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Introduction
As a Rel.18 SI, the Study on low-power Wake-up Signal (LP-WUS) and Receiver (LP-WUR) for NR [1] begins from RAN1#110bis-e meeting. On low power WUS receiver architecture, the achieved agreements from RAN1#110bis-e, #111, #112, #112bis-e and 113 meetings are listed in the appendix.
In this contribution, we further provide our views on the pros/cons of different low power receiver architectures and the applicability to the functions of LP-WUS. This contribution is updated from [2].

Discussion
For ultra-low power operation, a separate LP-WUR is expected on duty most of the time and in charge of monitoring the waking up signaling/indication from gNB. When LP-WUR is active, the conventional main receiver including baseband processing modules should try to power off to save power. In our view, the functionalities of LP-WUS/WUR should support at least:
· Wake-up indication. When traffic arrives, gNB may wake up UE by LP-WUS to trigger UE switch on the main radio modules, which can then start data transmission and reception. Technically, the function of the legacy DCI format 2_6 and 2_7 are similar with LP-WUS conceptually. However, the PDCCH detection requires complete RF and baseband processing from AGC, t/f synchronization, channel estimation, demodulation, channel decoding and so on. This needs the MR (Main Radio) fully engaged as normal operation. Thus, to explore lower power consumption when monitoring wake-up signal, more simplified and power saving receiver and a new LP-WUS are investigated in this SI. 
· Basic AGC training, t/f synchronization. LP-WUR may not always be accurately synchronized to the network depending on how frequently it receives the LP-WUS. Before detecting the indication within LP-WUS, LP-WUR should be able to acquire AGC and t/f synchronization without activating the MR, either by receiving legacy SSB, new synchronization signal or LP-WUS.
· RRM measurement at least for serving cell. In both RRC IDLE/INACTIVE and RRC CONNECTED mode, RRM measurement is a power-hungry function. If LP-WUR can support serving cell measurement without using MR, more power saving gain can be achieved, especially for IDLE/INACTIVE mode. On the other hand, inter-cell and inter-frequency RRM measurement may require wider coverage range and more frequency band and/or carrier tuning. Whether to support that should further depend on the signaling and function design for the LP-WUS. 
In the RAN1#113 meeting, below was agreed to consider:
	Agreement
For the LP WUR architectures analysis, in addition to LP-WUS detection, consider the following functions when necessary:
· Synchronization signal processing and time/frequency synchronization for LP-WUR
· RRM measurement at least for the serving cell




Based on the agreements so far, Table.1 provides more further analysis and comparison of the three architectures.
Table.1 Analysis and comparison of the potential LP-WUR architectures
	
	RF envelope detection
	Homodyne/zero-IF architecture with baseband envelope detection
	Heterodyne architecture with IF envelope detection

	Power consumption when active/ON
	Lower than other two
0.01 to 0.1 unit
	Low.
0.1 to 2 unit
	Low. 
1 to 4 unit

	Power consumption when inactive/OFF
	Extremely low. 
0.001 unit
	Extremely low. 
0.001 unit
	Extremely low. 
0.001 unit

	Applicable LP-WUS design
	OOK-1, 3, 4
OOK-2 and FSK needs parallel architecture
	OOK-1, 3, 4
OOK-2 and FSK needs parallel homodyne architecture
	OOK-1, 3, 4
OOK-2 and FSK needs parallel heterodyne architecutre

	Band and/or carrier tuning
	No LO/PLL. May require multiple high-Q matching networks and/or RF BPFs or multiple off-chip components
	tuning the LO frequency.
Using FLL instead of PLL consumes less power, but it may result in larger frequency error.
The matching network and RF BPF for LP WUR may or may not reuse those of the main radio
	tuning the LO frequency.
Using FLL instead of PLL consumes less power, but it may result in larger frequency error.
The matching network and RF BPF for LP WUR may or may not reuse those of the main radio

	Impact to time/frequency synchronization and frequency location within a carrier
	A finer time/frequency synchronization capable receiver may benefit the power saving because of short active time for time/frequency tracking. On the other hand, the relaxed time/frequency synchronization operation requirement may possibly also save power consumption thanks to the reduced power consumption of the components like frequency synchronization (FLL, PLL), filers and necessary baseband processing. It is necessary to balance the time/frequency tracking error and power consumption. In addition, the LP-WUS/LP-SS frequency location should be designed with less candidates for the complexity reduction of frequency synchronization, filter, and baseband processing.
Observation 1: Better band and/or carrier tuning and time/frequency tracking performance may benefit the LP-WUR power saving with less searching time.
Proposal 1: To facilitate power saving, the LP-WUS/LP-SS design should consider the tradeoff of system flexibility and requirement on the LP-WUR operation of time/frequency tracking.
Proposal 2: The candidate of LP-WUS frequency location should be designed to be reduced for complexity reduction.

