only proposal so far is from Futurewei to include the 2-tone reception architecture, with the diagram shown below:
[image: ]

In general, I assume at this stage we are not trying to exclude any particular receiver architecture, if it shows the potential. The only thing I am wondering is whether we need to take the time to agree on each of these architecture diagrams, or we can leave it to each individual company to provide the details, especially if the interest comes from a single company or very few companies at this point. 
@Huawei/HiSi, so instead of having a dedicated proposal to include such an architecture diagram, would it be ok if we add a bullet in P2-1 stating that other architecture is not precluded (which was the original intention anyway)?
Would also appreciate comments from other companies.

	Futurewei 2
	The 2-tone reception scheme can already fall under the RF ED architecture in proposal 2-2, so we are fine with our suggestion on proposal 2-2 to not limit the architecture to just the shown diagram by using “at least” in the main point or adding “FFS: interference rejection based on other BB processing techniques”.

	vivo
	We agree that we are not trying to exclude any particular receiver architecture, however, it may not be possible to list all of the variants from the listed three architectures as summarized in proposal 2-1. We support to add a bullet in P2-1 stating that other architecture is not precluded 

	Nokia, NSB2
	Given the time we have, we feel that we can leave it to individual companies to promote alternative architectures.

	SONY
	If we want to include a 2-tone architecture, would it be possible to have a figure that shows where the 2 tones are? The figure above shows 8 multiphases. Also, it would be nice if we could try to make the different figures and terminology as consistent as possible (e.g. it isn’t clear why this figure has the “IF BPF” before the IF mixer while the heterodyne receiver has the “IF BPF” after the IF mixer).

	Everactive
	2-tone OOK provides better selectivity than 1-tone OOK with an ED-first architecture, with minimal increase in power. We agree this is good to include in the ED-first section.

	Moderator
	As suggested by Futurewei, “at least” is added to Proposal 2-2 already. This question is closed for this meeting.




FSK modulation has been mentioned by some companies (e.g. Huawei/HiSi, ZTE, Intel, Ericsson) as one of the schemes that can be considered, but discussion on the corresponding receiver architecture is quite limited. The following two receiver architectures were proposed by ZTE and Huawei.
Type-1: FSK can be implemented as parallel OOK receivers and a comparator circuit
[image: A picture containing text, clock, screenshot

Description automatically generated]
Type-2: It can use a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector. ([Moderator’s comment: there is no detail provided for FM-AM detector.])
[image: ]

[CLOSED] Q 2-6: (FSK)
Please comment on whether FSK modulation should be further considered for LP WUR and why. If yes, please also provide the receiver architecture(s).
	Company
	Comments

	ZTE, Sanechips
	FSK can provide higher data rate. However, the impacts on power consumption and coverage should be further considered. Therefore, in the early stage, we do not need to preclude the FSK. As for the FM-AM converter in type-2 structure, we may need more details, e.g. the circuit structure.


	Spreadtrum
	Fine for discussion.


	TCL 
	In our view, the both the OOK and FSK should be studied further at this stage. 

	Nordic 
	Higher data rate /modulation order can be achieved with OOK as well, e.g.  DFT-S-OFDMA could increase data rate while keeping sub-carrier spacing the same as for surrounding NR signals. As seen from TYPE-1 complexity increased, since multiple BPFs is needed. Signal is narrower, and thus more vulnerable to frequency error of ring oscillator.

From our point of, we prefer to focus study on OOK. 

	Panasonic
	We are open to study FSK as the detailed performance comparison on power consumption and sensitivity are not done yet.

	vivo
	For type 1, it requires parallel hardware of amplitude detection to detect FSK, resulting in doubled power consumption. 

For type 2, the achieved power consumption and sensitivity highly depends on the design of FM-AM converter, more details from the proponents are highly appreciated. 

Furthermore, higher data rate can also be achieved by adopting M-ary ASK which can reuse the receiver architecture designed for OOK. Therefore, M-ary ASK is a more preferred solution providing higher data rate via the same receiver architecture as OOK. 

	Intel
	FSK can provide better performance than OOK, with a relatively increased power consumption. We prefer to keep it on the table for study. At least the above Type-1 receiver is applicable for FSK, other receivers can be further proposed. 

	Futurewei
	We are OK to include FSK modulation and corresponding LP-WUR architecture as part of the study. 

	Nokia, NSB
	Fine for further discussion.

	CATT
	We are OK to further study of FSK along with OOK since it has the robustness and simplicity for the demodulation.  

	OPPO
	We are open to study FSK modulation and the corresponding LP-WUR architecture.

	MediaTek
	We are open to discuss but prefer to focus OOK. Based on the diagram above, non-coherent FSK may lead to higher system overhead than OOK since two OOK waveforms may potentially need multiple guard bands to prevent interference.

	Lenovo 
	We are fine to study FSK for performance comparison purpose 

	Sharp
	We are open to study FSK modulation for LP-WUS

	Samsung
	It should be discussed after proposal 2-1 is stable.

	Everactive
	FSK should be considered for the LP-WUS for the following reasons.
· Everything else equal, FSK provides a 3dB advantage in link-budget over OOK. 
· FSK receivers can achieve <1mW power with good sensitivity and SIR(ACR). See the plot below for FSK receivers published in literature.

Regarding the proposal: The type-1 architecture proposed above for FSK should be considered. The EDs can be followed by optional ADCs, and proceeded by optional amplification. 
I am not familiar with the type-2 architecture and FM-AM detector. More detail should be included.
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	Huawei,
Hisilicon
	This set of receive architectures can be captured as a fair report of what was considered in the SI. This agenda item does not have the remit to decide on supported/not supported modulation schemes.

FSK can be demodulated in parallel OOK receivers or FM-AM detector. 
The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain [1]. 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: ]


[1] M. Silva Pereira, J. Caldinhas Vaz, C. Azeredo Leme, J. T. de Sousa and J. Costa Freire, "A 170 μA All-Digital GFSK Demodulator With Rejection of Low SNR Packets for Bluetooth-LE," in IEEE Microwave and Wireless Components Letters, vol. 26, no. 6, pp. 452-454, June 2016, doi: 10.1109/LMWC.2016.2562639.
Note: Low power receiver that uses FM-AM reported in [1] has a total power consumption of around 200 . 


	vivo2
	We have one quick question to everactive for better understanding.

When saying ‘Everything else equal, FSK provides a 3dB advantage in link-budget over OOK’, we are wondering whether it is assumed that the hardware of receiver, total power consumption, and the occupied time-frequency resources (including required guardband) are equal for FSK and OOK here, and FSK still provides 3dB gain in link-budget over OOK. 

	SONY
	We are open to study LP-WUR for FSK.

Our initial view is that an FSK receiver has higher power consumption and its other performance metrics such as noise figure of sensitivity are not better than an OOK receiver. These aspects can come out in the study.  

	Ericsson1
	As indicated in earlier comment, at this initial stage all receiver types should be further studied including LP-WUR for FSK.

	Moderator
	The comments show that many companies have interest to investigate the architectures for FSK to understand it better. So I put together Proposal 2-6 for further discussion below. I include the two types of architecture above as examples, as the input is rather limited. More discussion may be needed to refine the proposal.
There is no need to comment further under this question.

@Samsung, this is for FSK, while P2-1 is for OOK. They are not related.





[CLOSED] Proposal 2-6: (FSK)
Further study the receiver architectures for FSK, with the two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit
· [image: A picture containing text, clock, screenshot
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· Example 2: use a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector.
· [image: ]
· The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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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	Company
	Comments

	Moderator
	It is encouraged that companies (especially those who support the further study of FSK) can provide more input on the receiver architecture for FSK, to help formulate the proposal better.

	vivo
	· For example 1, as it says parallel OOK receivers, besides the diagram shown above (corresponding to RF envelop detection in proposal 2-2), our question is whether the OOK receiver type of heterodyne and zero-IF defined in proposal 2-3 and 2-4 are also included. If they are also included, we prefer to make it clear.
· For example 2, when it says ‘similar architecture as for OOK’, we have similar question as in example 1, whether all three architecture types defined in 2-1 can apply

	Huawei,
Hisilicon
	For example 2, since the FM-AM detector can be either implemented in analog or digital domain, we change the proposal as follows:

Proposal 2-6: (FSK)
Further study the receiver architectures for FSK, with the two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit
· [image: A picture containing text, clock, screenshot
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· Example 2: using FM-to-AM detector
· Alternative 1: a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector.
[image: ]
· Alternative 2: the FM-to-AM detector can implemented in digital domain after ADC.
· The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.

	Everactive
	The architecture will depend on the LP-WUS, in particular the bandwidth of the FSK signal and the frequency deviation. The narrower the signal bandwidth, the higher the quality factor (Q) of the BPFs. Higher Q BPFs leads to higher power.

Example for wideband FSK (e.g. 5-20MHz):
[image: ]
J. Im, H. -S. Kim and D. D. Wentzloff, "A 470µW −92.5dBm OOK/FSK Receiver for IEEE 802.11 WiFi LP-WUR," ESSCIRC 2018 - IEEE 44th European Solid State Circuits Conference (ESSCIRC), 2018, pp. 302-305, doi: 10.1109/ESSCIRC.2018.8494331.

Example for narrowband FSK (e.g. <1MHz):
[image: ]
O. Abdelatty et al., "A Low Power Bluetooth Low-Energy Transmitter with a 10.5nJ Startup-Energy Crystal Oscillator," ESSCIRC 2019 - IEEE 45th European Solid State Circuits Conference (ESSCIRC), 2019, pp. 377-380, doi: 10.1109/ESSCIRC.2019.8902902.


	Ericsson2
	Ok to study

	QC
	We are OK with the proposal. However, based on the literature review, FSK receiver is higher complexity and can have more power consumption than OOK receiver. It is a matter of fact that the FSK receiver can be implemented using two parallel OOK receivers.

	Moderator
	Updated proposal in r1 below as suggested by Huawei.



[CLOSED] Proposal 2-6r1: (FSK)
Further study the receiver architectures for FSK, with the two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit
· [image: A picture containing text, clock, screenshot
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· Example 2: using FM-to-AM detector
· Alternative 1: a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector.
[image: ]
· Alternative 2: the FM-to-AM detector can implemented in digital domain after ADC.
· The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.

	Company
	Comments

	Moderator
	@ZTE, @Huawei/HiSi,
Please address the questions from vivo above.

	
	




OFDM-based signal and receiver have been discussed by Ericsson, QC and Sony, which intends to maximally reuse the existing design of the main radio.
· Sony: “These receivers have a power consumption in the range of 1mW and sensitivity better than -100dBm.”

[CLOSED] Q 2-7: (OFDM-based signal/receiver)
Please comment on whether OFDM-based signal and receiver should be further considered for LP WUR and why.
	Company
	Comments

	ZTE, Sanchips
	More clarification for the OFDM-based signal/receiver are needed, e.g., the generation structure and receiver structure.

	Spreadtrum
	Fine to discuss.

	TCL
	Further study may be required for this proposal 

	Nordic 
	OK, if proposal allows/includes also DFT-S-OFDMA

	Panasonic
	Even for OOK, our understanding is MC-OOK can still be OFDM-based signal depending on the more detailed design. Same applies to FSK. So we are open to that.

	Vivo
	From our observation, OFDM-based signal and receiver requires power-hungry local oscillator (LO) and PLL for coherent detection, which results in a very high power consumption, thus should not be considered further in this SI. Considering some sources saying that some existing receivers (e.g., Nb-IoT WUS) can operates in 2.1mW. We think targeting 1mW is not promising.

	Intel
	We prefer to not consider this direction since the SID says that ‘this study will not require existing signals to be used as WUS’

	Futurewei
	We are open in general, but based on low-power receiver architectures literature, we are not sure if this type of receiver architecture can be considered for a targeted power consumption << 1mW. Also, we would like to suggest clarifying the proposal to differentiate between an OFDM receiver and an OOK/FSK LP-WUR for which the OOK/FSK signal is generated using an OFDM-based TX, i.e., OFDM-based signal design.

	Nokia, NSB
	Fine to discuss

	CATT
	We haver reservation on this proposal of OFDM-based signals since the power consumption and complexity of FFT is not the desired component of LP-WUS.   

