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Introduction 
Study item description for low-power Wake-up Signal and Receiver for NR can be found in [1]. In this contribution we discuss the UE RF aspects and further response to the LS from RAN1 [2].


Discussion

Study item objectives from [1] are reproduced below.The study item includes the following objectives:
· 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. 


It can be seen from the objectives that RAN4 efforts are expected on the wake-up receiver architecture study as well as on wake-up signal design evaluation. From the LS [2] it can be seen that RAN1 has been focusing mainly on three different RF architecture options, RF envelope detection, heterodyne with IF envelope detection and zero-IF with baseband envelope detection. As almost all aspects on the wake-up signal are still open in RAN1, this contribution focuses on the receiver architectures, and discusses trade-offs and dependencies between the receiver architectures and wake-up signal design. Furthermore, we suggest what to reply to RAN1 in addition to the LS sent from RAN4#106 and RAN4#106bis [3, 4].
Furthermore RAN1 has send another LS to RAN4 in [7, 8]. From [7] it can be seen that RAN1 is working also on architectures supporting FSK and OFDMA.
Observation 1: Based on the most recent LS RAN1 is looking also into RF architectures support FSK and OFDMA and not only analog envelope detection.
Selectivity considerations for different RF architectures

Many of the questions in the RAN1 LS focus on how different RF architectures can manage with in-channel and adjacent channel interference, and we have analyzed this for each architecture option. First we discuss the general principles of how adjacent subcarrier and adjacent channel interference effects the time domain detection and then discuss ways to provide selectivity for each architecture option.
Firstly, as WUR will be implemented together with the main receiver, it can be placed in the same physical locations as main receiver. Therefore, the signal environment and power levels at adjacent channel are the same as for main receiver when observed at antenna connector. Therefore, WUR will need to operate under similar interference as main receiver.

Observation 2: RF signal levels observed at antenna connector are similar for wake-up receiver and main receiver.

For RF envelope detection majority of the selectivity comes for the RF filter. We expect that for all RF architectures, it would be reasonable to re-use the same RF filter as for main receiver and just route the signal either to main or wake-up receiver. Therefore, RF filter will be allowing the signals in the whole operating band pass through to the envelope detector.
Envelope detector will include low-pass filtering for smoothing the envelope. Additional selectivity provided after the envelope detector will not provide much help as highest input is driving the envelope and will be the main component in the detector output. Further filtering will rather smoothen out the wanted signal which in the time domain signal is rather only a tiny ripple in the interferer waveform.
We expect that the envelope detector would be tuned to the specific operating band via proper component sizing, which will result in some frequency selectivity, however, this will not make a meaningful difference. Secondly, having components sized for the operating band results in poor capabilities to support multiple operating bands, especially ones with large frequency difference.
Finally, RF envelope detection cannot address the cases where WUS is based on FSK or OFDMA.
Proposal 1: Remove RF envelope detector from RAN4 study scope and inform the decision to RAN1

For IF envelope detection, most selectivity would come from an IF-filter, which is traditionally an acoustic filter using e.g. SAW technology. As the heterodyne architecture has an LO, one IF-filter is sufficient and the architecture can support multiple operating bands.

IF-filter characteristics are important to understand. Firstly, IF filter can provide good selectivity, e.g. 20-30 dB, with just couple MHz transition bandwidth. Also any loss present in IF-filter is less important as amplification can be provided before the signal enters the IF-filter. Therefore, from pure filtering performance perspective IF-filter could be a viable solution to suppress adjacent channels and even adjacent subcarriers with some distance away from WUS. 

This filtering performance will depend a lot whether WUS location is flexible within carrier bandwidth and how quickly the placement can vary. In principle, tuning the LO correctly can address the flexibility in WUS position. However, if the WUS location is constantly changing, then LO would also need to be constantly re-tuned, adding complexity to the control of the LO and tracking where WUS will be transmitted. In case IF-filter passband is made wider to allow WUS location flexibility, then selectivity against adjacent subcarriers or even adjacent channels may suffer.

Observation 3: While IF-filter can provide good selectivity against adjacent channels and even in-channel subcarriers which are not immediately adjacent to WUS, the selectivity may suffer if WUS location is flexible.

