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1	Introduction 
The study on low-power Wake-up Signal and Receiver for NR has been added to the 3GPP Rel-18 work plan with the following objectives [1]:

	· Identify evaluation methodology (including the use cases) & KPIs [RAN1]
· Primarily target low-power WUS/WUR for power-sensitive, small form-factor devices including IoT use cases (such as industrial sensors, controllers) and wearables
· Other use cases are not precluded
· Study and evaluate low-power wake-up receiver architectures [RAN1, RAN4] 
· Study and evaluate wake-up signal designs to support wake-up receivers [RAN1, RAN4] 
· Study and evaluate L1 procedures and higher layer protocol changes needed to support the wake-up signals  [RAN2, RAN1] 
· Study potential UE power saving gains compared to the existing Rel-15/16/17 UE power saving mechanisms, the coverage availability, as well as latency impact of low-power WUR/WUS. System impact, such as network power consumption, coexistence with non-low-power-WUR UEs, network coverage/capacity/resource overhead should be included in the study [RAN1]
· Note: The need for RAN2 evaluation will be triggered by RAN1 when necessary. 



During the RAN4 #106 meeting the RAN1 LS was discussed [2], with RAN4 reaching initial agreements in [3] and sending an LS response to RAN1 in [4].

This contribution provides our further views on the questions raised by the RAN1 LS and continues to motivate the dedicated wake-up band concept.

2	Discussion
2.1	Impact of Adjacent Subcarrier Interference
We study the impact of adjacent subcarrier interference in a 10MHz, 50RB channel. We assume that the wake-up signal occupies 26RBs (4.68MHz) around the channel center while the remaining 24 RBs are allocated to regular NR downlink. Furthermore, we assume that the power spectral density within the channel is constant and we use SINR to evaluate the interference from 5G downlink to the wake-up signals and vice versa.
Figure 1 illustrates the interference from the NR downlink to the wake-up signal (residing inside the blue region). Interference from the downlink signal is minimal and the resulting SINR is 25dB.
Figure 5 shows the same scenario as Figure 1 including the impact of 3rd order nonlinearity and receiver phase noise. IIP3 is assumed to be 10dB above the total received power while the phase noise profile corresponds to a PLL with -60dBc/Hz in-band phase noise and 100kHz loop bandwidth. The WUS signal was modeled as 2 tones in order to capture effects such as cross-modulation. In this case the SINR is limited to approximately 10dB. 
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[bookmark: _Ref131933529]Figure 1: Wake-up signal SINR due to spectral leakage of adjacent subcarriers. 
[image: Chart, histogram

Description automatically generated]
Figure 2: Wake-up signal SINR accounting for receiver phase noise and non-linearity.

[bookmark: _Toc131999975][bookmark: _Toc132024503]Observation 1:	The study of adjacent subcarrier interference and the potential need for guard band should take into account the receiver non-linearity and phase nois as well as the required wake-up signal SNR.

[bookmark: _Toc131999976][bookmark: _Toc132024504]Observation 2:	The study of adjacent subcarrier interference should consider constant power spectral density within the channel. 

[bookmark: _Toc131999986][bookmark: _Toc132024511]Proposal 1:	RAN4 should agree on a phase noise profile for wake-up receiver study.


	Figure 3 depicts the allocation of Figure 1 including the impact of an Envelope Detector (ED) based receiver. The receiver applies a 3rd order Chebyshev filter before envelope detection and the ED is modeled as a prefect square law device. The resulting SINR is about 0dB.
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[bookmark: _Ref131933772]Figure 3: The signal of Figure 1 including the effect of a receiver envelope detector

[bookmark: _Toc131999977][bookmark: _Toc132024505]Observation 3:	The impact of adjacent subcarrier interference will be most severe in envelope dector based receivers. Tunable, high order filters will need to be employed in both the RF and IF ED architectures along with significant guard band bandwidth. 

[bookmark: _Toc131999987][bookmark: _Toc132024512]Proposal 2:	For the case of WUS placed in-channel with NR, both RF and IF envelope detector based receivers should be de-prioritized.  

	The interference from the wake-up signal to the adjacent NR subcarriers also needs to be considered. Figure 4 illustrates the spectral leakage of a 4.68MHz time domain on-off keying WUS to the in-channel NR subcarriers (residing in the cyan boxes). The OOK signal is filtered by a root-raised cosine filtered with a roll-off factor of 0.5. When no guard band is considered, as in (a), the SINR is 0dB. Case (b) assumes 3 RB guard band on each side (6RBs total) and SINR is 11dB.
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(a)            														(b)
[bookmark: _Ref131953451]Figure 4: Spectral leakage of a time domain OOK signal to adjacent NR subcarriers
[bookmark: _Toc131999978][bookmark: _Toc132024506]Observation 4:	The spectral characteristics of the wake-up signal are important in the in-channel case. Simple time domain OOK signals will require significant guard-band.
 