	OPPO
	We are fine with OFDM-based WUS generation. OFDM-based receiver needs further study on power consumption, form factor, complexity, and so on. 

	MediaTek
	We are concerned that OFDM-based signal is unlikely to provide meaningful power saving gains comparing to Rel-16/17 power saving schemes.

	Lenovo 
	Yes we need to study how to generate MC-OOK from OFDM/DFT-s-OFDM waveform 

	QC
	As stated in our tdoc R1-2210012, CP-OFDM waveform for LP-WUS, similar to NB-IoT/eMTC WUS design in Rel-15 and Rel-16, could be just another option to consider. But we expect it would consume higher power than OOK based receiver.

	Samsung 
	For further clarification, what’s the meaning of OFDM-based signal? I wonder whether the traditional NR signal is still OFDM-based signal after being converted to time domain and after OOK modulation. Actually, the LP-WUS should be transmitted based on the OFDM mode and modulated by OOK in time domain in our view. By the way, this question seems not necessary because it has nothing to do with any architectures mentioned in proposal 2-1.

	Everactive
	We can safely rule out OFDM receivers for this study based on power consumption reported in literature. Most OFDM receivers are well over 1mW active power. One OFDM receiver has been published below 1mW, which was designed for the MURS band in the US (150MHz). 
[image: ]
David D. Wentzloff, "Ultra-Low Power Radio Survey," [online]. www.eecs.umich.edu/wics/low_power_radio_survey.html

	Huawei,
Hisilicon
	It’s not clear what “OFDM-based” signal refers to, but note that signal design belongs to agenda 9.13.3. In our opinion, the OOK/FSK can also be implemented based on OFDM, e.g. multi-carrier OOK/FSK.
Generally, at this stage, we are fine to discuss OFDM-based signal/receiver.

	SONY
	We think that an OFDM-based receiver should be studied. There are various requirements on the LP-WUS, including support for mobility, support for operation in different frequency locations, resilience to co-channel interference etc. These are requirements for a cellular system. We think that these requirements are likely to be well met by an OFDM-based signal (we can include DFT-s-OFDM here). The eMTC / NB-IoT WUS is such an OFDM-based signal. Yes, the power consumption of this receiver architecture / signal type may be higher than the power consumption of other receiver types. If those other receiver types have a lower power consumption but are only suitable for PAN / LAN type deployments, then are they relevant to this study?

This is a study item and as part of the study, we think that we should consider the benefits and drawbacks of various reasonable receiver architectures.

We are also open to the study of OOK waveforms that are generated within an OFDM signal (as discussed with respect to MC-OOK etc).


	Ericsson1
	All receiver types should be further studied at this initial stage including OFDM-based receiver. From our perspective, it is important to include at least following in the TR
· Achievable power consumption with OFDM based architecture (may be higher than OOK/FSK but how much would be good to document in the same way as other options)
· power consumption vs. system aspects (coverage/reliability, latency, overhead) trade-off for this option and other options. 

	Moderator
	To answer to some of confusions, the OFDM-based signal/receiver here means that the signal is OFDM-based, and more important, the receiver is also OFDM-based, but the components may be chosen differently to reduce the power consumption. So MC-OOK/FSK (even though it can be generated using an OFDM transmitter) that is received using e.g. one of the architectures in Proposal 2-1/2-6 does not belong to this category. To avoid the confusion, I will use the term “OFDM-based receiver architecture”.

There seems to be some divergence among companies in terms of whether we want to pursue this further.
OK to study: Spreadtrum, Nordic, Futurewei (?), Nokia/NSB, OPPO (?), QC, Huawei/HiSi (?), SONY, Ericsson
No further study: vivo, Intel, CATT, MediaTek, Everactive

The opponents think the power consumption achievable by this architecture (e.g. a couple of mW or higher) is too high to be considered. The proponents think we may need such a receiver to achieve all the requirements target.

Given that there are a slightly larger number of supporting companies than non-supporting companies, I included Proposal 2-6 below for further discussion.

There is no need to comment further here.



[CLOSED] Proposal 2-7: (OFDM-based)
Further study OFDM-based receiver architecture.
	Company
	Comments

	ZTE, Sanechips
	Before studying OFDM-based receiver architecture, the following should be clarified:
· The OFDM-based receiver architecture should be clarified clear similar as the zero-IF or other architectures.
· The power consumption for the OFDM-based receiver architecture also needs to be clarified especially for the always-on LP-WUS. 


	Nordic 
	We miss-understood the original question, we do not want to study OFDM-based receiver with coherent detection

	Futurewei 2
	We are open based on other companies support, but we are more inclined towards not supporting than supporting given the expected power consumption for this type of architecture, the fact that PEI (in RRC IDLE/INACTIVE) and WUS (in RRC Connected) were already addressing this type of architecture, and the fact that the SI does not mandate the use of existing NR signals as LP-WUS.

	vivo
	Thanks moderator for clarifying the confusing point and now it’s clear that MC-OOK/FSK (even though it can be generated using an OFDM transmitter) that is received using e.g. one of the architectures in Proposal 2-1/2-6 does not belong to this category.
Further, OFDM-based receiver architecture here is kind of a very high level concept, rather than a receiver architecture type for LP-WUS. Detailed description on involved modules should be given to identify whether companies have common understanding on the OFDM-based receiver architecture. 
In our opinion, OFDM-based receiver uses high accuracy LO and PLL, as well as other sophisticated hardware modules which support coherent detection of OFDM-based signal, and thus, it’s very difficult to achieve power saving gain compared to R15/R16/R16 power saving scheme. We want to emphasize what stated in the objective of SI:
‘As opposed to the work on UE power savings in previous releases, this study will not require existing signals to be used as WUS’ and ‘Solutions should target substantial gains compared to the existing REL-15/16/17 UE power saving mechanisms’.
Furthermore, if we understand it correctly, the main motivation of proposing OFDM receiver is to reuse the existing main radio hardware, then it’s not clear to us whether there exists anything new needs to be studied.
To sum up, we suggest not to study of existing OFDM receiver in AI 9.13.2

	Panasonic
	We are open but may agree on Nordic that this should be confined for non-coherent detection.

	Intel
	(the proposal should be 2-7, right?)
If majority companies want to study on OFDM-based receiver, we are fine with it. However, it needs to clarify what is the target time/frequency level of synchronization for OFDM processing at receiver. The related impact to LO/PLL should be clarified too.  

	Samsung 
	It is not desirable to exclude any architecture at this early stage, but we prefer to deprioritize it considering the high power consumption. We can wait the evaluation results in 9.13.1, and then decide whether this architecture needs further study.

	SONY
	We support further studying OFDAM-based architecture.
Agree with Ericsson that, “All receiver types should be further studied at this initial stage including OFDM-based receiver”. The study should identify the advantages and disadvantages of the various receiver architectures before arriving at conclusions.
Presumably, this should be proposal 2-7. “2-6” is already used for FSK receivers.

	MediaTek
	No, we may retrigger sequence-based (SSS or TRS/CSI-RS) PEI discussion in Rel-16 again.

	Huawei,
Hisilicon
	We are fine to discuss OFDM-based receiver architecture at this initial stage. Companies can further investigate the pros and cons and determine whether the OFDM-based receiver architecture can achieve the requirements for LP-WUR.

	Everactive
	Thank you for clarifying that this study is for an “OFDM-based receiver architecture.” 
We agree with Nordic, and do not want to study OFDM receivers.

	Ericsson2
	Support to study. From our perspective, it is good to address the question of suitability (or unsuitability) for OFDM based receiver as part of the SI than simply not including even it for further study from the first meeting.

Proposal can be reformulated as below

Proposal:
· Further study applicability of OFDM-based receiver architecture for LP-WUR/WUS considering at least following 
· Whether substantial power consumption reduction can be achieved compared to existing solutions

	QC
	As stated in our previous response, CP-OFDM waveform for LP-WUS, similar to NB-IoT/eMTC WUS design in Rel-15 and Rel-16, could be just another option to consider. But we see that it could consume higher power than OOK based receiver.


	Moderator
	Further study: SONY, Huawei/HiSi, Ericsson, QC
No further study: Nordic, Futurewei (preferred), vivo, Panasonic (?), MediaTek, Everactive
Need further clarification: ZTE/Sanechips, Intel
Deprioritize: Samsung

Now that the terminology has been clarified, there are more companies who do not see OFDM-based receiver attractive due to the high power consumption.
A few companies also pointed out that before we agree to study it, the exact architecture to be investigated should be further clarified, e.g. how it is different from the existing NR main receiver, how to lower the power consumption given that high accuracy LO/PLL are required for coherent detection, etc.

So we stop the discussion on this proposal for now. Instead, I am starting a new question inviting the supporting companies to provide more details on the architectures in mind.




[CLOSED] Q 2-7A: (OFDM-based signal/receiver)
For the companies who propose to study OFDM-based receiver architecture further, please provide details on the architecture(s), e.g., a diagram, how it is different from the NR receiver, how to reduce the power consumption compared to NR receiver.
	Company
	Comments

	
	




Assuming certain receiver RF architectures are agreed to be studied further, companies are encouraged to analyze and evaluate the feasibility/performance of the receiver architectures.
[CLOSED] Proposal 2-8: 
For the analysis of a receiver architecture, companies are encouraged to provide the following (when applicable):
· Receiver parameters
· Presence of a RF LNA, and the corresponding gain, if any
· Local oscillator
· Type of oscillator and the corresponding frequency accuracy/drifting
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· Filter characteristics (what type of filter, order)
· Assumed frequency band(s)
· Performance metrics
· Power consumption (and breakdown if available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
	Company
	Comments

	ZTE, Sanechips
	Generally agree with this proposal. In addition, AMP(BB or IF) should also be included.
For each receiver architecture, the parameters may be different. Therefore, these parameters should be given for each receiver architecture.

	Spreadtrum
	We are fine with this proposal.

	Nordic
	OK

	Panasonic
	We are okay.

	Vivo
	We agree to provide the proposed receiver components and referred performance metrics when analysing receiver architectures for feasibility and suggest the following updates: 

For the analysis of a receiver architecture, companies are encouraged to provide the following (when applicable):
· Receiver parameters components
· Receiver RF architectures type, e.g., RF envelope detection architecture, Heterodyne architecture, Zero-IF architecture or any others.
· Presence of a RF LNA, and the corresponding gain, if any
· Presence of an IF amplifier, and the corresponding gain, if any
· Local oscillator
· Type of oscillator and the corresponding frequency accuracy/drifting
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· Filter characteristics (what type of filter, order), including RF, IF, and BB
· Assumed frequency band(s)
· Performance metrics (according to one specific setup of the receiver components)
· Power consumption (and breakdown if available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate

	Intel
	We are supportive to FL proposal

	Futurewei
	We are fine with vivo’s updated proposal.

	Nokia, NSB
	We are fine with Vivo’s updated proposal.

	CATT
	We are OK with the proposal or vivo’s update.  

	OPPO
	We are fine with the proposal. 

	MediaTek
	Performance metrics should include “data rate”	

	Lenovo
	Assumed payload and achievable data rate should be compared for different Rx architecture

	Sharp
	We support the proposal.

	QC
	Companies can report their assumption on those parameters.

	Samsung
	It should be discussed after proposal 2-1 is stable.

	Everactive
	The default for power consumption is the active power consumption of the LP-WUR when receiving a LP-WUS.
Additionally, should include the power when off, and a breakdown of power of the receiver blocks.

	Huawei,
Hisilicon
	The relationship of this proposal, and proposal 1-2 needs clarifying. They seem to have the same basic intention. This proposal may be a better version to work further on.

	SONY
	“Data rate” should also be included as performance metrics.

