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1 [bookmark: _Ref40465791]Introduction
RAN1 received a reply LS from RAN4 on receiver architecture [1]. The following aspects were agreed in RAN4. 
	In this meeting, to evaluate the RF impacts of LP-WUR architecture, RAN4 make some initial assumption and agreements, e.g., 
· RAN4 assume 1RX architecture for LP-WUR as starting point
· ACS values from current UE specifications are used as a starting point for discussion to evaluate LP-WUR performance
· Consider 1.4MHz and 5MHz WUS bandwidth for FR1 evaluation as the starting point
· Guard band if needed, can be located within 1.4MHz and 5MHz RF bandwidth
· No impact of LP-WUS on the existing gNB emissions and compliance requirements is baseline
· RF envelop detection architecture is more appropriate for single-band operation 
· IF/BB envelop detection is more appropriate for multi-bands operation. Multi-band here still means that only one band at a time is being received.


In this contribution, we provide further views on receiver architectures for LP-WUS. The agreements from last RAN1 meetings are summarized in Annex A.  
2 Discussions
LP-WUR is designed to wake up the main radio when there is a traffic for the UE. The main radio will be in ultra-deep sleep mode for extreme power saving. In ultra-deep sleep mode, the local oscillator, the control processor and the DDR memory may be turned into ultra-low power mode or off. However, it also means a longer latency is required to wake up the main radio. The LP-WUR is used to detect a wake-up signal from gNB. The UE will turn on the main radio only after a wake-up signal for the UE is detected by the LP-WUR. For the overall power saving, the power consumption of LP-WUR should be minimized. The duty-cycle based operation for LP-WUR helps to reduce the cumulated power consumption of LP-WUR with possible compromise of latency increase. NR should target a performance same as or even better than other available RATs. Therefore, we believe target power consumption for LP-WUS should never exceed 1mW. 
It is generally preferred if the power consumption of LP-WUR can be reduced. However, a lower consumption normally results in lower sensitivity which results in reduced coverage. Further, it doesn’t provide real benefit if the power consumption of the LP-WUR is much lower than the power consumption of main radio in ultra-deep sleep mode. Therefore, considering a trade-off between power consumption and the achievable sensitivity, we prefer to study the target value in the range of 100uW – 1mW for the active state of LP-WUR. 
Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW

[bookmark: _Hlk131713391][bookmark: _Hlk131708364]The LP-WUR would be designed with a reasonable target sensitivity. For a NR UE, i.e., the main radio, the sensitivity for FR1 is approximately from -100dBm to -97 dBm + 10*log10( CBW/5MHz ), depending on operating bands, and sensitivity for FR2-1 is approximately from -97.5 dBm to -92.5 dBm + 10*log10( CBW/50MHz), depending on operating bands. It was agreed in RAN1 that the coverage of LP-WUR is at least not worse than a reference channel of main radio. A larger coverage is generally preferred for robust operation. Purely from power saving point of view, it is desired that LP-WUR can be used in full cell coverage, which doesn’t necessarily mean that link budget of LP-WUS should be same/similar to NR PDCCH. Multiple NR channels may involve in the idle state operation for a UE. The actual coverage of a cell is limited by the NR channel with worst link budget. For example, in the procedure of cell selection or tracking area update, the UE needs to send uplink data to gNB by PUSCH. Based on experience for the link budget study for coverage enhancement and RedCap, PUSCH is normally the bottleneck channel. However, it is conclusion obtained based on a determined UL data rate, which may not represent the case of idle state related operations. Therefore, a proper data rate for PUSCH for the bottleneck channel determination should be discussed. 
Proposal 2: 
· A proper data rate for PUSCH for the bottleneck channel determination should be discussed
· The coverage of LP-WUS should be better than NR PUSCH
In a typical receiver, the matching network and BPF at RF tries to keep the useful signal and filter out the out-of-band interference. The matching network can provide moderate passive gain without using an off-chip high-Q component, such as an inductor. LNA is important component to amplify the signal level and suppress the noise. However, LNA is consuming much power which is not desired for a LP-WUR whenever possible. The local oscillator (LO) is to generate a local carrier which is then mixed with the RF signal after band-pass filtering. LO is another component which consumes much power. For the 3 typical LO generation methods, i.e., ring oscillator, LC oscillator and Crystal, Crystal is best and Ring oscillator is worst from performance point of view. On the other hand, for the power consumption, Ring oscillator is the lowest and Crystal is the highest. Therefore, the selection of a type of LO depending on the trade-off between target power consumption and sensitivity. Frequency locked loop (FLL) can be used to replace phase locked loop (PLL) if phase coherency is not required, e.g., MC-OOK or MC-FSK demodulation. The amplifier at IF further amplifies the signal. If LNA is removed at expense of increase system noise, IF BPF should be designed to suppress the RF and circuit noise. Later, the IF signal may be transformed to baseband by a second mixer, or the IF signal can be digitalized directly. In either solution, there exists amplifier and filter in baseband too. ADC is to sample the signal for digitalization. A higher number of quantized bits per sample can be beneficial for the performance, however, it also increases the power consumption/complexity. Finally, the main control operates in baseband which process the received information. In a receiver, there are also circuits for time/frequency impairment tracking/correction. 
The low power consumption can be achieved by non-coherent demodulation at the receiver. OOK/FSK was already agreed for study in early meetings. It is expected that OOK or FSK can be designed for reasonable sensitivity range with power consumption no larger than 1mW. FSK is more sensitive to the frequency error of LO than OOK. Consequently, OOK is more suitable if the target power consumption is rather low which enforces to use low-quality oscillator. On the other hand, if a better oscillator (but still not high quality) is considered by increased power consumption, better link performance can be achieved by FSK. 
An OFDM-based receiver is also proposed in early meeting. It is commonly agreed that OFDM-based receiver ends up with high power consumption due to the high requirement time/frequency synchronization for complex samples processing. A better oscillator with a PLL becomes necessary. As comparison, a FLL is sufficient for OOK/FSK since non-coherent detection can be used. For complex processing of OFDM based receiver, the I/Q mismatch and phase noise needs to be carefully controlled. The bit-width for ADC is expected to be higher than OOK/FSK, which results high processing capability for the main control in baseband. Subjected to a performance target, the break-down for the above components for power consumption should be carefully studied for the feasibility of OFDM-based receiver. 

Observation
· OFDM-based receiver ends up with high power consumption due to the high requirement time/frequency synchronization for complex samples processing. 
· Subjected to a performance target, the break-down for LNA, LO/PLL, ADC for power consumption should be carefully studied for the feasibility of OFDM-based receiver.
3 Conclusions
In this contribution, we presented our views on potential receiver architectures for the design of LP-WUR. We made the following observations and proposals
Observation
· OFDM-based receiver ends up with high power consumption due to the high requirement time/frequency synchronization for complex samples processing. 
· Subjected to a performance target, the break-down for LNA, LO/PLL, ADC for power consumption should be carefully studied for the feasibility of OFDM-based receiver.
Proposal 1: 
· The target power consumption of LP-WUS is selected in range 100uW – 1mW
Proposal 2: 
· A proper data rate for PUSCH for the bottleneck channel determination should be discussed
· The coverage of LP-WUS should be better than NR PUSCH
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ANNEX A: All RAN1 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


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.

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.

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


Agreement
For OFDMA-based signals/channels, study the receiver architectures based on the following diagrams:
· I/Q branches are required for digital BB processing.
· Digital BB processing may or may not include FFT (companies to provide details on how).
· For sequence-based OFDM signals/channels, digital BB processing includes sequence correlation in either time domain (without FFT) or frequency domain (after FFT).
· Proponent companies should at least provide details on power consumption reduction compared to the MR regarding the RF and digital BB processing.
· Companies are encouraged to provide the break-down for the components.
· The potential power reduction compared to the main radio may come from e.g.:
· [bookmark: _Hlk130303821]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
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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
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