Furthermore, there are other costs associated with the IF-filter. As selection of IF-frequency is up to the device manufacturer there is no real IF-filter ecosystem in place like there is for RF filters. This means that IF-filters tend to more custom design and smaller batch products, increasing the unit cost. Furthermore, acoustic filter size will scale with the wavelength. RF size can be less than 1 square-mm, IF filters sizes can be e.g. 25 square-mm. This means that providing a well-integrated small solution may not be feasible. 

Observation 4: IF-filter size and cost and their impact to practicality of the WUR design may be prohibitive aspects and need to be considered in IF envelope detection feasibility.

Next let’s look into the architectures where detection happens at baseband, either in digital domain or by envelope detector. In RAN4#106 we presented results showing that RF design can be relaxed by narrowband WUS design and limiting the WUS placement in the middle of the channel [7]. This analysis was expanded on in RAN4#107 [8] based on the evaluation scenarios agreed in RAN4#106bis [9]. These evaluation scenarios are reprocuded below in Table 1

Table 1: LP-WUS evaluation scenarios

	NR RF channel BW
	5MHz for 1.4MHz WUS; 20MHz/100MHz for 5MHz WUS

	Guardband of NR channel
	Unchanged, defined in Clause 5.3.3 in TS 38.101-1

	WUS BW within NR channel
	1.44MHz, 5.04 MHz

	WUS RB allocation (Note 1)
	[6] RB in 1.44 MHz, total 8 RBs, or other number of RBs
[24] RB in 5.04 MHz, total 28 RBs, or other number of RBs

	WUS placement within NR channel
	3 cases: 
· case 1: Center; 
· case 2: edge; 
· case 3: between center and edge of NR channel, 5 MHz offset from channel edge used

	Guard RB size of LP-WUS
	· 0 RB, 1RB at each side, 2RBs at each side, or other number of RBs. 
· Asymmetric guard RB can also be considered

	ACS interferer
	According to RF CBW

	Filter characteristic
	2nd to 5th order Butterworth
Both analog and digital filter can be considered

	Filter passband BW
	At least WUS bandwidth (number of RBs), depends on guard RB size

	LO frequency
	Case 1: In the middle of WUS (modeling fixed WUS position)
Case 2: In the middle of RF channel (modeling flexible WUS location)

	Target ACS
	TBD

	Target ASCS
	TBD

	Target WUS SNR
	TBD

	RF impairment
	FFS

	Note 1: the maximum number of allocated WUS RBs, depends on how many Guard RBs are needed. 5MHz WUS within 5MHz NR CBW is not considered currently. 




In the WF from RAN4#107 [10] it was further agreed to conclude the relationship before guard RB and adjacent channel selectivity before considering target ACS value. It was also confirmed that there is no need to restrict to symmetric guard band and to further discuss whether guardRB for WUS ACS could be used for NR.

Based on these agreements we did simulations to evaluate the impact of adjacent channel and adjacent subcarrier interference. The simulation configuration was created closely match with existing RAN4 minimum requirement for adjacent channel selectivity. Minor adaptations needed to be done as 30 kHz SCS was used. The details of the simulation configuration are provided in Table 2.

Table 2: Simulation configuration

	NR system BW
	20 MHz

	Subcarrier spacing 
	30 kHz

	Guardband of NR channel
	810 kHz

	WUS BW within NR channel
	12 RB = 4.32 MHz

	WUS signal 
	OOK-4, see [11]

	Guard RB size of LP-WUS
	0 or 1 RB. GB is placed outside of the 12 RB carrying WUS


	WUS placement within NR channel
	1) Immediately adjacent to system BW edge, NR channel GB is respected
2) Additional 3RB = 1.08 MHz offset from system BW edge compared to case 1)

NOTE:  Together with 1 RB GB, total offset from system BW edge to first WUS RB is 4 RB = 1.44 MHz

	ACS interferer signal
	12 RB = 4.32 MHz, center of interferer 2.52 MHz offset from system BW channel edge 

	ACS interferer signal level
	Relative difference to signals within system BW aligned with Table 7.5-3 in TS 38.101-1 for 20 MHz channel bandwidth

	Adjacent subcarrier interference
	Except for the Guard RB size of LP-WUS of 0 or 1 RB, all subcarriers within system BW carry OFDM QPSK data

	Filter characteristic
	2nd to 5th order Butterworth


	Filter passband BW (-3 dB)
	1) 4.32 MHz
2) 5 MHz
3) 6 MHz

	LO frequency
	In the middle of WUS

	Frequency error
	Not modelled

	Phase noise
	Not modelled

	Non-linearities
	Not modelled

	Channel model
	TDL-C 300 ns




It should be noted that in the simulation assumptions result in more relaxed simulation scenario than set by minimum requirements in TS 38.101-1: NR channel GB is slightly wider and interferer signal is slightly further away. Especially comparing to minimum requirements with 15 kHz SCS, there is approximately 380 kHz difference in NR channel GB. 

