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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. 



With discussion constrained to RAN1 so far, the latest study item status report provides a summary of RAN1 agreements in [2].  Of particular interest to the RAN4 RF work are the following architecture options, which are currently under consideration by RAN1:

	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
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	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
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	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
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In an effort to make progress on the study, RAN1 has sent an LS to RAN4 with the following information [3]:

	RAN1 has discussed the low-power wake-up receiver (LP WUR) architectures and made some agreements as shown in the Appendix. In addition, there are RAN1 agreements for the study item made under agenda items other than the LP WUR architectures, which are not included in the Appendix.
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) for the study and the impact on the LP WUR architectures and signal design
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]-	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.



This contribution provides our initial views on the questions raised by the LS.
2	Discussion 
To identify a reasonable assumption on ACS, we begin by constraining the problem to FR1 bands < 2700 MHz and also observe that RAN1 has considered the WUS BW to be not greater than 5 or 20 MHz [3].  Furthermore, the WUS channel BW might also not be the same as the NR channel BW.  Since the RAN1 question concerns ACS, we further assume that in this scenario the WUS is located in-band with a cellular band.  Table 1 below summarizes the relevant ACS parameters.

Table 1: ACS parameters for FR1 bands < 2700 MHz
	RX parameter
	Units
	WUS BW (MHz)

	
	
	5
	10
	15
	20

	Pwanted, case 1
	dBm
	REFSENS + 14
	REFSENS + 14
	REFSENS + 14
	REFSENS + 14

	Pinterferer, case 1
	dBm
	REFSENS + 45.5
	REFSENS + 45.5
	REFSENS + 42.5
	REFSENS + 39.5

	Pwanted, case 2
	dBm
	-56.5
	-56.5
	-53.5
	-50.5

	Pinterferer, case 2
	dBm
	-25
	-25
	-25
	-25

	BW interferer
	MHz
	5
	5
	5
	5

	F interferer (offset)
	MHz
	{-5,5}
	{-7.5,7.5}
	{-10,10}
	{-12.5,12.5}



When we consider these parameters in the context of RF envelope detection architecture, the band filter does not reject adjacent channel and in-band interferers, and, as captured in the RAN1 agreements, a tunable high-Q matching network may become necessary to separate the wake-up signal from interference in the adjacent channel.  Such an architecture would rely on off-chip components, thereby increasing the complexity and cost of the overall solution.

[bookmark: _Toc127272963][bookmark: _Toc127313595][bookmark: _Toc127362739][bookmark: _Toc127362827][bookmark: _Toc127447301][bookmark: _Toc127448317]Observation 1:	In the RF envelope detection architecture, the band filter does not reject adjacent channel interference, and additional complexity associated with a tunable high-Q matching network is needed to mitigate the interference.

When considering whether to reuse the ACS parameters for FR1 bands < 2700 MHz for LP WUR, RAN4 should consider the trade-offs between the LP WUR’s power consumption and adjacent channel rejection.  A complete reuse of the parameters might lead to no power savings, thereby precluding the benefits of LP WUR.

[bookmark: _Toc127313599][bookmark: _Toc127362745][bookmark: _Toc127362833][bookmark: _Toc127447308][bookmark: _Toc127448324]Proposal 1:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing ACS parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.

Further study into the feasibility to reject in-band blockers by the LP WUR architectures is needed.  Table 2 below summarizes the relevant IBB parameters (again, assuming FR1 bands < 2700 MHz).

Table 2: IBB parameters for FR1 bands < 2700 MHz
	RX parameter
	Units
	WUS BW (MHz)

	
	
	5
	10
	15
	20

	Pwanted
	dBm
	REFSENS + 6
	REFSENS + 6
	REFSENS + 7
	REFSENS + 9

	Pinterferer, case 1
	dBm
	-56
	-56
	-56
	-56

	Pinterferer, case 2
	dBm
	-44
	-44
	-44
	-44

	BW interferer
	MHz
	5
	5
	5
	5

	F interferer, case 1 (offset)
	MHz
	{-10, 10}
	{-12.5, 12.5}
	(-15, 15}
	{-17.5, 17.5}

	F interferer, case 2 (offset)
	MHz
	{-15,15}
	{-17.5,17.5}
	{-20,20}
	{-22.5,22.5}



[bookmark: _Toc127313596][bookmark: _Toc127362740][bookmark: _Toc127362828][bookmark: _Toc127447302][bookmark: _Toc127448318]Observation 2:	Filter and ADC design parameters strongly influence the LP WUR IBB rejection performance and determine the maximum noise power of the receiver.