	Interference suppression for adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers
	requires very high-Q matching network and/or RF BPF, which is challenging due to the high Q values and may require off-chip components.

	to use BB BPF/LPF
	to use IF BPF. BB BPF/LPF may be further used

	Impact to guard band design
	When the LP-WUR may better handle the interference suppression, the required guard band can be less. Thus, the architecture with RF envelop detection would face more challenge on the interference suppression handling and may require wider guard band in the edge of the LP-WUS frequency resource. On the other hand, the necessity of guard band and the minimum guard band (if needed) may also be relevant with the sensitivity of the LP-WUS detection performance, which depends on the detailed LP-WUS design.
Observation 2: The potential guard band between LP-WUS subcarriers and adjacent subcarriers should consider both candidate LP-WUR architectures and LP-WUS sensitivity performance requirement.

	Noise figure
	can be relatively high.
RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
	RF LNA can be applied to improve sensitivity, with the cost of additional power consumption.
	RF LNA and/or IF AMP can be applied to improve sensitivity, with the cost of additional power consumption

	Impact to sensitivity and coverage
	An architecture with higher noise figure and lower sensitivity needs to accumulate more energy from receiving LP-WUS to meet the coverage requirement, e.g. larger bandwidth, and/or longer time duration. Thus, that may lead to both long LP-WUR active time for receiving (i.e. more power consumption) and higher system overhead for LP-WUS. In our view, receiver architectures with a reasonably good sensibility are beneficial for both UE power saving and system overhead. Thus RF LNA in our view is needed for all architectures.
Observation 3: LP-WUR with better sensibility may reduce the active time for LP-WUS reception and requires less system overhead.

	LO leakage (DC offset) and flicker (1/f) noise
	Not applicable
	It can suffer from LO leakage (DC offset) and flicker (1/f) noise. These impacts have been managed by LTE and NR specification 
	The IF frequency can be properly selected to avoid LO leakage (DC offset) and flicker (1/f) noise

	Image rejection
	Not applicable
	Not applicable
	Image rejection can be done via either image rejection filter or image rejection mixer.
· Image rejection filter can be done in either RF or IF, which may require high-Q filter.
· Image rejection mixer requires two-branch (I/Q) mixing with good matching in gain and phase, which consumes additional power.

	Baseband processing
	In our view, for all the candidate receiver structures, the baseband processing should be capable of:
· Synchronization signal processing to acquire time/frequency synchronization.
· MC-OOK/FSK signal demodulation.
· Handling inter-cell interference. This also depends on the concrete LP-WUS design that needs orthogonality between different cells.
· Facilitating the cell identification and/ or UE identification via, e.g., sequence correlation detection. This also helps time/frequency synchronization.
For lower complexity and power saving, what may not be necessarily needed:
· Channel estimation based coherent detection.
· Channel decoding. This also depends on the concrete design of the LP-WUS that the detailed indication and the information bits number should be able to support all the agreed functionalities. Thus, we can be open, if the required information bits are more than just few bits.
Proposal 3: Baseband should only support basic processing, e.g. MC-OOK/FSK demodulation and sequence correlation. For more complicated channel estimation based coherent detection and channel decoding, more justification is needed in the discussion of LP-WUS design. 



Based on the analysis in Table.1, 
Proposal 4: For the design of LP-WUS/LP-SS, only heterodyne and homodyne/zero-IF architecture should be taken into account for power model and requirement study, although the UE with RF envelope detector architecture is not prevented in implementation. 

Conclusion
From the discussion and analysis on different type of receiver architectures, the following proposals are highlighted:
Observation 1: Better band and/or carrier tuning and time/frequency tracking performance may benefit the LP-WUR power saving with less searching time.
Proposal 1: To facilitate power saving, the LP-WUS/LP-SS design should consider the tradeoff of system flexibility and requirement on the LP-WUR operation of time/frequency tracking.
Proposal 2: The candidate of LP-WUS frequency location should be designed to be reduced for complexity reduction.
Observation 2: The potential guard band between LP-WUS subcarriers and adjacent subcarriers should consider both candidate LP-WUR architectures and LP-WUS sensitivity performance requirement.
Observation 3: LP-WUR with better sensibility may reduce the active time for LP-WUS reception and requires less system overhead.
Proposal 3: Baseband should only support basic processing, e.g. MC-OOK/FSK demodulation and sequence correlation. For more complicated channel estimation based coherent detection and channel decoding, more justification is needed in the discussion of LP-WUS design.
Proposal 4: For the design of LP-WUS/LP-SS, only heterodyne and homodyne/zero-IF architecture should be taken into account for power model and requirement study, although the UE with RF envelope detector architecture is not prevented in implementation.
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Appendix