Simulation results are also optimistic as no frequency error, phase noise or non-linearities were modelled. For filter passband BW 3 options were used. With the narrowest passband BW the filter already cuts into WUS with 3 dB attenuation at WUS edges. Wider bandwidths are used to model practical implementation imperfections as well as possibility of missing or simplified calibration for filter corner frequency.

First an example of ACI impact and and GB impact are presented in Figures 1 to 2. 
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Figure 1: Impact of ACI, 3rd order filter, 4.32 MHz filter BW, WUS at system BW edge with GB = 0 RB
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Figure 2: Impact of GB, 3rd order filter, 4.32 MHz filter BW, WUS at system BW edge with GBoff meaning GB = 0RB and with GBon meaning 1 RB GB. ACI is on for both curves.


It can be seen that for the chosen example scenario, adding ACI results in extremely poor BER. With no ACI present, there is clear relationship between SNR and BER. Whether guard band of 1 RB = 360 kHz is present or not does not change the results meaningfully. When looking at the SINR vs. SNR, the explanation is clear: when ACI is present, SINR never increase above -7 dB when SNR increases to 10 dB.

Observation 5: ACI dominates the received SINR and SINR never reaches acceptable levels when WUS is placed immediately adjacent to system BW edge.

Next results are presented for different filter bandwidths and filter orders when ACI is present in Figures 3 and 4.
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Figure 3:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS at system BW edge, GB = 1 RB
Right: BER vs. SNR, 5 MHz filter BW, WUS at system BW edge, GB = 1 RB
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Figure 4:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS at system BW edge, GB = 0 RB
Right: BER vs. SNR, 5 MHz filter BW, WUS at system BW edge, GB = 0 RB

It can be seen that with 1 RB GB, BER is starting to be borderline acceptable with higher SNR levels only with 5th order filter which for which the -3 dB bandwidth is exactly aligned with WUS BW. This is when no phase noise, non-linearities, frequency error, or practical filter implementation aspects are considered. Also with 15 kHz SCS, the NR channel GB would be narrower and performance with the same 360 kHz GB would be worse. Therefore, we conclude that 360 kHz GB at channel edge does not enable low-power low-cost RF implementation of wake-up receiver.

To estimate the required GB we simulated how the performance changes if 3 additional RBs, i.e. additional 1.08 MHz, are used for guard band at channel edge. These RBs carry NR OFDM signal. Together with the WUS GB of 0 or 1 RB, the total separation from system BW edge is up to 1.44 MHz, and this is on top of the NR channel GB of 830 kHz. Results are shown in Figures 5 to 7.
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Figure 5:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB


[image: A graph of different colored lines

Description automatically generated]
Figure 6:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
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Figure 7: SINR vs SNR corresponding the BER vs. SNR in Figure 6
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB


The results in Figures 5 to 7 show that even with total of 1.44 MHz separation from system BW edge, on top of the 830 kHz NR channel GB the SINR with 3rd order filter will not rise above 0 dB. This is with the filter BW matched to WUS BW, no nonlinearities, no frequency error and no phase noise present. If some practical filter implementation aspects are considered and therefore 5 MHz filter BW is considered, only 5th order filter reaches acceptable performance. With 15 kHz SCS the NR channel GB would be narrower, and performance would be worse.

If full flexibility for WUS location within NR channel bandwidth is needed, the opportunities for low-power implementation are severely limited for envelope detection based RF implementations. Analog filtering is not sufficient if WUS is placed on the RBs closest to channel edge. Even with 4RB, i.e. 1.44 MHz offset with 30 kHz SCS, performance challenges remain unless complex high order filtering with accurate filter BW is used. For 15 kHz, the performance is expected to be worse due to narrower NR channel GB.