	Moderator
	Proposal 2-8r1: 
For the analysis of a receiver architecture, companies are encouraged to provide the following (when applicable):
· Details of receiver components parameters
· Receiver architecture type
· 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
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· RF/IF/BB filter characteristics (e.g. what type of filter, order), if any
· Assumed frequency band(s)
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate


	ZTE, Sanechips
	Suggest to add ‘at least’ to make the door open as follows:

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


	CMCC
	We are fine with FL proposal in general, but still would like to have some further updates as below:
For performance metrics, power consumption is preferred to be broken down to show the power consumption of all the necessary parts have been taken into consideration.
Proposal 2-8r1: 
For the analysis of a receiver architecture, companies are encouraged to provide the following (when applicable):
· Details of receiver components parameters
· Receiver architecture type
· 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
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· RF/IF/BB filter characteristics (e.g. what type of filter, order), if any
· Assumed frequency band(s)
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if available)
· For each state (active monitoring/reception/off state), to indicate all the active power consuming parts , including RTC, GPIO, etc.
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate


	Nordic
	“and breakdown if available” is sufficient

	Futurewei 2
	We agree with the updated proposal 2-8r1.

	vivo
	Ok with the proposal 

	Nokia, NSB2
	Support the proposal

	Intel
	We suggest to clarify in main bullet that this is for both OOK and FSK. 
The second bullet ‘performance metrics’ seems overlap with Proposal 1-2

	Samsung 
	We would like to further clarify the meaning of ‘gain’ in the second sub-bullet. Does it mean the absolute/relative power consumption or receiver sensitivity gain due to the presence of RF LNA/IF AMP/BB AMP?

	SONY
	OK with proposal.

	MediaTek
	Ok.

	Huawei,
Hisilicon
	We suggest to add baseband processing in the details of receiver components, as this is likely to differ among architectures:
· Baseband processing (sequence correlation detection / decoding, other signal processing, if any)

For the analysis of a receiver architecture, companies are encouraged to provide the following (when applicable):
· Details of receiver components parameters
· Receiver architecture type
· 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
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· RF/IF/BB filter characteristics (e.g. what type of filter, order), if any
· Assumed frequency band(s)
· Baseband processing
· Sequence correlation detection / decoding
· Support of any other signal processing
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate


	Everactive
	Ok with the proposal

	QC
	We are OK with the FL proposal.

	Moderator
	Updated version with diff marks on top of r1:
Proposal 2-8r2: 
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of receiver components 
· Receiver architecture type
· 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
· Presence of PLL or FLL
· ADC: sampling rate, bit-width
· Assumed signal bandwidth and guard band
· RF/IF/BB filter characteristics (e.g. type of filter, order), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s)
· Performance metrics
· Power consumption during active monitoring/reception and during off state (and breakdown if possible available)
· Noise figure and/or receiver sensitivity
· Interference rejection capability
· Data rate

@Intel, this is a generic proposal and not necessarily tied to a particular architecture. It is probably better not to explicitly mention the modulation. The main bullet has “when applicable” in it.
@Samsung, “gain” refers to the power gain of an amplifier, which improve the receiver sensitivity, not the power consumption.
@Huawei/HiSi, it is not clear to me why you suggest removing interference rejection capability.


	Moderator
	Please continue to the second round, where Proposal 1-2 and Proposal 2-8 are merged together




Second round

Proposal 2-2r4: (RF envelope detection, with diff mark on top of the latest version in Chairman’s notes after 10/14 GTW)
Study the RF envelope detection 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 in baseband processing.
· RF LNA and/or BB AMP can be optionally applied.
· High-Q matching network and/or RF BPF (which may require off-chip components and is band-specific) and/or BB LPF can be used to suppress adjacent channel interference or interference from legacy NR signals on adjacent subcarriers.
· [Band or channel tuning can be performed by tunable matching network and/or RF BPF.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.
[image: Diagram
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	Company
	Comments

	Moderator
	@Nokia/NSB, please check if the bullet in the bracket above reflects what you had in mind. At the same time, let us hear other companies’ views on this (same for the similar bullet in the other two proposals).

	vivo
	We would like to understand the details on band or channel tuning performed by RF BPF, for example, whether single RF BPF or multiple RF BPFs are required to support tuning.

	ZTE, Sanechips
	We are OK with it.

	MediaTek
	It is unreasonable to support band or channel tuning without LO and PLL. It could be possible to support limited pre-defined bands, e.g., two or three bands, but may sacrifice its low-power consumption properties. 

	Spreadtrum
	We are fine with the proposal. For the band/channel tuning, it can be further discussed.

	Nokia, NSB3
	@Moderator – The added bullet modified with “Band and/or channel tuning …” addresses our concern.

One minor query for the regarding:  

“to suppress adjacent channel interference or interference from legacy NR signals [or other LP-WUS] on adjacent subcarriers.”  

Could the interference also be from new R18 signals, such as the LP-WUS?  If it can, should the bullet be rephrased as suggested above?

	Huawei,
HiSilicon
	We propose to delete “ in baseband processing”: 
1-bit or multi-bit ADC is applied in baseband processing

We propose to delete the note, since it is captured in the umbrella agreement i.e., Proposal 2-1r3.  we don’t see a need to repeat it many times: 
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.


	Samsung 
	We agree with Nokia that the interference from other LP-WUS should also be suppressed. In addition, considering that RF LNA and/or BB AMP can be optionally applied, we think the dotted line is more suitable for representing these components than the solid line in the diagram to align with the text.

	Intel
	We prefer to keep the deleted part in 5th bullet since it provides an insight on the architecture. We are fine to remove ‘is band-specific’ since it may be duplicated with the 2nd last bullet
High-Q matching network and/or RF BPF (which may require off-chip components and is band-specific) and/or BB LPF can be used to suppress adjacent channel interference or interference from legacy NR signals on adjacent subcarriers.

	Nordic 
	1) For tuning between bands, a LO would be needed, but within a band it is possible to tune, therefore, text sould be updated as the following:

· High-Q matching network and/or RF BPF (which may require off-chip components and is band-specific) and/or [BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals on adjacent subcarriers.
· [Band or channel tuning within a band can be performed by tunable matching network , LNA and/or RF BPF.]

2) We do not understand how BB LPF after Envelop detector can filter out interference from neighbor channel (other operator) that can be up to 30dB higher. 



	Panasonic
	We see the proposal from Nokia/NSB out of practical consideration. But also as MTK commented, there may be more options on how to support band or channel tuning. In addition, this is also related to LP-WUS design. It can be more efficient to firstly focus on the signal band or channel and put this matter for FFS, for proposal 2-2/3/4:
FFS on how to support band or channel tuning.



	SONY
	Fine with the proposal.

	Futurewei
	We are OK with the proposal, but similar to Huawei/HiSilicon, we think that modulation aspects are already captured in the note of the umberlla agreement and there is no need to repeat it in the details of each architecture proposal unless it is going to cause a dispute.
Further, we suggest having the discussion on each architecture’s support of band/channel tunability as part of the reported details in Proposal 2-8.

	QC
	We are OK with this proposal


	Ericsson3
	OK to study

	Everactive
	We prefer modulation (OOK or FSK) is an output of the architecture study. 

	Moderator
	
Proposal 2-2r5: (RF envelope detection, with diff mark on top of the latest version in Chairman’s notes after 10/14 GTW)
Study the RF envelope detection 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 in baseband processing.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· High-Q matching network and/or RF BPF (which may require off-chip components and is band-specific) 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.
· [Band or channel tuning can be performed by tunable matching network and/or RF BPF.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.

@Nokia/NSB, on the bullet for band or channel tuning, it seems that companies still have different views on it. Given that we are running out of time to discuss and converge, my suggestion is to not include it for now, and we continue the discussion next meeting. At the same time, if you can answer the questions raised by other companies, that will also be helpful.

On the last note, a few companies suggest removing it, and it is removed in the update, even though I personally think the note is accurate and good to keep for information. To explain my reasoning, the question is: can the architecture shown in the diagram be directly used for FSK? My understanding is no, and something needs to be changed to the diagram for it to work for FSK. This was why I had this note and also added “be adapted”. Personally I have nothing against adapting/using it for FSK, but I thought we should be technically accurate at least. To me the difference between this proposal and the agreement is that the agreement was talking about some high level concept, but this proposal provides a diagram that shows clearly the components, which becomes more restrictive. On the other hand, if all the companies are fine with removing the note, I would be fine too.

@Samsung, on “RF LNA and/or BB AMP”, I could change the diagram to make them dotted lines. But I don’t know if all the companies would agree on exactly which components can be optional and which componenets should not be. So I prefer to just change the text, if needed, instead of changing the diagram (which makes the email discussion more complicated and more time consuming). This is also why I make all the lines solid in the latest version. I also modified the language to be a bit more generic, also considering the comments on other proposals. Hope this can be fine with you.
 
@Nordic, Regarding BB LPF, the original comment came from QC, suggesting that RF BPF alone may not be sufficient, so I assume their intention was to use BB LPF together with RF BPF. I used “and/or” in the updated proposal to make the language a bit more inclusive (otherwise it may read as both have to be used). With this understanding, would you be fine with the current wording? Anyway, companies would need to explain in more detail for any architecture.

Here is the clean version:

Proposal 2-2r5: (RF envelope detection, clean version)
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.

	Huawei, HiSilicon
	We are fine with this proposal

	Panasonic
	Current description should just be focused with single band single carrier at first. But we can see controversies on whether/how it covers cases band/channel tuning. Thus, either we need an FFS bullet on the support of band/channel tuning, or we should mention in the main bullet to confine it is only for single band single carrier.

	Nokia, NSB4
	@Moderator @All   Thank you all for considering the band/channel tuning problem and discussing some of the challenges/trade-offs that this particular architecture will raise.  This is exactly the sort of discussion we want now before too many conclusions are drawn from highly optimised (but potentially unrealistic) single-band, single carrier architectures.  

Given the comments thus far, we would be happy to go with the Panasonic suggestion and add the following bullet to this and the other architecture proposals:

FFS  The support of band and/or channel tuning.
 

	CMCC
	We support FL suggestion to remove the bullet for band or channel tuning for the time being, and will be happy to know further updates on this in the next meeting.
As per the comments in the bracket above, it is not clear to us whether it is saying both the matching network and RF BPF are tunable, OR it is saying only the matching network is tunable.
As per our knowledge for the time being, Matching network is tunable, BB LPF is tunable, but we never heard that RF BPF is tunable. It will be helpful and necessary if further clarification can be made here. We will be happy to know RF BPF is also confirmed to be tunable now to enable the simplified design of LP-WUR for multi bands :)

	Nordic 
	1) We are looking forward to hear how BB LPF after envelop detector supresses ACI, but OK to keep it
2) We believe our wording on band-specific off-chip components, plus tuning within band would have been a agreeable way forward. Having an FFS proposed by Nokia is the minimum we can accept, such that we return to this in next meeting.

	ZTE, Sanechips
	We are generally fine with the proposal. Just have a clarification question, how to understand ‘band-specific’ and ‘band tuning’ ? is it conflicting?

	vivo
	Ok with the proposal and also ok for adding an FFS on the support of band and/or channel tuning.

	Intel
	We are fine to have a FFS for the support of band and/or channel tuning.
We still prefer to clarify that the High-Q matching network and/or RF BPF may require off-chip components. No companies shows a different understanding if I didn’t miss something.   

	SONY
	OK with proposal

	Moderator
	@Intel, “off-chip components” was removed during the GTW session due to some comments. I prefer not to bring it back at this late stage of the meeting as it may be controversial. We can discuss more next meeting. Hope this is fine with you.

Proposal 2-2r6: (RF envelope detection, with diff marks on top of r5)
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 channel tuning


	
	

	Moderator
	Another update to align the terminology “channel” vs “carrier”. Now “carrier” is used in all the proposals.

Proposal 2-2r7: (RF envelope detection, with diff marks on top of r5)
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


	QC
	To make it clear that the BB LPF is more relevant to co-channel interference filtering, we suggest to make the following

· High-Q RF BPF and/or IF BPF and/or BB LPF can be used to suppress interference (e.g., adjacent channel interference and/or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers) 


	Moderator
	@QC, your comment is not clear to me. What do you mean by “co-channel interference” here? Inter-cell interference? Or is it somewhat related to “interference from legacy NR signals and/or other LP WUS on adjacent subcarriers” here? If not, I prefer not to make the last minute change in the current bullet as it is currently about interference filtering. I am putting “and/or BB LPF” in bracket now for progress.

Proposal 2-2r8: (RF envelope detection, with diff marks on top of r5)
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


	Moderator
	Proposal 2-2r8 was agreed via email approval.