[bookmark: _Toc131999988][bookmark: _Toc132024513]Proposal 3:	RAN1 should consider the spectral characteristics of the wake-up signal. This is especially important in the in-channel use-case, and this information should be provided as a follow-up LS from RAN4. 


2.2	Impact of Adjacent Channel (ACS) Interference
We consider a similar arrangement as the previous subsection for in-chanel wake-up signal occupying the equivalent bandwidth of 26RBs in a 10MHz channel. The ACS interferer is -54.5dBm at 7.5MHz offset while the power of the 10MHz channel is -86dBm (REFSENS + 14dB, assuming REFSENSE of -100dBm). 
Figure 5 illustrates the impact of receiver non-linerity on the in-channel wake-up signal. The IIP3 was assumed to be -35dBm, i.e. ~20dB above the ACS interferer level, and the resulting SINR is approximately 5dB.
Likewise, Figure 6 shows the impact of receiver phase noise on the in-channel wake-up signal. In this simulation, we assumed a PLL with -70dBc/Hz in-band noise and 100kHz loop bandwidth. The resulting SINR is also 5dB. 
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[bookmark: _Ref131940165]Figure 5: Impact of receiver nonlinearity on ACS intereferer. 
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[bookmark: _Ref131951672]Figure 6: Impact of receiver phase noise on ACS intereferer


[bookmark: _Toc131999979][bookmark: _Toc132024507]Observation 5:	The ACS interferer will introduce stringent receiver linearity and phase noise requirements even in the in-channel WUS case. A small guard band between the WUS and NR signals will not be of significant help.

[bookmark: _Toc127272963][bookmark: _Toc127313595][bookmark: _Toc127362739][bookmark: _Toc127362827][bookmark: _Toc131999980][bookmark: _Toc132024508]Observation 6:	Receiver linearity and phase noise will benefit from a WUS that has low detection SNR requirement and it can thus tolerate low SINR levels.  

2.4	Sensitivity range for LP WUR
We have estimated the sensitivity range shown in Table 3 for each WUS BW from 5 MHz to 20 MHz. The sensitivy range provides the minimum and maximum sensitivity results, when considering the parameters listed on the table.

Table 1: Sensitivity range for LP WUR
	RX parameter
	Units
	WUS BW (MHz)

	
	
	5
	10
	15
	20

	Noise Figure 
	dB
	15 to 25
	15 to 25
	15 to 25
	15 to 25

	SNR
	dB
	-10 to -4 
	-10 to -4 
	-10 to -4 
	-10 to -4 

	Diversity Gain
	dB
	0
	0
	0
	0

	Implementation Margin
	dB
	2.5
	2.5
	2.5
	2.5

	Sensitivity
	dBm
	  -99.5 to -83.5
	  -96.5 to -80.5
	  -94.7 to -78.7
	-93.5 to -77.5



[bookmark: _Toc127447303][bookmark: _Toc127448319][bookmark: _Toc131999981][bookmark: _Toc132024509]Observation 6:	Lower target SNR translates to lower power dissipation for the RF part of the LP WUR.

2.3	Benefits of A Dedicated Wake-Up Band

The discussion up to now has focused on in-band and possibly in-channel wake-up signaling. A third possibility is to have a dedicated narrow (e.g. 5MHz) band whose purpose is to broadcast the wake-up signal for one or multiple networks. In this case a single channel within the band can be assumed and the ACS and in-band blockers will fall outside of the band, and will be significantly attenutated by a front-end acoustic filter as illustrated in Figure 7. 

[image: ]
[bookmark: _Ref131962587]Figure 7:Dedicated Wake-up Band and Filter
	A typical assumption for the out-of-band attenuation of acoustic filters is 35-40dB. In this analysis, we will assume 30dB to allow the use of lower-cost filters. Figure illustrates the combned effect of phase noise and receiver non-linearity on a 5MHz band under the previous assumptions. The receiver IIP3 is as low as -70dBm while the phase noise is -60dBc/Hz within 100kHz loop bandwidth. The resulting SINR is 8dB.
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Figure 8: Impact of receiver phase noise and non-linearity assuming a dedicated WU band


[bookmark: _Toc131999982][bookmark: _Toc132024510]Observation 7:	A dedicated wake-up broadcast band will allow >10dB receiver phase noise relaxation and >25dB IIP3 relaxation compared to the in-channel wake-up signal.