To enable digital filtering, analog-to-digital conversion needs to have sufficient dynamic range to digitize also the interfering signal. Increase in ADC complexity results in higher power consumption.
Observation 6: With 4RB, i.e. 1.44 MHz with 30 kHz SCS, guardband from the edgemost usable RB at 20 MHz RF channel edge, performance is 
· Not acceptable with 6 MHz filter BW
· Barely acceptable with 5th order filter and 5 MHz filter MHz
· Acceptable with 4th and 5th order filter with 4.32 MHz filter
These results do not consider non-linearities, phase noise, frequency error or practical filter implementation imperfections. For 15 kHz SCS the NR channel GB is narrower and worse performance is expected.

Observation 7. With 3 RB, i.e. 1.08 MHz GB, only fifth order filter results in acceptable performance with 4.32 MHz filter. For 15 kHz SCS the NR channel GB is narrower and worse performance is expected.


Based on the provided data and the observations made from it, we suggest to inform RAN1 that analog envelope detection architectures will perform poorly or require a complex implementation if WUS is placed immediately adjacent to channel edge. To improve the likelihood of successful operation and allowing possibilities for low-power implementation, greater than 1.44 MHz offset from outermost RB edge at channel edge is needed, but exact value needs further study. For architectures using digital detection, placing WUS away from channel edge can enable use of simpler RF HW and power savings.

Proposal 2: inform RAN1 that analog envelope detection architectures will perform poorly or require a complex implementation if WUS is placed immediately adjacent to channel edge. To improve the likelihood of successful operation and allowing possibilities for low-power implementation, greater than 1.44 MHz offset from outermost RB edge at channel edge is needed, but exact value needs further study. For architectures using digital detection, placing WUS away from channel edge can enable use of simpler RF HW and power savings.

Proposal 3: Capture the results in TR 38.869 as in the attached text proposal


Noise Figure and Power consumption considerations

Generally noise figure and power consumption are competing specifications – it is very challenging to achieve both low noise figure and low power consumption at the same time and power consumption typically increases when sensitivity is improved. Some trends based on scientific publications can be found e.g. in [12] and [13] with Figure 8 below being reproduced from [4].
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Figure 8: Power consumption vs. sensitivity [12]

While this work targets towards low power receiver, the noise figure cannot be allowed increase without boundary, as that can start to negatively impact performance at cell edge.

Observation 8: Low power consumption needs to be balanced with negative impacts to performance.

Overall selection of the NF is a multi-dimensional issue, which depends also on what is the target SNR where the wake-up signal will be designed to be detectable. If the target SNR is low enough, NF can be higher and power consumption lower without negative impacts to the system operation. 

The typical NF assumption used in RAN4 is 9 dB noise figure, together with the reference sensitivity signal being detectable at approximately -1 dB SNR. This is based on 2Rx UE. Instead of debating noise figures in RAN4, we should guide RAN1 to design the wake-up signal taking advantage of the specified reference point and considering power consumption in the targe SNR.

Once RAN1 provides more information on wake-up signal RAN4 can then agree on applicable noise figure which enables the system to work as intended. Finally, it should be noted that such low noise figures as specified for typical NR UE cannot be reached with RF envelope detection.

Proposal 4: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. For reference, 9 dB NF and -1 dB SNR is used for typical NR UE in reference sensitivity test case, but typical NR UE also has 2 receivers. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. 9 dB noise figure would not be possible to reach at least with RF envelope detection.



Conclusions

In this contribution RF aspects for low-power wake-up receiver were discussed. Following observations and proposals were made:
Observation 1: Based on the most recent LS RAN1 is looking also into RF architectures support FSK and OFDMA and not only analog envelope detection.
Observation 2: RF signal levels observed at antenna connector are similar for wake-up receiver and main receiver.
Observation 3: While IF-filter can provide good selectivity against adjacent channels and even in-channel subcarriers which are not immediately adjacent to WUS, the selectivity may suffer if WUS location is flexible.
Observation 4: IF-filter size and cost and their impact to practicality of the WUR design may be prohibitive aspects and need to be considered in IF envelope detection feasibility.
Observation 5: ACI dominates the received SINR and SINR never reaches acceptable levels when WUS is placed immediately adjacent to system BW edge.
Observation 6: With 4RB, i.e. 1.44 MHz with 30 kHz SCS, guardband from the edgemost usable RB at 20 MHz RF channel edge, performance is 
· Not acceptable with 6 MHz filter BW
· Barely acceptable with 5th order filter and 5 MHz filter MHz
· Acceptable with 4th and 5th order filter with 4.32 MHz filter
These results do not consider non-linearities, phase noise, frequency error or practical filter implementation imperfections. For 15 kHz SCS the NR channel GB is narrower and worse performance is expected.
Observation 7. With 3 RB, i.e. 1.08 MHz GB, only fifth order filter results in acceptable performance with 4.32 MHz filter. For 15 kHz SCS the NR channel GB is narrower and worse performance is expected.
Observation 8: Low power consumption needs to be balanced with negative impacts to performance.