Proposal 2-3r3: (Heterodyne, with diff mark on top of r1)
For OOK modulation, Study the heterodyne architecture with IF envelope detection can be studied 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. After the amplification and filtering of IF signal, the 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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
· The interference rejection can be performed by a high-Q RF BPF and/or IF BPF and/or BB LPF.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· RF LNA and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.
[image: Diagram
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	Company
	Comments

	Moderator
	@all, please also check my comments in the 1st round when updating P2-3r2.

	Vivo
	Considering IF AMP may not be needed in some cases, e.g., medium sensitivity, we slightly change the proposal to reflect such flexibility of using IF AMP.
Proposal 2-3r3: (Heterodyne, with diff mark on top of r1)
For OOK modulation, Study the heterodyne architecture with IF envelope detection can be studied 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. After the amplification and filtering of IF signal, then 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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
· The interference rejection can be performed by a high-Q RF BPF and/or IF BPF and/or BB LPF.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· RF LNA and/or IF AMP and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter is required.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.


	ZTE, Sanechips
	We are fine with it, and the following can be removed currently, since how the implement this can be further discussed.

· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]


	MediaTek
	Low-IF is one possible enhancement for Heterodyne. If the IF is not low enough, heterodyne usually requires off-chip components.   
· [The IF should be low enough so that the IF components can be integrated on-chip if the IF is low enough, otherwise off-chip components are required. Yet still high enough to avoid DC offset and flicker noise.]

	Spreadtrum
	We are fine the proposal basically. 
In addition, we are not sure about whether “the interference rejection” is common understanding. Does it mean the adjacent-channel interference rejection? Some companies mentioned about the inter-cell interference, which is more like co-channel interference. Also, we notice that in architecture with RF envelop detection we use “suppress adjacent channel interference or interference from legacy NR signals on adjacent subcarriers”. Thus, could we use “the interference rejection (including both adjacent channel interference and interference from legacy NR signals on adjacent subcarriers)”? It is also mentioned in Proposal 2-8r3.

	Nokia, NSB3
	
We support the added bullet regarding tuning, though we feel it would be more accurate to say “and/or”

•	[Band and/or channel tuning can be performed by tuning the RF-LO frequency.]

We think that deployment of LP-WUS is far more likely if flexible placement in different bands, and within a band of the LP-WUS is supported.  Hence, we consider it important, that meaningful evaluations of these architectures, should take into account component choices that allow for flexible placement of the LP-WUS. 


	Huawei,
HiSilicon
	We are fine with the proposal. After removing the Note as in 2-3r4 and 2-4r4. 

	Samsung 
	We agree with the proposal in general, and more prefer MediaTek’s modification . As mentioned above, RF LNA and/or BB AMP can be represented by dotted line instead of solid line in the diagram to align with the text.

	Intel
	IF AMP is in the diagram but not captured in the bullets for description. Suggest to add it
· RF LNA, IF AMP and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.

	Nordic 
	We do not understand how BB LPF after Envelop detector can filter out interference from neighbor channel (other operator) that can be up to 30dB higher. Until explained it should be kept in square brackets.

We prefer to keep note about Low-IF


	Panasonic
	We are okay with the proposal.

	SONY
	OK with the proposal.

	Futurewei
	We are OK with the proposal in general, but have a similar comment as to P2-2r4. On the IF frequency, our understanding is that the LO frequency might have an impact on the power consumption (depending on LO type) as well, therefore, there might be a trade-off between the architecture power consumption and size (e.g., off-chip components). So, we suggest if possible to consider the IF frequency as a parameter to be reported as part of the study.


	QC
	We propose the following modifications.
1) [The IF can be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
2) Image rejection filter or an image rejection mixer is necessary.


	Ericsson3
	OK to study

	Everactive
	Regarding the comment on flicker noise: 1) lower IF leads to larger passive components, which is contradictory to the point about on-chip integration. Lower IF will lead to lower power though. 2) some flicker noise may be tolerable. Can we reword this in a way that IF “may” avoid flicker noise?
See the revised bullet below:
· [The IF should be low enough so that the IF components are low power can be integrated on-chip, yet still and may be high enough to avoid DC offset and flicker noise.]
There are several other comments with different proposals for this statement on IF. Perhaps we remove it, and can make the range of IF frequencies a part of the study.

We prefer modulation (OOK or FSK) is an output of the architecture study.

	Moderator
	
Proposal 2-3r4: (Heterodyne, with diff mark on top of r1)
For OOK modulation, Study the heterodyne architecture with IF envelope detection can be studied 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. After the amplification and filtering of IF signal, tThe 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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.	Comment by Sigen Ye (Apple): This is now indented one more level.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· [The IF should be low enough so that the IF components can be integrated on-chip, yet still high enough to avoid DC offset and flicker noise.]
· The interference rejection can be performed by a hHigh-Q 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.
· Multi-bit ADC can facilitate reducing interference in baseband processing.
· Some component(s), e.g., RF LNA and/or IF AMP and/or BB AMP, can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· Image rejection filter or an image rejection mixer is required.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.

Please refer to my ersionion for P2-2 for similar changes (so I don’t need to repeat the same comments here).

I am proposing to remove the bullet on IF frequency. For some other companies who prefer to keep it, it seems that there may be different views on how this should be worded exactly, I would suggest that we continue the discussion next time, and let us try to agree on the common part first since we are running out of time.

Here is the clean ersion:
Proposal 2-3r4: (Heterodyne, clean version)
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, the corresponding frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q 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.

	Huawei, HiSilicon
	We are fine with this proposal 

	Panasonic
	As an LO is utilized anyway, the controversial can be less but still the understanding of how to support band/carrier tuning is not aligned at this moment, which is heavily related to the power consumption and cost of the LO and potentially other components. So we prefer same approach at 2-2r5 above.

	Nokia, NSB4
	As per our Proposal 2-2r5: comment, we would like the following FFS added.

FFS  The support of band and/or channel tuning.

	Nordic 
	1) If the intention is to discuss further then “Low-IF“ bullet should be then FFS
2) Band tuning can done with LO here, we do not need FFS here.



	ZTE, Sanechips
	The following update looks more correct.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, the corresponding increased frequency offset and phase noise should be taken into account in the design and evaluation.


	vivo
	We are ok with moderator’s proposal. 
And we are also ok for adding an FFS on the support of band and/or channel tuning, and an FFS on low frequencies as suggested by companies.

	Intel
	Not sure why only ring oscillator is mentioned. Does it imply a prioritized implementation? We prefer to list ring oscillator and LC oscillator instead. 
We are fine to keep the bullet on band and/or channel tuning. 
We prefer to keep the bullet on ‘Low-IF’, which is a key character for hyterodyne receiver. Since all bullets in the proposal are a particular component of the receiver now, we think the update by MTK in previous round could be fine. 

	SONY
	OK with the proposal

	Moderator
	On band/channel tuning, even though on the high level, companies may agree that LO can be tuned, companies may have different views on how the statement should be formulated. Therefore, the update uses the FFS proposed by Nokia/NSB.

On the IF issue, I also added an FFS.

@Intel, I had the comments in the previous round on ring oscillator. I guess you don’t agree with those comments then.  First of all, there is no intention to prioritize any design at this stage, and it is more for information. Maybe the easier way is to remove the bullet for now, because I am afraid adding LC oscillator may generate further discussions and we are running out of time for it.

Proposal 2-3r5: (Heterodyne, diff marks on top of r4)
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, the corresponding such increased frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q 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 channel tuning
· FFS the choice of IF frequency range


	
	

	Moderator
	Another update to align the terminology “channel” vs “carrier”. Now “carrier” is used in all the proposals.

Proposal 2-3r6: (Heterodyne, diff marks on top of r4)
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, the corresponding such increased frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q 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


	QC
	To make it clear that the BB LPF is more relevant to co-channel interference filtering, we suggest to make the following

· High-Q RF BPF and/or IF BPF and/or BB LPF can be used to suppress interference (e.g., adjacent channel interference and/or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers) 


	Moderator
	@QC, please see my comment for P2-2.

Proposal 2-3r7: (Heterodyne, diff marks on top of r4)
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, the corresponding such increased frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· 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


	Moderator
	Proposal 2-3r7 was agreed via email approval.




Proposal 2-4r4: (zero-IF, with diff mark on top of r2)
For OOK modulation, Study the homodyne/zero-IF architecture with baseband envelope detection can be studied 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. 
· 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 frequency offset and increased 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 in baseband processing.
· The interference rejection can be performed by a high-Q RF BPF and/or BB BPF.
· No image rejection filter is required.
· RF LNA and/or BB AMP can be optionally applied to further improve sensitivity, with the cost of additional power consumption.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.
[image: ]
	Company
	Comments

	Moderator
	@all, please also check my comments in the 1st round when updating P2-4r3.

	Vivo
	Ok with the proposal 

	ZTE, Sanechips
	We are fine with the proposal. Seems the envelope detection component is missing in the figure

	MediaTek
	Okay. Baseband envelope detection (BB ED) is usually performed after ADC with some pre-processing, e.g., AGC, T/F tracking, etc. It is fine not captured on the diagram. 

	Spreadtrum
	We are fine with the proposal basically.
For “envelope detection”, it seems it is included in the digital BBW processing. Thus, could we add a note, e.g. the envelop detection is included in the digital BB processing? It is useful to trace the discussion.

	Nokia, NSB3
	We support the bullet below for the reasons given in our previous response. 

· [Band and/or channel tuning can be performed by tuning the RF-LO frequency.]


	Huawei,
HiSilicon
	For the choice of the LO, similar as heterodyne, we think the ring oscillator can also be one example of low power oscillators for zero-IF architecture. So we suggest to add this sentence:
· One example of low power oscillators is the ring oscillator.
We propose to delete the note:
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.


	Samsung 
	We agree with the proposal in general. And the same comments as above, RF LNA and/or BB AMP can be represented by dotted line instead of solid line in the diagram to align with the text.

	Intel
	We are OK with the proposal. If ring oscillator is added per HW’s comments, we prefer to add LC oscillator as well. The proper oscillator will finally determined by the trade off of power consumption and sensistivity of LP-WUR. 

	Nordic 
	OK

	Panasonic
	We are okay with the proposal.

	SONY
	Notwithstanding the agreement on Oct 14 “study at least …. Homodyne/zero-IF architecture with baseband envelope detection”, we are a bit surprised that “baseband envelope detection” has been added to this proposal. This zero-IF architecture would be applicable to modulations other than OOK / FSK if it weren’t for the “baseband envelope detection” restriction.
We note that no company requested “baseband envelope detection” to be added in the previous FLS discussion.
If there is still a desire to include “baseband envelope detection” in this proposal, we would like proponents to split the “digital BB processing” block in the figure into:
· BB functions before envelope detection (MTK have started the list with “AGC, T/F tracking”, but we would like to know what “etc” refers to)
· BB envelope detection itself
BB functions after envelope detection (what are these?)

	Futurewei
	We are OK with the proposal in general, but have a similar comment as to P2-2r4.

	QC
	Envelope Detector (ED)
We see some companies have proposed to use ED in zero IF architecture. We think this envelop detector may be necessary depending on design and assumption. The effect of analog envelop detector may not be the same as one in digital baseband. We suggest to add the following bullet.

· ED can be done either in analog or digital domain depending on design.



	Ericsson3
	OK to study

	Everactive
	We prefer to keep ED in this architecture. The architecture without ED is addressed in the FSK section below.

We believe this architecture will require quadrature LO mixing and I/Q baseband paths for narrowband OOK signals and ED. Wideband OOK signals with ED may not need quadrature Los.

We prefer modulation (OOK or FSK) is an output of the architecture study.

	Moderator
	
Proposal 2-4r5: (zero-IF, with diff mark on top of r2)
For OOK modulation, Study the homodyne/zero-IF architecture with baseband envelope detection can be studied 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 or 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 frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied in baseband processing.
· The interference rejection can be performed by a hHigh-Q RF BPF and/or BB BPF 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 to further improve sensitivity, with the cost of additional power consumption.
· [Band or channel tuning can be performed by tuning the RF-LO frequency.]
· Note: The architecture in the diagram is considered suitable for OOK modulation. It may be adapted and applied for other modulations such as FSK.