2.4	Feasibility of a Dedicated Wake-Up Band
Dedicated spectrum for the WUS can enable a low-complexity UE receiver and avoid reducing the spectral efficiency of cellular communications by not configuring the WUS in-channel with the wanted cellular data.  A reuse of spectrum licensed for broadcast operation can be a viable scenario.  Potential spectrum that can be used for WUS broadcast is the TV whitespaces spectrum.  TV channels 19 through 36 span the 500 – 608 MHz frequency range.  Each TV channel is 6 MHz wide with 0.309 MHz guard band on each side.  In total, there are 11.14 MHz available with this guard band spectrum.  Additionally, the band plans discussed in the LTE 6G broadcast work item can be considered for this purpose, enabling broadcast operators to make choices about the services and business models they wish to pursue with their spectrum [5]:

	Band plan
From [1] two band plan options not mutually exclusive were identified
1. Define a single band covering the entire UHF frequency range 470 – [698/702] MHz
a. The requirements are relaxed for this band (TBD which requirements and how much) and/or
b. This band is assumed to be implemented with more than one filter in the UE (TBD how many filters and the characteristics of those filters)
2. Define smaller bands 
a. At least one of the bands overlaps with Band n105 DL to reuse n105 Rx filter
b. Specify the following bands 470-542 MHz, 540-606 MHz and 602-702 MHz.
c. Other 
Agreement from online session: 
· Define the band plan based on available data for BS and UE.  
· Full UHF band, i.e., 470 – 698MHz, 
· with reduced UE blocking
· Narrow band, i.e., 612 – 652 MHz, which is the same as the downlink operating band of n105.  
· If data for other frequency ranges becomes available before the conclusion of the work item, it can be considered either as a separate band or as a modification to initially defined bands.
Way Forward
· Further clarification and study is needed to elaborate on and quantify requirements with respect to reduced UE blocking for the full UHF band.
· All technical requirements for these bands are still to be defined.



A wake-up signal (WUS) broadcast network can be overlaid over a cellular network, as shown in Figure 9 below.
[image: ]
Figure 9: Potential WUS network layout

The WUS network can utilize low-frequency spectrum and existing high-power broadcasting infrastructure to cover multiple mobile broadband (MBB) cells with one WUS node.  In this model, the WUS broadcast network and the cellular MBB network could belong to the same operator or different operators.

[bookmark: _Toc131999989][bookmark: _Toc132024514]Proposal 4:	RAN4 should consider the scenario of LP WUS in a dedicated band in further analysis of this study item.


3	Conclusions
This contribution provides our initial views on the LP WUR architectures.  The following observations and proposals are made:

Observation 1:	The study of adjacent subcarrier interference and the potential need for guard band should take into account the receiver non-linearity and phase nois as well as the required wake-up signal SNR.
Observation 2:	The study of adjacent subcarrier interference should consider constant power spectral density within the channel.
Observation 3:	The impact of adjacent subcarrier interference will be most severe in envelope dector based receivers. Tunable, high order filters will need to be employed in both the RF and IF ED architectures along with significant guard band bandwidth.
Observation 4:	The spectral characteristics of the wake-up signal are important in the in-channel case. Simple time domain OOK signals will require significant guard-band.
Observation 5:	The ACS interferer will introduce stringent receiver linearity and phase noise requirements even in the in-channel WUS case. A small guard band between the WUS and NR signals will not be of significant help.
Observation 6:	Receiver linearity and phase noise will benefit from a WUS that has low detection SNR requirement and it can thus tolerate low SINR levels.
Observation 6:	Lower target SNR translates to lower power dissipation for the RF part of the LP WUR.
Observation 7:	A dedicated wake-up broadcast band will allow >10dB receiver phase noise relaxation and >25dB IIP3 relaxation compared to the in-channel wake-up signal.


Proposal 1:	RAN4 should agree on a phase noise profile for wake-up receiver study.
Proposal 2:	For the case of WUS placed in-channel with NR, both RF and IF envelope detector based receivers should be de-prioritized.
Proposal 3:	RAN1 should consider the spectral characteristics of the wake-up signal. This is especially important in the in-channel use-case, and this information should be provided as a follow-up LS from RAN4.
Proposal 4:	RAN4 should consider the scenario of LP WUS in a dedicated band in further analysis of this study item.
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