Agreements from RAN1#113 meeting:


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

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







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



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


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

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



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

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

Description automatically generated]





Agreements from RAN1#112bis-e meeting:

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



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

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



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

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

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

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


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


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



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


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

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



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


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

Other options are up to companies to report





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





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





Agreements from RAN1#112 meeting:


Agreement
Study the parallel receiver architectures (as examples that can be captured in the TR) for FSK based on the following diagrams:
· Parallel homodyne architecture receiver
[image: C:\Users\z00526220\AppData\Roaming\eSpace_Desktop\UserData\z00526220\imagefiles\FB35D129-2AE3-49DF-8504-BE521D4B21A1.png]
· The observations made for homodyne/zero-IF architecture with baseband envelope detection in RAN1#110b/111 are also applicable here.
· Parallel heterodyne architecture receiver
[image: A picture containing text, night sky

Description automatically generated]
· The observations made for heterodyne architecture with IF envelope detection in RAN1#110b/111 are also applicable here.
· Note: Other architectures are not precluded.
· The OOK receiver architectures agreed for study in RAN1#110bis-e are also examples that can be captured in the TR



Agreement
Study the receiver architectures (as examples that can be captured in the TR) for FSK with frequency to amplitude conversion based on the following diagrams:
· Homodyne architecture receiver with frequency to amplitude conversion
· I/Q branches are required for frequency to amplitude conversion in digital BB.
[image: C:\Users\l00363185\AppData\Roaming\eSpace_Desktop\UserData\l00363185\imagefiles\006A86E9-9095-4CBD-ABAA-70D6323D33BC.png]
· Heterodyne architecture receiver with frequency to amplitude conversion
[image: Diagram

Description automatically generated]
· Companies provide the exact type FFS what type(s) of frequency to amplitude conversion being is studied.
· Note: Other architectures are not precluded.




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

Description automatically generated]


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






Agreements from RAN1#111 meeting:


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


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

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

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






Agreements from RAN1#110bis-e meeting:

Conclusion
RAN1 does not intend to mandate the implementation of any specific type(s) of LP WUR architecture at the UE.
· Note: this does not prevent RAN4 from defining requirements for LP WUR in the normative phase.


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

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


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


Agreement
Study the homodyne/zero-IF architecture with baseband envelope detection based on at least the following diagram for LP-WUR.
· The RF signal is directly down converted into baseband signal via an RF mixer with a LO. 
· Baseband envelope detection can be done either in analog domain or in digital domain depending on design, which is not explicitly shown in the diagram.
· The choice of the LO is one of the major factors that determines the power consumption.
· Lower power consumption can be achieved by relaxing the accuracy and stability requirements of the LO. However, such increased frequency offset and phase noise should be taken into account in the design and evaluation.
· FLL (frequency locked loop) may replace PLL for non-coherent detection.
· 1-bit or multi-bit ADC is applied.
· High-Q matching network and/or RF BPF and/or BB BPF [and/or BB LPF] can be used to suppress adjacent channel interference or interference from legacy NR signals and/or other LP WUS on adjacent subcarriers.
· No image rejection filter is required.
· Some component(s), e.g., RF LNA and/or BB AMP, can be optionally applied.
· FFS the support of band and/or carrier tuning



Agreement
Further study the receiver architectures for FSK, with two examples shown below:
· Example 1: parallel OOK receivers and a comparator circuit, e.g.,
· 
· Each path can be implemented using either of [the architecture with RF envelope detection,] heterodyne architecture with IF envelope detection, or homodyne/zero-IF architecture with baseband envelope detection.
· Example 2: using an FM-to-AM detector [or an FM detector]
· Alt 1: Use an analog FM-to-AM detector with a similar architecture as for OOK (e.g. heterodyne or zero-IF architecture), except that the envelope detector is replaced by a FM-to-AM detector.
· Analog FM-to-AM detector can be implemented at least in BB or low-IF.

· Alt 2: Use a FM-to-AM detector [or an FM detector] implemented in digital domain after ADC, with a heterodyne or zero-IF architecture.
· Digital FM-to-AM detector implementation can be considered as part of digital baseband processing.
· Here is an example of using zero-IF architecture: 
· The FM-AM detector can be implemented using a frequency discriminator, which converts frequency variations into amplitude changes. It can be implemented in either analog domain (as in Alt 1) or digital domain (as in Alt 2).
· One example, as shown in the figure below, is a conventional quadrature FM discriminator. It multiplies received frequency modulated signal with a phase shifted version, followed by a low pass filter. The amplitude of the output signal is proportional to the frequency of the input signal.
· 
· Note: Other architectures are not precluded.

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