@Intel, my understanding is that LC oscillator, which is traditionally used, is more accurate and more power consuming. So it is not typically considered as low power consumption. Would you be fine if the example is added as a sub-bullet? We do have the bullet for heterodyne architecture also.

@SONY, I can see that you are not happy with “baseband envelope detection”, but it is a bit unclear to me what exactly you are proposing here. Although nobody explicitly proposed “baseband envelope detection”, it was based on the comment from vivo, and the wording was in the very first revision of the proposal, with no complaint received until now. As I explained, these few proposals were put together for OOK modulation at least from the moderator perspective based on companies’ input, so indeed, no other modulation was considered at all. There was no other input that I could consider. This is to explain the history. I do understand companies may prefer to make it more general now.
Nonetheless, this proposal is following the the agreement that we made.
In terms of the breakdown of the digital BB processing, the reason that I did not go into the detail (or could not really go nto the detail) was because it heavily depends on the detailed WUS design, not just the modulation. E.g. there could be sequence detection or packet decoding depending on the WUS. In any case, I wonder if it would be fine to continue the discussion on the detail of the BB processing next meeting. If we start to modify this proposal, then should we do the same thing for the previous two proposals also?

Here is a clean version:
Proposal 2-4r5: (zero-IF, clean version)
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 frequency offset and increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q RF BPF and/or BB BPF 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.

	Huawei, HiSilicon
	We are fine with this proposal

	Panasonic
	As an LO is utilized anyway, the controversial can be less but still the understanding of how to support band/carrier tuning is not aligned at this moment, which is heavily related to the power consumption and cost of the LO and potentially other components. So we prefer same approach at 2-2r5 above.

	Nokia, NSB4
	As per our Proposal 2-2r5: comment, we would like the following FFS added.

FFS  The support of band and/or channel tuning.


	Nordic 
	OK

	ZTE, Sanechips
	We are fine with it.

	vivo
	Ok with the proposal

	Intel
	Not sure why only ring oscillator is mentioned. Does it imply a prioritized implementation? We prefer to list ring oscilator and LC oscillator instead. 
We are fine to keep the bullet on band and/or channel tuning. 

	SONY
	It seems like the group want to keep the “baseband envelope detection” as part of the proposal. If that is the case, then we can go with that.
It seems to me that the envelope detection aspect was inserted between Proposal 2-4r2 and Proposal 2-4r3. There doesn’t seem to be any motivating text in the comment tables that would motivate insertion of the envelope detection aspect between Proposal 2-4r2 and Proposal 2-4r3. I just can’t track the motivation for this. I agree that adding the envelope detection aspect would restrict this architecture to OOK / FSK type signals.
So, the proposal is OK as it stands. I’m just a bit mystified as to how we got here.
It seems that, in a future meeting, we are likely to have to look through all the tweaks to these basic architectures that are needed to support specific modulations.

	Moderator
	On the last FFS on band/channel tuning and the bullet on ring oscillator, please see my comments for P2-3.

@SONY, I think I missed one point in my earlier explanation. P2-2/2-3/2-4 are follow-up proposals for P2-1, to define more details for the 3 architectures, so the terminologies should be aligned. I did not mention it in any of my comments because I thought it was obvious. Will be more explicit next time. Thanks for the understanding.
Proposal 2-4r6: (zero-IF, diff marks on top of r5)
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 increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q RF BPF and/or BB BPF 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 channel tuning


	
	

	Moderator
	Another update to align the terminology “channel” vs “carrier”. Now “carrier” is used in all the proposals.

Proposal 2-4r7: (zero-IF, diff marks on top of r5)
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 increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q RF BPF and/or BB BPF 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


	QC
	To make it clear that the BB LPF is more relevant to co-channel interference filtering, we suggest to make the following

· High-Q RF BPF and/or IF BPF and/or BB LPF can be used to suppress interference (e.g., adjacent channel interference and/or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers) 


	Moderator
	@QC, please see my comment for P2-2.

Proposal 2-4r8: (zero-IF, diff marks on top of r5)
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 increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· 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 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


	Moderator
	Another update to add “[and/or BB LPF]” based on Samsung’s comment and also for consistency with other proposals:

Proposal 2-4r9: (zero-IF, diff marks on top of r5)
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 increased phase noise should be taken into account in the design and evaluation.
· One example of low power oscillators is the ring oscillator.
· 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


	Moderator
	Proposal 2-4r9 was agreed via email approval.




Proposal 2-6r1: (FSK)
Further study the receiver architectures for FSK, with the two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit
· [image: A picture containing text, clock, screenshot

Description automatically generated]
· Example 2: using FM-to-AM detector
· Alternative 1: a similar architecture as for OOK, except that the envelope detector is replaced by a FM-to-AM detector.
[image: ]
· Alternative 2: the FM-to-AM detector can be implemented in digital domain after ADC.
· The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.
	Company
	Comments

	Moderator
	@all, please provide as much input as possible so that we can understand the receiver architecture better, which can better assist our future work.
@ZTE, @Huawei/HiSi,
Please address the questions from vivo above.
@Huawei/HiSi, on the two alternatives you added for FM-to-AM detector, I am a little bit confused. Alt 1 is using a similar architecture as for OOK, and replace the envelope detector with FM-to-AM detector. But Alt 2 only talks about FM-to-AM detector, which does not mention the high leve architecture. Does Alt 2 also uses a similar architecture as OOK? Please help refine the descriptions as much as possible. I also have the same question as vivo in terms of which of the 3 architectures for OOK can be adapted and used for FSK, and how they are related to the 2 alternatives here.

	vivo
	We have two questions on alternative 2.
What are the functional blocks before ADC? What’s the difference between implementing FM-AM detector in analog (alt.1) and digital domain (alt.2)?

	ZTE, Sanechips
	The structure as above example provided by us is kind of FSK detection implementation. From our understanding, the FSK structure is possible to be used in the three kinds of receivers. As for the details applied in the RF detection receiver, zero-IF receiver and the heterodyne receiver, it may needs to be further studied.

	MediaTek
	We wonder if it is possible to reuse the same terminologies and icons from proposals 2-3r3 since these receivers can be supported by zero-IF or heterodyne. For example, at least it should include LO in the diagrams.

	Spreadtrum
	We think that the receiver structure of FSK is similar to that of OOK, except that there is one more conversion process, and there are many ways to realize the conversion. Since the agreed 3 architectures can be applied to FSK also (already mentioned in the agreement), we may not have a more specific architectures for now, and companies can provide the more details on it further.

	Huawei,
HiSilicon
	In general, we are fine with the proposal. However, to hnalde some companies comments if could be usefull to capture the following clarifications 

For example 1, we suggest to add a note:
 Each path can be implemented in either of the 3 architectures in Proposal 2-1r3:

For example 2, for the question from Vivo, for Alt.1 the analog FM-to-AM detector can be implemented at least in BB or low-IF, so it can be adapted with heterodyne and zero-IF architectures. For RF architecture, the FM-to-AM detector might be more challenging with the higher carrier frequency.
We suggest to add a note:
Analog FM-to-AM detector can be implemented at least in BB or low-IF

For Alt.2, the digital FM-to-AM detector implementation is considered as part of baseband processing. The digital FM-to-AM detector can be used in least Heterodyne and zero-IF architecture. An example diagram of heterodyne receiver with FM-to-AM block is shown below: 

[image: ] 
We suggest to add a note:
Digital FM-to-AM detector implementation could be considered as part of baseband processing.


	Intel
	For ‘Example 1’, at least the ‘architecture with RF envelop detection’ is not suitable for FSK since it requires rather narrow RF BPF which is impractical. The other two architectures ‘heterodyne architecture with IF envelope detection’ or ‘zero IF architecture’ may be applicable. However, the complexity and power consumption are increased due to the doubled modules. 

	SONY
	These receivers are minor variations on proposals 2-2, 2-3 and 2-4. 
We didn’t see the need for proposals 2-2, 2-3 and 2-4 to be specific to OOK. Why not just consider at least the three main LP-WUR architectures in 2-2, 2-3 and 2-4 and then discuss what minor variations to those architectures are needed to support different modulations (OOK, FSK, OFDM-based waveforms etc.)?

	Futurewei
	We are OK with the proposal. 

	Ericsson3
	OK to study

	Everactive
	We prefer Alternative 2 – we also prefer to leave out the FM-to-AM detector. Just state the signal is digitized at IF, and there’s an FM detector implemented in the digital domain.
Regarding Spreadtrum’s comment – the first three architectures do not support FSK (because they have EDs in them, and FSK is typically constant-amplitude). They are designed and used for OOK in literature. We are fine with modulation being an output of the study, but we do need to add a specific FSK architecture to the study.

	Moderator
	It looks like we are having mixed and sometimes conflicting comments from companies. Rather than having the discussion on very high level in words, I think the similar level as the diagram that Huawei provided for Alt 2 would be really helpful. Can the proponents provide something similar for the architectures that you are interested in? For example, how should the diagrams in P2-3/2-4/2-5 be modified for FSK?
One possible architecture diagram I see is the following (combining Huawei’s Alt 2 and Everactive’s comment). Even though the detail of FM detector is not clear to me, but I think we can use this to continue the discussion.
[image: ]
For Example 1, even though I understand the concept, what is not clear to me is where this comparator circuit would occur for each of the architectures in P2-3/2-4/2-5. It seems that the proponents do not have more details at this moment either.
@Huawei, can you please clarify whether the bullet on the “FM-to-AM detector” with the example frequency discriminator circuit is about Alt 1 or Alt 2 or both? Is the diagram for frequency discriminator circuit an example of Alt 1 or Alt 2? I am wondering the best place to put it. Right now the structure is a bit confusing.
With the limited information we have so far, here is another update:
Proposal 2-6r2: (FSK, diff mark on top of r1)
Further study the receiver architectures for FSK, with the 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
· Alternative 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: ]
· Alternative 2: Use a the FM-to-AM detector or an FM detector can be 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: ]
· 
· [The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.

	Spreadtrum
	@ Everactive , we agree there is FM-to-AM conversion. The architecture for FSK can be based on the agreed architectures with some update, as shown by HW.

	Huawei, HiSilicon
	The brackets can be removed “ [the architecture with RF envelope detection,] “.  Each path can be implemented in either of the 3 architectures in Proposal 2-1r3.   Additionally, the two paths can have shared modules when possible.

	Panasonic
	OK

	vivo
	For example 1, given that each path can be implemented using either of the three architectures with envelop detetion, a follow-up question is whether both 1-bit and multi-bit ADC can be used as sampling decision block. 
For example 2, we would like to understand the difference between FM-to-AM detector and FM detector.

	Intel
	We are fine with the proposal. The detailed diagrams on FSK can be discussed in next meeting

	SONY
	Fine with proposal

	[bookmark: _Hlk117049326]Moderator
	@Huawei/HiSi, I had a question on the bullet on FM-AM detector and I don’t see an answer. If I don’t get any clarification, I will remove the text and figure in bracket, because I don’t know how to modify it to fit into the proposal properly.

@Huawei/HiSi, on the bracket for “architecture with RF envelop detection”, the bracket is there due to Intel’s comment that this may not be suitable. Given that we don’t have any GTW time to debate on the point (or any other point), I feel adding the bracket may give us the best chance to reach some agreement.

On the difference between FM-to-AM detector and FM detector as asked by vivo, the proponents (Huawei and Everactive) will need to answer. Indeed there is very little information so far, and I was only trying to accommodate the comments from different directions.

There is no change to the proposal at this point.

	Huawei/HiSilicon
	Regarding the question about “clarify whether the bullet on the “FM-to-AM detector”…”  :

The bullet 3 in Example 2, shows an example of FM-to-AM detector implementation. This example can be implemented in analog circuits (in Alt1) or in digital domain (in Alt2). Hence, we porpose the following modifications to the bullet 3:

The FM-AM detector can be implemented using a frequency discriminator circuit, which converts frequency shift variations into amplitude changes. It can be implemented in either analog (as in Alt1) or digital domain (as in Alt2).

Regarding the FM-to-AM detector and FM detector question, we prefere to delete the FM detector 
Regarding “on the bracket for “architecture with RF envelop detection”….”: 

We fine with leaving the brackets, if the target is to reach some agreement. 