In a similar vein as the ACS observations, the selectivity requirement on IBB will drive the dynamic range requirements for the LP WUR, which is directly related to the receiver’s power consumption.

[bookmark: _Toc127313600][bookmark: _Toc127362746][bookmark: _Toc127362834][bookmark: _Toc127447309][bookmark: _Toc127448325]Proposal 2:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing IBB parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.

As indicated in the RAN1 LS, the interference rejection of the LP WUR can be improved by introducing guard bands between the LP WUS and the NR channel.  Considering specifically the WUS placement in-channel with the NR signal, RAN4 should further study the impact of adjacent subcarrier interference on LP WUR performance, where the adjacent subcarrier is transmitted by the same cell as the WUS but is intended for other users in the cell.  With the WUS BW, target SNR, and REFSENS not yet determined, it is difficult to provide a quantitative answer on the minimum guard band size, although RAN4 could consider identifying a feasible range of values.

To start the discussion of the sensitivity level, we can consider an initial range of values for the parameters that apply in the REFSENS calculation. It is important to highlight the trade-off between sensitivity level and power consumption of the receiver. Stringent requirement translate into higher order filter and larger dynamic range for the LNA, which derives into larger power consumption. In order to keep a reasonable power consumption as aimed for the LP WUR, we need to consider some relaxation on the receiver requirements. Sensitivitiy is calculated based on noise figure, channel bandwidth, diversity gain and SNR. 

LNA is the first active block in the receiver chain and key component in the estimation of the noise performance of the receiver. Designing a LNA with low power consumption and low noise is extremelly challenging. To achieve high linearity and high gain the LNA requires more stages translating in more power consumption. For NR FR1 a noise figure of approximately 10 dB can be assumed. For this initial calculation of LP WUR, we are considering a margin for the NF to reduce power consumption with a range between 15 to 25 dB. For the SNR values we are considering On-Off Keying with Manchester encoding and Multi-Tone WUS with a range of values between -10 dB to -4dB. For the implementation margin we are assuming  2.5 dB and the diversity gain is set to 0 dB, since only 1 Rx applies. 

As a result, 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 3: 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]Observation 3:	Lower target SNR translates to lower power dissipation for the RF part of the LP WUR.

[bookmark: _Toc127362741][bookmark: _Toc127362829][bookmark: _Toc127447304][bookmark: _Toc127448320]Observation 4:	Considering specifically the WUS placement in-channel with the NR signal, RAN4 should discuss how to define the requirement on the LP WUR ability to reject the adjacent subcarrier interference as well as the potential need of a guard band.

[bookmark: _Toc127313597][bookmark: _Toc127362742][bookmark: _Toc127362830][bookmark: _Toc127447305][bookmark: _Toc127448321]Observation 5:	RAN4 could identify a feasible range of guard band sizes based on potential ranges of WUS BW, SNR, and REFSENS.

[bookmark: _Toc127313598][bookmark: _Toc127362743][bookmark: _Toc127362831][bookmark: _Toc127447306][bookmark: _Toc127448322]Observation 6:	If RAN1 considers introducing guard bands to the wake-up signal design, then these guard bands should be accounted as additional overhead due the network’s inability to use the resources for the transmission of any useful signals.

In addition to ACS and IBB, RAN4 should also consider the presence of narrow-band blockers as sources of interference for the LP WUR. The table below summarizes the the narrow-band blocking requirements and applicable bands.

Table 4: NBB parameters for FR1 bands
	RX parameter
	Units
	WUS BW (MHz)

	
	
	5
	10
	15
	20

	Pwanted
	dBm
	REFSENS + 16
	REFSENS + 13
	REFSENS + 14
	REFSENS + 16

	Pinterferer, case 1
	dBm
	-55
	-55
	-55
	-55

	F interferer, case 1 (offset)
	MHz
	{-2.7075,2.2075}
	{-5.2125, 5.2125}
	(-7.7025, 7.7025}
	{-10.2075, 10.2075}

	Applicable bands
	
	n1,n2,n3,n5,n7,n8,n12,n14,n18, n20, n25, n26, n28, n30, n34, n38, n39, n40, n41, n48, n50, n51, n53, n65, n66, n70, n71, n74, n75, n76 




[bookmark: _Toc127313601][bookmark: _Toc127362747][bookmark: _Toc127362835][bookmark: _Toc127447310][bookmark: _Toc127448326]Proposal 3:	For the case of WUS placed in-band (and in-channel) with NR, RAN4 should study the impact of ACS, in-band blocking, narrow-band blocking, and out of band blocking on WUR architectures.  Considering that these requirements have a direct dependency on the WUS BW, target SNR, and REFSENS, RAN4 should discuss how to determine a range of these parameters to begin the analysis.

