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1 Background
Low-power wake-up signal and receiver for NR was discussed in RAN4 #107. A WF has been approved [1]. Latest Status Report to TSG is found in [2] and latest revised SID is found in [3].

In this tdoc we will further discuss aspects of different wake-up receiver architectures.
   
2 [bookmark: _Hlk131610763]Consideration of wake-up receiver architectures
The architectures to be studied, as described in [6], imply a dedicated low power wake-up receiver (LP-WUR). Target KPIs for noise figure (NF) discussed are: [9, 12, 15, 18, 21, 24] dB and relative on-power consumption options are: [0.01/0.05/0.1/0.5/1/2/4] (relative to main radio deep sleep power). The primary target for low-power WUS/WUR are power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables [3], however all device types should be considered. 
Among all the discussed architectures, the RF envelope-detection based architecture (described in [9]) has the highest potential for power saving, with lower power consumption than the zero IF based architecture. This architecture, however, has some implementation difficulties when it comes to channel filtering since the filtering has to be at the RF side. Architectures with IF filtering such as heterodyne, super heterodyne, low IF, near-zero-IF or homodyne, do not suffer from these RF channel filter difficulties, but all of them need a local oscillator and therefore do not have as low power consumption as the RF envelope detector architecture.
[bookmark: _Ref134806802]Observation 1	The RF envelope-detection based architecture has the highest potential for power saving but has implementation difficulties when it comes to channel filtering.
Together with the energy consumption, the coverage is one of the main performance indicators. The coverage, however, will be determined by a combination of the LP-WUR design and the LP-WUS design, since coverage depends on the LP-WUR receiver noise figure and the required SNR, which in turn depends on the LP-WUS design. 
[bookmark: _Ref142062360]Observation 2	The coverage is determined by a combination of the LP-WUR design and the LP-WUS design.
Depending on which LP-WUR architecture is chosen, the level of power consumption vs noise figure and sensitivity varies. LP-WUR designs with lower power consumption and/or with lower complexity typically will lead to higher noise figures. Also, lower complexity LP-WURs typically are less capable of handling more complex LP-WUSs (e.g. OFDM based LP-WUS), which could give better (lower) SNR.  If choosing a LP-WUR architecture with higher NF, without degrading sensitivity, a LP-WUS design with better SNR has to be used to compensate for the higher NF. As an example, spreading or power boosting (however, almost ruled out) could be used to improve the SNR (without significantly increasing receiver complexity). This, however, involves increased network resources. Therefore, it is essential to find a good compromise between the LP-WUR architecture and LP-WUS design. Also, depending on the choice of LP-WUR architecture, all LP-WUS designs may not be possible.
[bookmark: _Ref142062366]Observation 3	There is a delicate balance between complexity/energy consumption and coverage and network resources.
[bookmark: _Ref142062390]Observation 4	In order not to waste precious resources such as device current consumption and/or network resources, it is essential to find a good compromise between the LP-WUR design and LP-WUS design.
As we discussed above, coverage is a performance indicator for the LP-WUS/WUR design. Target coverage level has not yet been decided but it is likely the target coverage will be comparable with the main radio [2]. The SNR is included in the coverage estimation (MIL estimation) and, even though SNR evaluation is the task of RAN1, we will discuss it briefly here. The SNR is not just dependent on the WUS design but also the channel condition. One example is shown in Table 1 from [7] where a zero-IF architecture with 1-bit ADC (240 kbps Manchester-coded OOK symbol rate) with the current consumption in the range of 100 µW (equivalent to 0.1 unit) is simulated in terms of miss detection rate (MDR) and false alarm rate (FAR). A signal-to-noise ratio of -2dB and 13dB are required for the AWGN and TDL-C channel, respectively, to reach 99% detection and 10-5 false-alarm rate. More details are found in [7].
	Channel
	Required SNR to reach MDR and FAR of 1% (dB)

	AWGN
	-2

	TDL-C
	13


[bookmark: _Ref142039094]Table 1 - Required SNR for OOK-4 and different channel conditions.
The noise figure (NF) in this example architecture is about 13dB which results in ~145dB MIL based on the link budget assumptions detailed in [8]. (Refer to TR 38.830 for representative values of MIL of the main radio). For a LP-WUR architecture compatible with an OFDM based LP-WUS ~166dB MIL can be achieved with the same link budget assumptions. In the OFDM based receiver example NF is assumed to10dB and required SNR is -4dB (including 2dB IM) [8]. The OFDM based LP-WUR has a current consumption estimated to be in the range of 2 equivalent units.
When evaluating the UE ACS of the different architectures, the use cases described in [3] should be considered. For example, IoT use cases, such as industrial sensors, controllers, and wearables, may be low-cost and small form factor devices. Therefore, LP-WUS/WUR designs not requiring costly and bulky filtering may be the natural choice and sufficient guard bands may need to be included and the LP-WUS be restricted to in-band. On the other hand, these guard bands might be a precious resource which has to be taken into the equation.
[bookmark: _Ref142643299]Observation 5	The order of the filter should be considered in order to facilitate a SAW-less design.
[bookmark: _Ref142643345]Proposal 1	The filter assumption for guard band size evaluation shall be reasonable for low-cost device.
The main target for low-power LP-WUS/WUR are power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) which in many cases are static or low mobility devices. It may be a waste of precious resources (device current consumption and/or network resources) to design the system always using a set-up for the worst scenario in terms of coverage and/or channel property. The LP-WUR could adapt its sensitivity level according to the prevailing situation (i.e. deployment for a device with very low or zero mobility) in order not to consume unnecessary power. A capability for signaling this feature to the base station may be needed.
[bookmark: _Ref142062405]Proposal 2	The LP-WUR could adapt its sensitivity level according to the prevailing situation in order not to consume unnecessary power.
3 Conclusion
In this contribution, we have discussed low-power wake-up signal and receiver for NR. The following observations and proposal have been made:
Observation 1	The RF envelope-detection based architecture has the highest potential for power saving but has implementation difficulties when it comes to channel filtering.
Observation 2	The coverage is determined by a combination of the LP-WUR design and the LP-WUS design.
Observation 3	There is a delicate balance between complexity/energy consumption and coverage and network resources.
Observation 4	In order not to waste precious resources such as device current consumption and/or network resources, it is essential to find a good compromise between the LP-WUR design and LP-WUS design.
Observation 5	The order of the filter should be considered in order to facilitate a SAW-less design.
Proposal 1	The filter assumption for guard band size evaluation shall be reasonable for low-cost device.
Proposal 2	The LP-WUR could adapt its sensitivity level according to the prevailing situation in order not to consume unnecessary power.
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