	Moderator
	  
Proposal 2-6r3: (FSK, diff mark on top of r2)
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]
· Alternative 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: ]
· Alternative 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: ]
· 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).
· [The FM-AM detector, using a frequency discriminator circuit, converts frequency shift into amplitude change, which can be implemented in either analog or digital domain. 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.


	vivo
	Regarding example 1 in proposal 2-6, we still have the question on  whether both 1-bit and multi-bit ADC can be used as sampling decision block.
Further, considering there is no new functional block added in example 1 compared to the architectures in proposal 2-2, 3, and 4, example 1 has already been included in them already. Thus it’s not necessary to separately state it again as there is no constraint on applied modulation schemes in  proposal 2-2, 3, and 4.
Regarding example 2 in  proposal 2-6, using an FM-to-AM detector [or an FM detector], the difference between FM-to-AM detector and FM detector is still not clear to us.
Another question is for alt 2, it says both heterodyne and zero-IF architecture can apply, however, for heterodyne architecture, it seems that IF signal has to be directly digitalized to facilitate the FM-to-AM detector processing in digital domain, it will be quite challenging. We want to make clear how alt 2 works for heterodyne architecture.
Further, according to the listing structure of FM-to-AM detector in the proposal, there is a LPF inside,  when taking a look at heterodyne or zero-IF architecture, there also exists BB LPF, we are not clear the relationship between the LPF inside the FM-to-AM detector and the LPF outside.

	Huawei, HiSilicon
	On sampling decision block:
Companies are free to implement this black box (“sampling decision block”) in any way they prefer & report – there are many well-known ways to provide a sampling decision step.

Relation of example 1 to architectures in 2-2, 2-3, 2-4.
At least there is the “sampling decision block ” functional block. Since one of 2-2,3,4 are needed for FSK, the current FL proposal neatly provides an overview of FSK without cross-referring to other places of the TR. It seems technically equivalent either way.

Question 1, on digitization of IF for the FM-AM detector:
Overall, it is up to the selection of intermediate frequency. If a relative higher IF is chosen for heterodyne, the requirements for ADC might be challenging. However, the requirement on digitizer is relaxed for low-IF. This is just something that companies would consider and report when finding which ways they think feasible and beneficial.
 
Question 2, on the two LPFs in example 2:
The internal LPF is needed to remove at least most of the high-frequency component after the multiplication with its phase-shifted version. In case there is a need, the external LPF can further improve high frequency noise, distortion, etc – it may not be needed in a particular implementation. In our reading, this kind of detail is already handled within the 2-2,3,4 architectures being "based on" their diagrams, so that companies would report on a particular difference within the overall design, if applied.

	Moderator
	Proposal 2-6r3 was agreed via email approval.




[CLOSED] Q 2-7A: (OFDM-based signal/receiver)
For the companies who propose to study OFDM-based receiver architecture further, please provide details on the architecture(s), e.g., a diagram, how it is different from the NR main receiver, how to reduce the power consumption compared to NR main receiver.
	Company
	Comments

	SONY
	We consider two architectures, but with the envelope detectors removed:
· Heterodyne (cf proposal 2-3)
· Zero-IF (cf proposal 2-4)

Compared to MR, the power consumption can be reduced by considering:
· Lower accuracy LO
· Lower quality LNA
· Lower bit-width in ADC 
· Low bandwidth signal with low ADC sampling frequency

Even if we took the NB-IoT/eMTC WUS receiver directly, we understand that this would have significantly less power consumption than the NR MR. Hence, we think it is evident that an OFDM-based receiver (e.g. the NB-IoT / eMTC WUS) would have lower power consumption than an NR MR. Odelberg, Wenzloff et al report a 2.1mW NB-IoT WUR. We understand that this 2.1mW power consumption is significantly less than the NR MR power consumption.

T. J. Odelberg, J. Im and D. D. Wentzloff, "A 2.1mW −109dBm NB-IoT Wake-Up Receiver," 2021 IEEE Radio Frequency Integrated Circuits Symposium (RFIC), 2021, pp. 235-238, doi: 10.1109/RFIC51843.2021.9490494. 

There are many potential advantages of an OFDM-based waveform for LP-WUS, potentially including resilience to Doppler, co-channel interference resilience, mobility support, transmission of data on the WUS etc. There are potential disdvantages too, potentially including power consumption. RAN1 at least needs to study these tradeoffs.

	Ericsson3
	The direction suggested by Sony seems reasonable. It is good if the SI reflects some study about OFDM based receivers rather than skipping it entirely. 


	Moderator
	Thanks SONY for providing more detailed information, and thanks Ericsson for continuing to show the interest.
Given that we have very limited time left in this meeting, and quite some companies showed negative opinion in the previous rounds, as the moderator, I don’t see much chance of getting an explicit agreement to further study it in this meeting. So my suggestion is not to further discuss along the line of Proposal 2-7 in this meeting. But this by no means suggests that it cannot be further studied. The proponents are encouraged to provide more information/analysis, and other companies are also encouraged to further consider the information provided during this discussion. We can continue the discussion in the next meeting.
I believe this is also coupled with the discussion on the power consumption target for LP WUR. I think many companies who prefer not to study this further due to the fact that the power consumption is higher than the target that they have in mind.

	SONY
	Agree with the general comment from the moderator.
On the power consumption aspect, we feel that it would be good to base observations on the power consumption on the evaluations. The power consumption of the system as a whole is not necessarily minimized by minimizing the power consumption of the LP-WUR (e.g. if some constraint of the lowest power LP-WUR meant that the MR had to be “on” for longer, the system power consumption might actually be higher for the lowest power LP-WUR than for a higher power LP-WUR). Let’s discuss at a future meeting!




Following the suggestion by some companies of merging Proposal 1-2r3 and Proposal 2-8r2, here is the updated Proposal 2-8, with diff marks on top of Proposal 2-8r1.
Proposal 2-8r3: 
For the analysis of a receiver architecture, companies are encouraged to provide at least the following (when applicable):
· Details of the receiver components 
· Receiver architecture type
· Assumed modulation/waveform
· 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
· RF/IF/BB filter characteristics (e.g. type of filter, order), if any
· Baseband processing (e.g., sequence correlation detection / decoding, other signal processing, if any)
· Assumed frequency band(s)
· 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 available)
· Noise figure and/or receiver sensitivity
· Sensitivity/coverage
· Interference rejection capability
· Data rate
· FFS: performance metrics for interference rejection capability and inter-cell interference handling
	Company
	Comments

	vivo
	ok with the proposal.

	ZTE, Sanechips
	We are fine with it.

	MediaTek
	Okay. However, we wonder how to use this proposal in this study. Would it be a template for companies to report or other usages?

	Spreadtrum
	We are fine with the proposal.

	Nokia, NSB3
	Being able to flexibly position the LP-WUS within different bands, is something that will help promote the adoption of this feature in real markets.  This will require tunable components, which can be considerably more costly/complex to design to meet RAN4 style requirements.

We therefore suggest the following minor modifications:

· Assumed signal bandwidth and guard band, and frequency location(s) within a carrier (fixed/flexible)


	Huawei,
HiSilicon
	We propose to delete 
· FFS: performance metrics for interference rejection capability and inter-cell interference handling
Because it is repetitive (there is already a similar bullet in Details of the receiver bullet). And we propose to add further clarification from companies/FL as to how this either metric or characteristics is expected to be expressed, so that companies know how to give comparable inputs to comming meetings.

	Samsung 
	We are fine with the proposal.

	Intel
	We are OK with the proposal 

	Nordic 
	OK

	Panasonic
	We are okay with the proposal.

	SONY
	OK with the proposal

	Futurewei
	We are in general OK with the proposal, but wonder if we can (1) add “cut-off frequency/frequencies” to the examples of filter characterisitcs sub-bullet, e.g., to capture the IF frequency considered for the Heterodyne architecture, (2) move inter-cell interference handling under “interference rejection capability” sub-bullet.

	QC
	The performance of receiver should be discussed with certain WUS design. Performance metrics such as power consumption (need to clarify whether it is max instantaneous power with duty cycling in mind or averaged number), sensitivity, data rate, PMD/FAR, other cell interference rejection all depend on WUS design. Thus, we think this list should be understood with that point in mind. Since we don’t have detailed WUS design yet, this will need to be updated later once we start discussing WUS design. We suggest adding following Note.

Note: The performance and design of receiver architecture is better to be discussed together due to their dependency. Thus, this list is to be updated later when agenda 9.13.3 WUS signal/procedure design discussion starts.



	Ericsson3
	Generally ok with the points suggested. On how to compare ‘interference rejection capability’, one approach could be to compare the extent of guard-band(s) needed for different cases. We also agree that performance of receiver of architecture should be considered together with relevant aspects of WUS design.

	Everactive
	Ok with the proposal

	Moderator
	@Huawei/HiSi, 
It is fine for me to remove the FFS for now. In any case, we can visit it later.

@Futurewei,
It may be better to separate inter-cell interference from interference rejection. Interference rejection is typically achieved by certain type of filtering, but inter-cell interference is not.
In any case, having two separate bullets should not cause any issue, right? If this is the case, I wonder if we can keep it as it is, as many other companies are fine with the current version.

Proposal 2-8r4: (diff mark on top of r3)
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
· 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)
· 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: performance metrics for 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.



	Huawei, HiSilicon
	We’d like to ask for clarification on what the meaning of the ‘expectation’ is in terms of how we use this list in drafting tdocs and future discussions.

	Panasonic
	OK

	Nokia, NSB4
	We are OK with the proposal

	CMCC
	For “performance metric”, we suggest to add “Cost” for LP-WUR architecture. “Cost” is a very important metric for us to consider which LP-WUR architecture to be chosen, and we can just provide relative cost for different LP-WUR architectures compared with the main radio, similarly as what we can do for Power consumption metric.

Cost for LP-WUR can be inferred by the “die size” or “chipset area” if the LP-WUR is implemented in chipset (e.g. CMOS). It can also be calculated by breaking down the LP-WUR into several modules if external components are involved.

	ZTE, Sanechips
	We are generally fine with the proposal. Just have a clarification question, Time Masking based Signal, e.g., Manchester coding, is kind of modulation or waveform ?

	vivo
	Ok with the proposal.

	Intel
	We agree CMCC proposal on adding ‘cost’. We may use ‘cost/complexity’ or just use ‘complexity’. 

	SONY
	OK with the proposal.
We would prefer to not discuss cost / complexity.

	Moderator
	@Huawei/HiSi, this proposal is intended to serve as a guideline when companies provide a receiver architecture for study. Ideally it should explain all these aspects so that other companies can have a clear understanding on the architecture.
MediaTek also asked whether there is a template, which I forgot to answer. There is no plan to provide it at this meeting, but we may need to consider it in the future when collecting the analysis from companies for TR discussion.

“The support of band and/or channel tuning” is added based on the discussions from P2-2/2-3/2-4. I assume this should be fine regardless of how the previous proposals are formulated in the end.

@ZTE, “/coding” is added in the 2nd sub-bullet.

On the comment from CMCC on adding “cost”, I see support from some companies and also one company prefer not to discuss at this point. To capture the current situation, I am adding “cost” as part of the FFS bullet as a reminder for ourselves for future discussion. At the same time, since we are having FFS, I am also adding back “interference rejection capability and inter-cell interference handling” as part of FFS to have fair treatment on different aspects. This does not suggest that we have to define any of these. It just reminds us what we will need to discuss and make decision in the future. I hope this can be acceptable to companies as a compromise to move us forward.


Proposal 2-8r5: (diff mark on top of r3)
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 channel 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
· FFS: performance metrics for 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.



	
	

	Moderator
	Another update to align the terminology “channel” vs “carrier”. Now “carrier” is used in all the proposals.

Proposal 2-8r5: (diff mark on top of r3)
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
· FFS: performance metrics for 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.


	Samsung
	We are fine with the proposal. Just for further clarification, how to evaluate the selected LP-WUR architecture based on this proposal? For example, compare the performance of different selected LP-WUR architectures with different components of the receiver qualitatively or quantitatively?