As RAN4 proceeds with the evaluations related to the tradeoffs between the key RF requirements (ACS, IBB, REFSENS) and power consumption, the performance of the LP WUR in the presence of these sources of interference in the network can also be impacted.  A key consideration in further evaluations of these aspects is whether the network can accommodate these relaxations from the perspective of LP WUS deployment and overall interference management.  It may become necessary to revisit some assumptions behind the derivation of the relevant parameters for the WUR ACS, WUR IBB, etc.

[bookmark: _Toc127362744][bookmark: _Toc127362832][bookmark: _Toc127447307][bookmark: _Toc127448323]Observation 7:	If a relaxation of selectivity, dynamic range, and REFSENS becomes necessary to realize the desired power savings for the LP WUR, then 3GPP should further discuss how the network can ensure these interference sources are reduced if the WUS is placed in-channel and, if necessary, to revisit the derivation of the relevant parameters for WUR ACS, WUR IBB, etc.

Although the consideration of WUS placed in-band seems to be implied by the RAN1 LS, there is no agreement which precludes the more general consideration of WUS in a separate or dedicated band.  In this scenario, the interference problem reduces to out of band and, depending on the band, narrow band blockers.  Under these conditions, the LP WUR can be a low-complexity radio, and the WUS itself would not contribute to the NR channel overhead.

[bookmark: _Toc127313602][bookmark: _Toc127362748][bookmark: _Toc127362836][bookmark: _Toc127447311][bookmark: _Toc127448327]Proposal 4:	For completeness, the RAN4 response to RAN1 should include comparative analysis of the LP WUR architectures in the presence of WUS in a band separate from the UE’s NR band.

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

Observation 1:	In the RF envelope detection architecture, the band filter does not reject adjacent channel interference, and additional complexity associated with a tunable high-Q matching network is needed to mitigate the interference.
Observation 2:	Filter and ADC design parameters strongly influence the LP WUR IBB rejection performance and determine the maximum noise power of the receiver.
Observation 3:	Lower target SNR translates to lower power dissipation for the RF part of the LP WUR.
Observation 4:	Considering specifically the WUS placement in-channel with the NR signal, RAN4 should discuss how to define the requirement on the LP WUR ability to reject the adjacent subcarrier interference as well as the potential need of a guard band.
Observation 5:	RAN4 could identify a feasible range of guard band sizes based on potential ranges of WUS BW, SNR, and REFSENS.
Observation 6:	If RAN1 considers introducing guard bands to the wake-up signal design, then these guard bands should be accounted as additional overhead due the network’s inability to use the resources for the transmission of any useful signals.
Observation 7:	If a relaxation of selectivity, dynamic range, and REFSENS becomes necessary to realize the desired power savings for the LP WUR, then 3GPP should further discuss how the network can ensure these interference sources are reduced if the WUS is placed in-channel and, if necessary, to revisit the derivation of the relevant parameters for WUR ACS, WUR IBB, etc.


Proposal 1:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing ACS parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.
Proposal 2:	RAN4 should quantify the tradeoff between power consumption and relaxed selectivity and dynamic range, using the existing IBB parameters for FR1 bands < 2700 MHz as a starting point. This information can be shared with RAN1 to assist their overall evaluation of the architectures and power consumption.
Proposal 3:	For the case of WUS placed in-band (and in-channel) with NR, RAN4 should study the impact of ACS, in-band blocking, narrow-band blocking, and out of band blocking on WUR architectures.  Considering that these requirements have a direct dependency on the WUS BW, target SNR, and REFSENS, RAN4 should discuss how to determine a range of these parameters to begin the analysis.
Proposal 4:	For completeness, the RAN4 response to RAN1 should include comparative analysis of the LP WUR architectures in the presence of WUS in a band separate from the UE’s NR band.
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