Proposal 1: Remove RF envelope detector from RAN4 study scope and inform the decision to RAN1
Proposal 2: inform RAN1 that analog envelope detection architectures will perform poorly or require a complex implementation if WUS is placed immediately adjacent to channel edge. To improve the likelihood of successful operation and allowing possibilities for low-power implementation, greater than 1.44 MHz offset from outermost RB edge at channel edge is needed, but exact value needs further study. For architectures using digital detection, placing WUS away from channel edge can enable use of simpler RF HW and power savings.

Proposal 3: Capture the results in TR 38.869 as in the attached text proposal
Proposal 4: Inform RAN1 that required NF can be concluded based on coverage target, which is expected to full coverage of the cell, and SNR where wake-up signal can be successfully detected. For reference, 9 dB NF and -1 dB SNR is used for typical NR UE in reference sensitivity test case, but typical NR UE also has 2 receivers. RAN1 should take into account in wake-up signal design that lower SNR will enable higher NF and therefore also lower power consumption. 9 dB noise figure would not be possible to reach at least with RF envelope detection.
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Editor’s note: RAN4 related conclusions

7.2.1.X	Evalution results for adjacent channel interference

Simulations were done to evaluate the impact of adjacent channel and adjacent subcarrier interference. The simulation configuration was created closely match with existing RAN4 minimum requirement for adjacent channel selectivity. Minor adaptations needed to be done as 30 kHz SCS was used. The details of the simulation configuration are provided in Table 7.2.1.X-1.

Table 7.2.1.X-1: Simulation configuration

	NR system BW
	20 MHz

	Subcarrier spacing 
	30 kHz

	Guardband of NR channel
	810 kHz

	WUS BW within NR channel
	12 RB = 4.32 MHz

	WUS signal 
	OOK-4

	Guard RB size of LP-WUS
	0 or 1 RB. GB is placed outside of the 12 RB carrying WUS


	WUS placement within NR channel
	3) Immediately adjacent to system BW edge, NR channel GB is respected
4) Additional 3RB = 1.08 MHz offset from system BW edge compared to case 1)

NOTE:  Together with 1 RB GB, total offset from system BW edge to first WUS RB is 4 RB = 1.44 MHz

	ACS interferer signal
	12 RB = 4.32 MHz, center of interferer 2.52 MHz offset from system BW channel edge 

	ACS interferer signal level
	Relative difference to signals within system BW aligned with Table 7.5-3 in TS 38.101-1 for 20 MHz channel bandwidth

	Adjacent subcarrier interference
	Except for the Guard RB size of LP-WUS of 0 or 1 RB, all subcarriers within system BW carry OFDM QPSK data

	Filter characteristic
	2nd to 5th order Butterworth


	Filter passband BW (-3 dB)
	4) 4.32 MHz
5) 5 MHz
6) 6 MHz

	LO frequency
	In the middle of WUS

	Frequency error
	Not modelled

	Phase noise
	Not modelled

	Non-linearities
	Not modelled

	Channel model
	TDL-C 300 ns




It should be noted that in the simulation assumptions result in more relaxed simulation scenario than set by minimum requirements in TS 38.101-1: NR channel GB is slightly wider and interferer signal is slightly further away. Especially comparing to minimum requirements with 15 kHz SCS, there is approximately 380 kHz difference in NR channel GB. 

Simulation results are also optimistic as no frequency error, phase noise or non-linearities were modelled. For filter passband BW 3 options were used. With the narrowest passband BW the filter already cuts into WUS with 3 dB attenuation at WUS edges. Wider bandwidths are used to model practical implementation imperfections as well as possibility of missing or simplified calibration for filter corner frequency.

