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Introduction
In this contribution, we present our view on LS question in RAN1 [1].  
Discussion
[bookmark: _Ref115159812]In RAN1 LS, the questions below are raised below:
· The reasonable assumption on adjacent channel selectivity (ACS) 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
[Q1] The reasonable assumption on adjacent channel selectivity (ACS) for the study and the impact on the LP WUR architectures and signal design

ACS is the receiver ability to receive the wanted signal in the presence of the adjacent channel interference signal, without causing the throughput being degraded by maximum 5% compared to the maximum throughput of a defined reference measurement channel. Current ACS is defined as 33 dB for 5MHz and 10MHz channel and relaxed for 15MHz and above. According to latest RAN1 agreement, the LP-WUS BS will not exceed 5MHz or 20Mhz and as the ACS is derived from coexisting simulation so assuming the same ACS with legacy applies to the WUR should be starting point. To fulfill the ACS requirement, there are two cases for ACS, one for small adjacent interferer and another is large adjacent interferer which is -25 dBm, it is not clear WUR could fulfill this using the analog filter only in some RAN1 provided architectures, it may demand a digital filter in baseband and a AGC function if ADC dynamic range is also limited.

[Q2] 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

Assumption for this question is that WUR can fulfil the RF requirement for ACS/blocking/IM and then the simultaneous subcarrier of non-WUS signal only occurs within the WUR RF bandwidth and there is no need to consider other RF impairments, but the simultaneous non-WUS signal. This is illustrated in Figure 1. As the WUR may need to receive also synchronization signal which may be occupying more RB than a WUS signal, the WUR RF bandwidth may be wider than WUS signal and thus when LP-WUS is multiplexed with other signals/Channels, WUR cannot filter/attenuate these multiplexed subcarriers using the channel filter. Some simulation is done to investigate the WUS detection in presence of the simultaneous non-WUS subcarriers. Assumption is that these non-WUS signal is orthogonal to the WUS signal. The simulation assumption used is listed in Table 1 below.
Table 1: Simulation parameters for link-level evaluations. 
	Parameters  
	Value 

	Carrier frequency  
	2.6 GHz 

	Channel  
	TDL-C 

	SCS 
	30 kHz 

	Delay spread  
	300 ns 

	UE speed 
	3 km/h 

	UE Rx antennas  
	1 

	WUR sampling rate  
	8 Mbps 

	WUS bandwidth 
	11 PRBs (3.96 MHz) 

	Number of ADC bits 
	6 

	Receiver filter 
	3rd order Butterworth LPF

	Non-WUS transmissions 
	Adjacent channel interference from other NR transmissions is considered.  





[bookmark: _Ref127537693]Figure 1:WUS signal placement in relation to the WUR RF bandwidth and filter BW.
WUR receiver filter parameters in terms of filter order and bandwidth have impacts on the coverage.  It can be observed in Figure 2 that BER has a relation with the other of filter applied to WUR. A sharper filter provides better noise and interference immunity at the cost higher receiver complexity and power consumption. Figure 2 (left figure) shows that increasing the filter order from 1 to 6 improves the BER by 2 dB (at 1% target). In the right figure of Figure 2 the impact of filter cut-off bandwidth is shown and,  to reduce the impact of the filter performance, a 3rd order filter is chosen. The filter BW is chosen to different ratio to a WUS signal BW so the impact on BER at presence of the non-WUS signal within the filter BW could be evaluated. It can be observed that in Figure 2 (right Figure) that if the filter BW is 20% more than WUS BW, the BER degradation is ignorable. There is around 0.3 dB loss when filter BW is 40% more than WUS BW and SNR loss can be 1 dB if filter BW is 80% more than WUS BW. Depending on the chosen SNR loss tolerance value, there is a need of guard band at both side of WUS signal. For example, if 0.3dB SNR loss is tolerable and if the filter BW is 80% more than a WUS BW, the guard band should be 80%- 40% = 40% WUS BW. 
The guard band needed is depending to the WUR filter parameters (filter order and bandwidth), BW ratio between the filter BW and WUS BW, and the tolerable SNR loss.
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[bookmark: _Ref127539075]
Figure 2:Impact of WUR filter bandwidth on BER.

[Q3] The feasible noise figure(s) for each type of LP WUR architectures
We believe this also relates to the network expectation discussion. With the WUS decoding as a main function of WUR, a related function is to wake-up the main receiver, the meaning of the wake-up the main receiver is not just the “power on”, it means the main receiver should decode the PDCCH associated with a paging occasion. This implies that the coverage of WUS and PDCCH should be ideally the same. 

[Q4] Impact, if any, LP-WUS transmission on existing gNB emissions/compliance requirements

As the gNB is based on OFDM transmitter so each physical signal is modulated in frequency domain.  In RAN1 LS, there is no OFDM receiver architecture in scope, so from WUR perspective, it expects to demodulate a time domain modulated signal without the OFDM receiver, this creates a question on how to transmit a time domain OOK modulated signal using the OFDM transmitter. In out companion paper, it is observed that for multi-bit OOK transmission, there is impact on the current gNB RF requirement. While there is no impact on gNB RF requirement for single-bit OOK transmission.
  

[Q5] 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

The frequency error depending on whether the WUR can be synchronized with the synchronization signal (e.g either SSB or LP -SS), if WUR cannot monitor the synchronization signals, the clock circuitry is free running, and the frequency stability of an oscillator will be deciding factor. In TR 38.802, the frequency error is assumed as below in Table A.2.3-1.

	Frequency Offset
	-	Initial acquisition
-	TRP: uniform distribution +/- 0.05 ppm
-	UE: uniform distribution +/- 5, 10, 20  ppm (each company to choose one)
-	Non-initial acquisition
-	TRP: uniform distribution +/- 0.05 ppm
-	UE: uniform distribution +/- 0.1 ppm


 
The image is issue for heterodyne architecture with IF block as the image band could be overlapping with wanted signal after mixing so a BPF would be helpful to suppress the image. LO signal could be leaked into the RF port or mixer input so LO signal could be mixed with itself causing a DC offset. Such DC offset should be removed otherwise receiver may not work. Flicker noise is also referred to as 1/f noise since it is inversely proportional to the frequency, the flicker noise gets higher when the frequency goes lower and it impact more on the narrower band signal for a homodyne receiver. The image rejection, DC offset and flicker noise issue is design issue and should be eliminated or controlled within a tolerable level so the RF requirement shall be met.


[Q6] Whether certain LP WUR architectures can support multi-band capability
The WUR can have the same multi-band support as the main receiver. In this case, when UE is a WUS-capable UE, it does not need to report separate band parameter specific relating to WUR.  If the WUS capability is band specific feature, it may have different band support compared with main receiver. This could be up to the RAN1/RAN2 decision.
Conclusions
In this contribution, we present our view on the LS question on low-power wake-up receiver architectures.
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