	Moderator
	My view is that at least some quantitative analysis would be needed for each receiver, e.g. on the power consumption, noise figure, sensitivity, etc. Otherwise it is very difficult to make any kind of judgment. In terms of comparison between different receivers, I am sure we will see the tradeoff between different metrics. Then we will need to discuss what type of tradeoff would be acceptable. This is also related to the evaluation under AI 9.13.1. In this very first meeting, P2-8 just serves as a guideline on what information on a receiver would be useful.

	Moderator
	Proposal 2-8r5 was agreed via email approval.



Other
In this section, the proposals that are (better to be) discussed in other agenda items (based on moderator’s assessment), or the proposals that are de-prioritized in this meeting are captured. Note that there are also some proposals not captured here, which are meant to be de-prioritized in this meeting.

There have been some proposals on the design targets on the power consumption, data rate and sensitivity/coverage. These are de-prioritized to avoid duplicated discussion because they are also being discussed under AI 9.13.3.
· Power consumption
· Vivo: tens of uw ~ hundreds of uw
· CATT: < [100] µW
· Intel: 100uW – 1mW
· MTK: less than 1mW, e.g., around 0.1mW to 0.5mW
· QC: 1mW
· Sensitivity
· Vivo: -80dBm ~ -100dBm
· CATT: Receiver sensitivity/Maximum coupling loss of LP-WUS – [-80] dBm/ [126] dB
· Intel: Strive to a sensitivity of LP-WUR that is not worse than the bottleneck channel of existing NR UE
· Panasonic: should not require re-planning of the cell deployment
· Samsung: The coverage of LP-WUS should be consistent with the legacy signal of the main receiver
· Ericsson: strive to support similar coverage for LP-WUS as for Paging PDCCH
· QC: the same coverage as other regular NR channels/signals is highly desirable
· Data rate
· Vivo: tens of kbps ~ hundreds of kbps
· CATT: Minimum achievable data rate – [160] bps

The following proposal may be better to be discussed as part of WUS signal design in AI 9.13.3.
	EURECOM
	Proposal 1: Consider receiver architectures for hierarchical decoding of the WUS.



The following proposal are de-prioritized in this meeting.
	TCL
	Proposal 1: RAN1 to clarify the synchronization requirements of LP-WUR with the network, before receiving the WUS signal.
[Moderator’s comment] This should be considered as part of the evaluation and design.

	CATT
	UE capability and transfer of UE capability - UE will report its supported category of low-power wakeup receiver in the UE capability.   
Network configuration - The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.
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Appendix: Proposals from contributions
 The detail of the baseband digital processing is not shown in the architecture. It depends on how WUS is designed. E.g. if we use a similar idea as LP WUR in 802.11ba, there is a preamble followed by the WUS. The WUR needs to perform correlation to detect the preamble first, and then detection/decoding of the WUS payload. This level of details can be discussed later after more clarity on WUS design.
R1-2208379	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: the study of the modeling of the wake-up receiver should
· Consider the KPIs from system perspectives
· Decide whether a single or a small number of models should be adopted
· Reflect via a set of parameters the general design aspects of the receiver, including at least power consumption, sensitivity, and interference rejection / selectivity
· Study the valid value range of the receiver parameter set and select a small number of sets (with different tradeoffs) for performance evaluation and signal design

Proposal 2: A general LP-WUR model can consist of a filtering block for selectivity, an envelope detection block for non-linearity characterization, a single/multi-bit ADC block, and a DSP block for sequence correlation or message parsing.

In general, examined low-power receiver architectures can be categorized as mixer-first architectures, such as the uncertain-IF, the sub-sampling, and the dual uncertain-IF architectures; and envelope detection first architectures, such as the double-sampling and the 2-tone reception architectures.
[image: ]
[bookmark: _Ref113517209]Figure 2: An Example of Uncertain IF Receiver Architecture [5].
[image: ]
[bookmark: _Ref113522142]Figure 3: An Example of Synchronized Switching/Double-Sampling Receiver Architecture [6]-[7].
[image: ]
[bookmark: _Ref113877973]Figure 4: An Example of Sub-Sampling Receiver Architecture [8].
[image: ]
[bookmark: _Ref114210810]Figure 5: An Example of a 2-Tone Reception Envelope Detection Receiver Architecture [9].
[image: ]
[bookmark: _Ref113894856]Figure 6: A Representation of the Dual Uncertain-IF Receiver Architecture [10].
[image: ]
[bookmark: _Ref113976101]Figure 7: Wake-Up Receiver and Signal Design Evaluation Model.




R1-2208418	On architectures of LP-WUS receiver	Huawei, HiSilicon
	Proposal 1: Receive architectures with the following design aspects are studied for LP-WUR:
1) Use low quality LNA (the price is higher noise figure);
2) Use lower accuracy LO without PLL, for example, ring-type LO;
3) Avoid high-resolution and high sampling rate quantizer;
4) Avoid complicated baseband processing.
Proposal 2: The LP-WUS needs to have a suitable design to permit simplified receiver architectures.
Proposal 3: RAN1 to study:
1) Evaluating the power consumption of potential LP-WUR architectures to build the power model for calculating the power saving gain;
2) Determining the link and system level assumption for receiving LP-WUS based on the implementation of potential LP-WUR receivers, including:
a) Maximum time and frequency error;
b) Bit-width and sampling rate of ADC for digital baseband processing
3) Evaluating the coverage of LP-WUS based on the noise figure of potential LP-WUR receivers.
Proposal 4: OOK, FSK can be potential LP-WUS candidate modulation schemes for low power wake-up signal modulation.
Proposal 5: Study receivers (a) with a single down-conversion operation, and (b) without LO as potential LP-WUR architectures.
[image: ]
[bookmark: _Ref115199653]Figure 2 OOK signal receiving scheme
[image: ]
[bookmark: _Ref115199901]Figure 3 FSK signal received by FM-AM detector
[image: ]
[bookmark: _Ref115199996][bookmark: _Ref114127911]Figure 4 Low-IF implementation for wake-up receiver with single down-conversion operation
[image: ]
[bookmark: _Ref114757010][bookmark: _Ref114756824]Figure 5 Receiver implementation without LO for wake-up receiver



R1-2208481	Low Power WUS receiver architecture 	TCL Communication Ltd.
	Observation 1: The main radio of the LP-WUR still needs SSB burst or TRS to synchronize with the network before data, signalling reception. 
Observation 2: The non-coherent detection of low power wake up receiver may reduce the power consumption.  
Proposal 1: RAN1 to clarify the synchronization requirements of LP-WUR with the network, before receiving the WUS signal.  



R1-2208573	Discussion on low power WUS receiver architectures	Spreadtrum Communications
	Observation 1: The power consumption and the sensitivity are tradeoff.
Observation 2: The sensitivity may affect the resource coverage to meet the coverage requirement, and mobility.
Observation 3:  The improvement of the sensitivity is limited by the noise factor of the LNA.
Proposal 1: Study the architectures in terms of the tradeoff between the power consumption and the sensitivity, especially for LNA and mixer.
LP-WUR architectures
Direct RF detection
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Figure 1:  Classification of the LP-WUR Architectures
IMN
SRF
ED
A
D
VBB
BB Amp.

Figure 2: The non-LNA DRF architecture
The TRF is shown in the following figure.
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Figure 3: The TRF architecture
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Figure 4:  The mixer-first FC architecture with (or without) a PLL
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Figure 5: The LNA-first FC architecture with (or without) a PLL



R1-2208669	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 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 3 The receiver architecture with amplitude detection at RF brings extreme low power consumption with limited sensitivity.
Observation 4 For low-power receiver architecture with amplitude detection at IF, the power consumption can be reduced by replacing  a high accuracy LO with a medium accuracy LO, and the frequency offset of the LO can be further studied.
Observation 5 For low-power receiver architecture with amplitude detection at BB,  low-power solution on flicker noise and DC offset issue should be studied. 
Observation 6  Analog RF filter is used for out-of-band interference rejection.
Proposal 1 Adopt the following terminology for future discussion,
· Main radio：the Tx/Rx module operating for legacy system  
· Low-power WUR: the Rx module operating for receiving/processing low-power WUS
Proposal 2 The main radio and low-power WUR will exchange information between each other, such as 
· Low-power WUR can get initial configurations before work from the main radio
· Low-power WUR can indicate ‘wake-up’ to the main radio
· Low-power WUR can pass additional messages from LP-WUR to the main radio which are processed and parsed in the main radio but agnostics to the low-power WUR
[bookmark: _Hlk115422842]Proposal 3 Study non-coherent detection based low-power WUR receiver architectures supporting at least ASK (e.g., OOK) detection which satisfy design targets in terms of power consumption, sensitivity and data rate. 
Proposal 4 Study the feasibility of low-power receiver architecture with amplitude detection at RF for the single band devices targeting extreme low power consumption with limited sensitivity. 
Proposal 5 Study the feasibility of low-power WUR architecture with mixer-first followed by amplitude detection i.e., amplitude detection at IF and amplitude detection at BB, based on the design targets, e.g.,
· Power consumption : tens of uw ~ hundreds of uw
· Sensitivity: -80dBm ~ -100dBm
· Data rate: tens of kbps ~ hundreds of kbps
Proposal 6 RAN1 sends the candidate receiver architectures with necessary information (description on the receiver architecture, power consumption, sensitivity, data rate, and etc.) to RAN4 by the end of Nov meeting.
Proposal 7 Study the followings related to the analog IF/BB filter, i.e., filter bandwidth by considering the bandwidth of low-power WUS, ACI cancellation requirements, guardband allocation between low-power WUS and adjacent channel as well as power consumption budget.
Proposal 8  Study multi-bit ADC, i.e., resolution and sampling rate by considering both power consumption budget and detection performance.



Figure 3  Low-power receiver architecture with amplitude detection at RF


Figure 4 Low-power receiver architecture with amplitude detection at IF


Figure 5 Low-power receiver architecture with amplitude detection at BB
Table 1 comparison of low power receiver architectures

	
	Modulation
	Power consumption
	RF sensitivity
	Interference rejection

	Type 1: amplitude detection at RF
	ASK (OOK)
	uw[4]~tens of uw 
	-50dBm[4]~-70dBm (LNA)
	High-Q RF filter, multi-bit ADC

	Type 2:amplitude detection at IF
	ASK (OOK)
	tens of uw[5] ~ mw[6]
	[bookmark: OLE_LINK2][bookmark: OLE_LINK1]-70dBm[5]~-110dBm[6]
	RF filter, high-Q IF filter, multi-bit ADC

	Type 3:amplitude detection at BB
	ASK (OOK)
	tens of uw [7]~
hundreds of uw[8]
	-70dBm[7]~-90dBm[8]
	RF filter, high-Q BB filter, multi-bit ADC






R1-2208687	Discussion on LP-WUS receiver architectures	InterDigital, Inc.
	Proposal 1: Consider a receiver with a received signal strength indicator (RSSI) circuit as a candidate receiver for LP-WUS.
[image: ]
Fig. 1 Architecture of the RSSI circuit 
[image: ]
Fig. 2 Architecture of the modified 10-stage Dickson based passive rectifier



R1-2208699	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:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with diversity disabled, the “ON” power consumption can be expected to be in the range of 0.1-0.25 of the 5G main radio.

Observation 3:   	For a LP-WUR architecture that reuses the main radio 5G RF section, the power consumption of the LP-WUS detection cycle can be expected to be similar to the current main radio power consumption for a DRX paging cycle, with the main difference being due to the alternative baseband processing applied by the LP-WUR.

Observation 4:	To maximise power savings from the LP-WUR, a save/restore feature can be implemented, for fast and simple re-programming of LP-WUR (frequency synthesis, frontend setting, LNA and more). 

Proposal 1: 	The SI considers LP-WUS and LP-WUR designs that could reduce how often the main radio needs to be woken up for coverage and mobility related measurements,  in order to reduce the overall power consumption of the device.

Observation 5:   	For a LP-WUR architecture that reuses the main radio 5G RF section but with reduced gain and  diversity disabled, the “ON” power consumption can be expected to be in the range of 0.05-0.1 of the 5G main radio.

Observation 6:         Power consumption can be traded off against sensitivity performance. 

