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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 previous meeting. On low power WUS receiver architecture, the achieved agreements are listed in the appendix.
In this contribution, we further provide our views regarding low power receiver architectures and the corresponding requirement for detection of LP-WUS.

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 be powered off to save power. 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 main receiver 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. In the Figure.1 below, the interaction between LP-WUR and main radio is briefly depicted.
[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.

Besides, in Figure.1, we also give three typical receiver architecture candidates for implementation, which are aligned with the architectures for further study in the previous meeting. It is obvious that simpler architecture means also sensitivity degradation, which is penalty from power saving benefit. Some views regarding the details of the receiver:
· In the right part of Figure.1, from top down i.e. the RF envelop detector, homodyne/Zero IF receiver, heterodyne architecture, the receivers power consumption and complexity is relatively from low to high.
· The RF envelop detector architecture has the best SWaP (size, weight and power) reduction. The power can reach to uW level. One reason is that it does not employ oscillator and directly performs envelop detection on RF signal. Also, after the envelop detection, the baseband processing is also quite basic. However, the sensitivity is the poorest among the three. It suffers from flicker noise 1/f and DC offset and has limited adjacent channel interference rejection.
· Homodyne/zero-IF architecture has relatively better sensitivity than directing utilizing envelop detector but with still low power consumption. It adopts a local oscillator (LO) and a mixer to mix with the RF signal. The LO is set equal to the frequency of interest. Hence received signal is directly converted to the baseband. It needs to handle carrier leakage from LO (DC offset) and flicker noise 1/f.
· Heterodyne architecture has better sensitivity than zero IF receiver and a moderate power consumption, which is in mW level. In a low IF receiver, the RF signal is mixed with LO and converted down to a non-zero low or moderate intermediate frequency. The signal processing in IF can be more efficient and accurate than in RF. Low IF receiver architecture has many of the desirable properties of zero-IF architectures, but avoids the DC offset and 1/f noise problems. However, it needs to handle image rejection by further digital down conversion and/or filtering.
· For any possible type of receiver candidate, depending on the LP-WUS structure, LP-WUR may need to handle both I and Q signals or just need to process amplitude information (e.g. when 1-bit ADC is applied). Detailed aspects like this make difference on the required number of mixers, filters, amplifiers, ADC, the choice of FLL(Frequency-Locked Loop) or PLL (Phase-Locked Loop) in LO and also the type of oscillator with different accuracy. Hence the resulted power consumption can be different even for a specific type of receiver.
· As discussed in our companion paper, we believe the MC-OOK and MC-FSK can be starting point for LP-WUS structure design, which allows for UE identification and concise information indication. Thus, the capability of the LP-WUR should match the demand, in terms of the below aspects:
· As of band and carrier tuning, which was discussed in the previous meeting, depending on the concrete supported bands and carriers, the tuning can be supported by one or multiple of matching network, RF BPF, tuned LO, IF BPF, BB filtering and baseband processing. In our current observation, it is challenging for RF envelope detector architecture to support proper band and carrier tuning.
· Heterodyne and homodyne/zero-IF architecture should have higher priority than the RF envelope detecter architecture, considering the need of more efficient and accurate signaling processing to deal with interference rejection, inter-cell interference and possible measurement based on the LP-WUS. The filtering in the IF and baseband would be more efficient than that of RF.
Proposal 1: Heterodyne and homodyne/zero-IF architecture should have higher priority than the RF envelope detector architecture.
To better understand the tradeoff between the sensitivity and power consumption, a survey regarding this from low power receivers in a list of literatures published during 2005-2022 can be found in [2].
Although the system overhead for LP-WUS should also be considered, which we can assume is a reasonable range, the tradeoff between receiver sensitivity and power consumption is clear. As in the specification, LP-WUR architecture is not enforced, the key requirements should be the sensibility/coverage and the target power value.
Observation 1: Depending on the detailed design and implementation of LP-WUR, there is clear tradeoff between the LP-WUR sensibility and power consumption.
Proposal 2: As outcome of discussion on receiver architecture, three key aspects should be prioritized and concluded in the study: LP-WUR sensibility (i.e. LP-WUS coverage requirement), power consumption of LP-WUR , system impact and overhead.
To further have a more detailed choice or adjustment of the LP-WUR architecture, it is essential to check the supported function of the LP-WUS which should be discussed in AI 9.13.3. Also the performance requirement of LP-WUS is also crucial to decide a proper LP-WUR architecture, e.g. throughput/data rate, coverage, system overhead and so on. With all these information, the required capability of the LP-WUR architecture should be clearer.
Proposal 3: The discussion of the LP-WUS design should also contribute to narrowing down the scope of the LP-WUR architecture and power consumption.

Conclusion
Proposal 1: Heterodyne and homodyne/zero-IF architecture should have higher priority than the RF envelope detector architecture.
Observation 1: Depending on the detailed design and implementation of LP-WUR, there is clear tradeoff between the LP-WUR sensibility and power consumption.
Proposal 2: As outcome of discussion on receiver architecture, three key aspects should be prioritized and concluded in the study: LP-WUR sensibility (i.e. LP-WUS coverage requirement), power consumption of LP-WUR , system impact and overhead.
Proposal 3: The discussion of the LP-WUS design should also contribute to narrowing down the scope of the LP-WUR architecture and power consumption.
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Appendix

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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