First an example of ACI impact and and GB impact are presented in Figures 7.2.1.X-1 and 7.2.1.X-2. 
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Figure 7.2.1.X-1: Impact of ACI, 3rd order filter, 4.32 MHz filter BW, WUS at system BW edge with GB = 0 RB
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Figure 7.2.1.X-2: Impact of GB, 3rd order filter, 4.32 MHz filter BW, WUS at system BW edge with GBoff meaning GB = 0RB and with GBon meaning 1 RB GB. ACI is on for both curves.


It can be seen that for the chosen example scenario, adding ACI results in extremely poor BER. With no ACI present, there is clear relationship between SNR and BER. Whether guard band of 1 RB = 360 kHz is present or not does not change the results meaningfully. When looking at the SINR vs. SNR, the explanation is clear: when ACI is present, SINR never increase above -7 dB when SNR increases to 10 dB.

Next results are presented for different filter bandwidths and filter orders when ACI is present in Figures 7.2.1.X-3  and 7.2.1.X-4.
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Figure 7.2.1.X-3:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS at system BW edge, GB = 1 RB
Right: BER vs. SNR, 5 MHz filter BW, WUS at system BW edge, GB = 1 RB
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Figure 7.2.1.X-4:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS at system BW edge, GB = 0 RB
Right: BER vs. SNR, 5 MHz filter BW, WUS at system BW edge, GB = 0 RB

It can be seen that with 1 RB GB, BER is starting to be borderline acceptable with higher SNR levels only with 5th order filter which for which the -3 dB bandwidth is exactly aligned with WUS BW. This is when no phase noise, non-linearities, frequency error, or practical filter implementation aspects are considered. Also with 15 kHz SCS, the NR channel GB would be narrower and performance with the same 360 kHz GB would be worse. Therefore, we conclude that 360 kHz GB at channel edge does not enable low-power low-cost RF implementation of wake-up receiver.

To estimate the required GB we simulated how the performance changes if 3 additional RBs, i.e. additional 1.08 MHz, are used for guard band at channel edge. These RBs carry NR OFDM signal. Together with the WUS GB of 0 or 1 RB, the total separation from system BW edge is up to 1.44 MHz, and this is on top of the NR channel GB of 810 kHz. Results are shown in Figures 7.2.1.X-5 to 7.2.1.X-7.
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Figure 7.2.1.X-5:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 0 RB
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Figure 7.2.1.X-6:
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
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Figure Figure 7.2.1.X-7: SINR vs SNR corresponding the BER vs. SNR in Figure 6
Left: BER vs. SNR, 4.32 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Middle: BER vs. SNR, 5 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB
Left: BER vs. SNR, 6 MHz filter BW, WUS 3 RB offset from system BW edge, GB = 1 RB


The results in Figures 7.2.1.X-5 to Figure 7.2.1.X-7 show that even with total of 1.44 MHz separation from system BW edge, on top of the 810 kHz NR channel GB the SINR with 3rd order filter will not rise above 0 dB. This is with the filter BW matched to WUS BW, no nonlinearities, no frequency error and no phase noise present. If some practical filter implementation aspects are considered and therefore 5 MHz filter BW is considered, only 5th order filter reaches acceptable performance. With 15 kHz SCS the NR channel GB would be narrower, and performance would be worse.

If full flexibility for WUS location within NR channel bandwidth is needed, the opportunities for low-power implementation are severely limited for envelope detection based RF implementations. Analog filtering is not sufficient if WUS is placed on the RBs closest to channel edge. Even with 4RB, i.e. 1.44 MHz offset with 30 kHz SCS, performance challenges remain unless complex high order filtering with accurate filter BW is used. For 15 kHz, the performance is expected to be worse due to narrower NR channel GB.

To enable digital filtering, analog-to-digital conversion needs to have sufficient dynamic range to digitize also the interfering signal. Increase in ADC complexity results in higher power consumption.

Analog envelope detection architectures will perform poorly or require a complex implementation if WUS is placed immediately adjacent to channel edge. To improve the likelihood of successful operation and allowing possibilities for low-power implementation, greater than 1.44 MHz offset from outermost RB edge at channel edge is needed, but exact value needs further study. For architectures using digital detection, placing WUS away from channel edge can enable use of simpler RF HW and power savings.

[bookmark: _Toc127570628][bookmark: _Toc137819966]7.2	LP-WUS design and L1 procedure
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