Observation 7:     	For DRX operation, the LP-WUR choice of clock needs to consider the trade off between higher clock accuracy and corresponding clock source power consumption, with the support of longer duty cycles and the corresponding higher overall LP-WUR operation power consumption gain. 
Observation 8: 	If a reference clock with large frequency tolerances is assumed, additional guard band between the 5G and LP-WUS should be considered


[bookmark: _Ref113636389]Figure 1:    Example of a multi band low-power wake-up receiver architecture


Figure 2:    Multiband LP-WUR architecture with reduced gain 



R1-2208844	Discussion on low power WUS receiver	OPPO
	Observation 1: LP WUR with RF envelope detector architecture has lowest power consumption, worst interference resiliency and worst sensitivity.
Observation 2: LP WUR with mixer-first heterodyne architecture has highest power consumption, best interference resiliency and best sensitivity.
Observation 3: LP WUR with mixer-first zero-IF architecture has moderate power consumption, interference resiliency and sensitivity.
Observation 4: The target power consumption, coverage and interference resiliency dominate the evaluation of low-power wake-up receiver architectures.
[image: ]
Fig.1 RF envelope detection architecture
[image: ]
Fig.2 Mixer-first heterodyne architecture
[image: ]
Fig.3 Mixer-first zero-IF architecture



R1-2208961	Design consideration of Low-Power WUS receiver	CATT
	· Proposal 1:  The UE power consumption of preparation and detection of wakeup signal/channel should be significantly lower comparing to the wakeup indication by DCI formats 2_6 and 2_7 in the target study of low power wakeup receiver.     
· Proposal 2:  The target power consumption and the receiver sensitivity/maximum coupling loss of the low-power wakeup at a given data rate should be defined as follows,
· UE power consumption < [100] µW
· Receiver sensitivity/Maximum coupling loss of LP-WUS – [-80] dBm/ [126] dB
· Minimum achievable data rate – [160] bps
· Proposal 3:  The architecture and technologies of low-power wakeup receiver is UE implementation specific.  The standard should focus on the discussion in the following aspects
· Categorized low-power wakeup receiver - The low-power wakeup receiver implemented by the UE should be classified into multiple categories with each categories containing the achievable minimum receiver sensitivity and the maximum power consumption in the specification. 
· UE capability and transfer of UE capability - UE will report its supported category of low-power wakeup receiver in the UE capability.   
· Network configuration - The network would configure the UE wakeup mechanism by low-power wakeup receiver if network supports the category of low-power wakeup receiver in the deployment.  
[image: ]
[bookmark: _Ref115210696]Figure 2 An example of 4.5nW Receiver with -69dBm Sensitivity
[image: ]
[bookmark: _Ref115220588]Figure 3 An example of 7-μW 2.4-GHz Wake-Up Receiver with -80 dBm Sensitivity and High Co-Channel Interferer Tolerance
[image: ]
[bookmark: _Ref115247965]Figure 4 An example of a 2.4 GHz Receiver with dual-IF with -97 dBm Receiver Sensitivity



R1-2209076	Discussion on LP-WUS receiver architecture	Intel Corporation
	Observation 1: For a receiver using RF envelop detection 
· It can achieve lower complexity/power consumption than other receiver architectures. 
· It has worst sensitivity than other receiver architectures since it cumulates significant noise/interference including flicker noise. 
Observation 2: For a heterodyne receiver with IF envelop detection 
· It has better sensitivity and interference resilience
· It consumes more power due to the LO/PLL
· Image rejection is required
· Low IF receiver architecture can be considered
Observation 3: For a zero IF receiver 
· It simplifies the signal processing for low complexity/power consumption. 
· No issue of image interference
· It has the issue on DC offset and flicker noise

Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW
· Strive to a sensitivity of LP-WUR that is not worse than the bottleneck channel of existing NR UE.
Proposal 2
· Study receiver architecture which considers single or mulit-carrier -OOK/ FSK as modulation scheme for LP-WUR.
Proposal 3
· The following receiver architecture should be considered in the study of LP-WUR
· Receiver using RF envelop detection 
· Heterodyne receiver with IF envelop detection, specifically low IF receiver
· Zero IF receiver



Figure 2: Receiver using RF envelop detection


Figure 3: Heterodyne receiver with IF envelop detection


Figure 4: Zero IF receiver



R1-2209200	LP-WUS receiver architectures	ZTE, Sanechips
	Observation 1: For Zero-IF receiver, IF receiver and RF receiver for OOK-waveform based LP-WUS reception,
- Zero-IF receiver has benefits of small size and is easy for monolithic integration;
- IF receiver has the best receiver sensitivity;
- RF receiver has the lowest cost.
Observation 2: Compared with OOK based waveform, FSK based waveform can support higher data rate, however, more frequency bandwidth is also required.
Proposal 1: The design on receiver architectures for LP-WUS reception could depend on the following factors, such as LP-WUS waveform, receiver complexity, power consumption and receiver sensitivity.
· At least OOK based waveform for LP-WUS could be taken as the starting point and FSK also can be considered.
· [bookmark: OLE_LINK27][bookmark: OLE_LINK18][bookmark: OLE_LINK23]Zero-IF receiver
[image: ]
[bookmark: OLE_LINK16][bookmark: OLE_LINK20]Figure 1: Architecture of Zero-IF receiver
[image: ]
[bookmark: OLE_LINK50][bookmark: OLE_LINK64]Figure 2: Architecture of IF receiver
[image: ]
Figure 3: Architecture of RF receiver
[image: ]
[bookmark: OLE_LINK67]Figure 5: Reception architecture of 2FSK



R1-2209503	Low power WUS receiver architectures	MediaTek Inc.
	Proposal 1	Mixer-first zero-IF architecture can be considered a starting point to determine target power consumption, interference resiliency, and receiver sensitivity.
Proposal 2	The power consumption target can be less than 1mW, e.g., around 0.1mW to 0.5mW.
Proposal 3	Low-power receivers usually use low-complexity devices, and the tradeoff between performance and power savings should be evaluated.
Proposal 4	Evaluate the performance impact caused by low-power consumption devices, e.g., passive mixer, local oscillator, low pass filter, and N-bit ADC for the mixer-first zero-IF architecture.
Proposal 5	Consider the performance and power consumption tradeoff parameters: noise figure, modulation, signal bandwidth, and repetition/coding gain.

[image: ]
Figure 1: illustrations of LP-WUR architectures




R1-2209606	On low power wake-up receiver architectures	Apple
	Proposal 1: In-band signaling for LP WUS is prioritized in the study.
Proposal 2: The supported band(s) and its impact on WUR architecture and the corresponding power consumption should be studied.
Proposal 3: WUR should provide sufficient ACS capability to handle cellular environment.
Proposal 4: Study OOK as one of the candidate modulation schemes for WUS.
Proposal 5: For OOK, heterodyne architecture and zero-IF architecture are considered further, while RF envelope detector can be deprioritized.
Proposal 6: RRM measurement enhancements should be considered in the receiver architecture discussion.
[image: ]
(a) Type 1: RF envelope detector
[image: ]
(b) Type 2: Heterodyne architecture (low-IF)
[image: A screenshot of a computer

Description automatically generated with medium confidence]
(c) Type 3: zero-IF architecture
Figure 1 Different types of receiver architectures for OOK



R1-2209622	Receiver architectures for low power WUS	Rakuten Symphony
	Proposal 1: Mixer-first zero-IF receiver architecture is assumed for the study. 
	Direct envelope detection (ED)
	[image: ]

	
	The drawbacks of the direct ED receiver are, due to lack of filtering at the RF, low channel selectivity and interference resiliency. In addition, lack of pre-ED gain limits the performance. It has the smallest power.

	Mixer-first heterodyne
	[image: ]

	
	This receiver has better sensitivity and interference resilience. However, LO generation and IF operation require more power.

	Mixer-first zero IF
	[image: ]

	
	In this receiver, a mixer translates the RF signal to a lower frequency, which is easier and more power efficient to filter and amplify. The power of LO generation tends to dominate the power consumption. This architecture can still achieve sub-mW power and high sensitivity.






R1-2209634	Discussion on Low power WUS receiver architectures	Panasonic
	
[image: ]Figure.1 Left: Brief illustration on interaction between LP-WUR and main radio. 
Right: Signal processing flow of some typical architecture candidates for LP-WUR.




R1-2209666	Discussion on the receiver architecture for low power WUS	Lenovo
	Different receiver architecture such as envelope detector based on direct envelope detector, zero-IF, low-IF and heterodyne can be selected for initial evaluation together with the candidate waveform such as MC-OOK and FSK.
Proposal 1: Evaluate different receiver architecture for power consumption, data rate, sensitivity, interference rejection, coverage



R1-2209757	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.
Proposal4: Study the impact of the tradeoff between sensitivity, data rate and power consumption in the process of WUR designing.
Proposal 5: Study various types of receivers (e.g., envelop detector, heterodyne detector) for LPWUS reception in RF end.
Proposal 6: Considering the coverage and the decoding issue of LP-WUS, RF+BB architecture seems more suitable for receiving LP-WUS signals.




R1-2209863	Low power WUS receiver architectures	Ericsson
	Proposal 1	WUR architecture should support low power consumption and acceptable sensitivity.
Proposal 2	WUR architecture should strive to support similar coverage for LP-WUS as for Paging PDCCH.
Proposal 3	Following LP-WUR architecture options can be considered for further study
i.	OFDM based receiver capable of receiving OFDM based signals similar to existing NR signal(s)
ii.	receiver capable of decoding multi-carrier OOK/FSK based LP-WUS
Proposal 4	At least the following aspects should be considered when studying LP-WUR architectures
i.	Power consumption (e.g., relative to main radio).
ii.	Noise Figure, other receiver impairments (e.g., clock accuracy/drift), and achievable detection sensitivity for different LP-WUS designs.
iii.	Suitability for operation in different NR bands.
iv.	Ability to handle adjacent NR transmissions with minimum/no guard-bands.



R1-2210011	Receiver architecture for LP-WUS	Qualcomm Incorporated
	Observation 1: Following aspect needs to be studied when assessing receiver architectures for LP-WUR.
· Coverage/sensitivity
· Power consumption
· Complexity/Cost
· RF requirement
· Implementation

Observation 2: 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.

Proposal 1: 3GPP shall not mandate the implementation of certain receiver architecture.

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

Observation 3: LP-WUS having the same coverage as other regular NR channels/signals is highly desirable.

Observation 4: 1mWms of energy consumption for LP-WUS monitoring every 2.56sec is equivalent to 0.4uW of additional average power consumption (0.4uW = 1mWms/2560ms).

Observation 5: 1mW is a reasonable power consumption budget for R18 LP-WUR for WAN application.
[image: ]
[bookmark: _Ref115188277]Figure 1 Zero IF architecture
[image: Diagram

Description automatically generated]
[bookmark: _Ref115213888]Figure 2 Tunned RF architecture
[image: Diagram

Description automatically generated]
[bookmark: _Ref115213862]Figure 3 Super regenerative receiver architecture
[image: ]
[bookmark: _Ref115213909]Figure 4 Low IF architecture
[image: ]
Figure 5  Uncertain IF architecture 




R1-2210052	Discussion on Low power WUS receiver architectures	EURECOM
	Proposal 1: Consider receiver architectures for hierarchical decoding of the WUS.



R1-2210198	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: LC-DCO/LC-VCO alone consumes more than what ring-oscillator-based LP-WUS design would consume in RF part.
Proposal-1: Consider restricting LP-WUS location in the middle of NR carrier, this relaxing requirements on filtering and phase noise while possibly providing required sensitivity to achieve Required SNR at agreed MIL.
[image: ]
Figure 1 Proposed architecture



R1-2210223	On LP-WUS receiver architectures	Sony
	Proposal 1: RAN1 studies LP-WUR architectures at a high level, including at least:
· Rectifier-first LP-WUR
· Mixer-first LP-WUR
· OFDM-based receiver

Proposal 2: For the studied LP-WUR architectures, RAN1 should consider at least the following attributes:
· Power consumption
· Sensitivity
· Supportable signal formats, including supported modulations
· Robustness to co-channel interference
· Robustness to frequency offset
· Mobility support
· Operation at different carrier frequencies
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