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[bookmark: _Toc116995841]Introduction
In this paper, we present link-level simulation results for guard RB evaluations along with our views on pending issues that were identified in the RAN4#108 WG meeting [1].
[bookmark: _Toc116995842]Discussion
Metric for RF requirements
Current UE RF receiver requirements use throughput for a reference channel as a metric. Further, given the preferred waveforms, it is likely that LP-WUR will not be able to decode the defined measurement channels. Thus, a new metric is required for defining RF receiver requirements once the SI moves to normative phase. Following is a list of the possible metric that can be used.
1) Percentage of misdetection,
2) BLER,
3) BER,
4) Paging failure.
Given that there is a CRC field available to verify the payload, option 1 and 2 will perform equally well. Further, given the multi-bit payload and presence of CRC, BLER is straightforward to calculate.  However, for these options to work, the LP-WUR has to expose these statistics to the test equipment. Paging failure is another metric that can be easily determined without exposing any additional interface from LP-WUR.
[bookmark: _Toc146726468]BLER and misdetection percentage are equivalent given the current assumptions regarding LP-WUS. 
[bookmark: _Toc146726469]Paging failure might be easier to measure in the test environment.
[bookmark: _Toc146726470]Paging failure shall be used as a metric for defining UE RF requirements. 
WUS power boosting
With respect to the downlink power level of the WUS, the overall transmitted power from the BS should remain the same. This means that the WUS cannot be increased without lowering the power of the NR signal transmitted simultaneously.  The problem is illustrated in Figure 1. To keep the target power for the full NR Band the NR signal (or part of the NR band) needs to be reduced in power to keep the overall power level when the WUS is increased in power. This will affect the general NR performance.
[image: A diagram of a computer program

Description automatically generated with medium confidence]
[bookmark: _Ref146704319]Figure 1 Illustration of the NR+WUS downlink signal. The upper part of the figure illustrates the WUS signal increased in power and one of the NR frequency parts has been lowered to keep the overall same power level. The lower part of the figure illustrates all NR+ WUS with max power over full band.

In Figure 2, the RE power control dynamic range for the BS is listed for the different modulation schemes.  
[image: ]
[bookmark: _Ref146705225]Figure 2 RE Power dynamic control. Table from TS 38.108 V18.0.0
To keep the overall maximum power level same for the BS, an alternative to the power boost of the WUS could be power pulling.  Listed below are the possible power pulling options for the discussed three OOK waveforms:
· OOK-1 (M=1): No power pulling is possible (Power increase = 0dB)
· OOK-2 (M=2): For the constellation 1-0 or 0-1 the power pulling can be 3dB.
· OOK-4 (M=2): For the constellation 1-0 or 0-1 the power pulling can be 3dB.
In Figure 3, a sequence consisting of 1-0-1-0.. and so forth is illustrated for OOK-1 with M=1 and for OOK-2/OOK-4 with M=2 during a NR slot. Manchester coding is not considered here. For OOK-1, one WUS symbol is transmitted for each NR symbol. This means that power pulling is not possible for the WUS signal. Instead, the NR data can be increased during the “zero” transmission. For OOK-2/OOK-4 with M=2, the energy in the zero sections can be moved to the “one” section within the NR symbols.  However, if 1-1 is send within the same NR symbol, power pulling will not be possible.
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[bookmark: _Ref146720465]Figure 3 Example of power pulling for a 1-0-1-0… sequence for OOK-2/OOK-4.
[bookmark: _Toc146726471]For modulation type OOK-2 and OOK-4 with M=2, power can be increased up to 3dB without affecting the overall power budget for the BS.
[bookmark: _Toc146726472]Do not use power boost as it will affect the overall power budget for the BS. 
[bookmark: _Toc146726473]Power pulling of 3 dB can be used when possible (symbol constellation 1-0 and 0-1 for OOK-2 and OOK-4 with M=2).
[bookmark: _Ref146532959]Link-level simulation based guard RB analysis
Link-level simulations to evaluate the required guard RBs for ASCS were performed based on the assumptions as listed in Table 1. Simulations were done for OOK1 and OOK4 modulation. Simulations were repeated for different filter order, guard RBs, and residual frequency error. SNR required to achieve 1% BLER are reported in  Table 2—Table 7. 
[bookmark: _Ref146532976][bookmark: _Ref146532971]Table 1 LP-WUS link-level simulation parameters.
	Attributes
	Assumptions

	Carrier Frequency
	2.6 GHz

	Case name
	OOK-1 waveform 
	OOK-4 waveform

	Channel structure
	data: 6 bits CRC: 8 bits 
	data: 20bits CRC: 8 bits 

	Chip rate
	M=1
	M=2

	WUS duration
	28 symbols

	Waveform
	OOK -1/OOK-4

	Coding
	1/2 rate Manchester coding 

	Time error
	0

	residual Frequency error
	0/10/20/50/200 ppm

	SCS
	30kHz

	gNB Channel BW 
	20MHz (50 RB)

	WUS BW
	12RB ~ 4.32MHz  

	Position within channel
	Center

	Guardband of NR channel, both wanted cell and interfer cell (ACS)
	27RE~810kHz for wanted cell1 20MHz (5MHz WUS at edge), and 510kHz for interference cell2 5MHz.

	Guard RB
	Outer GB:2/1RB on each side of LP-WUS bandwidth (2 RB for ACS)
Inner GB: 4RE between segments

	Filter 
	3th/5th Order lowpass Butterworth with 4.32MHz bandwidth


	ASCS
	PDSCH mapped on RBs not used for LP-WUS and Guard RB;
EPRE of PDSCH /EPRE of LP-WUS  = 0 dB
Same PSD with WUS signal

	ADC bit width
	No ADC.

	Phase noise
	none

	Power boosting
	0dB for OOK-1/4

	Channel Model
	TDL-C 300

	Performance metric
	BLER 1%



[bookmark: _Ref146534202]Table 2 SNR required for 1% BLER with 3rd order filter. Modulation used is OOK1.
	Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	2.31
	2.3
	2.36
	2.34
	2.5
	3.09

	2
	2.31
	2.28
	2.38
	2.34
	2.5
	3



Table 3 SNR required for 1% BLER with 4th order filter. Modulation used is OOK1.
	Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	2.28
	2.28
	2.34
	2.31
	2.5
	3.09

	2
	2.28
	2.27
	2.34
	2.33
	2.48
	2.97



Table 4 SNR required for 1% BLER with 5th order filter. Modulation used is OOK1.
	[bookmark: _Ref146533060]Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	2.25
	2.25
	2.3
	2.31
	2.47
	3.09

	2
	2.28
	2.31
	2.3
	2.31
	2.47
	2.95



Table 5 SNR required for 1% BLER with 3rd order filter. Modulation used is OOK4.
	Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	4.23
	4.22
	4.25
	4.3
	4.53
	5.47

	2
	4.25
	4.22
	4.25
	4.3
	4.53
	5.02



Table 6 SNR required for 1% BLER with 4th order filter. Modulation used is OOK4.
	Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	4.19
	4.19
	4.22
	4.25
	4.5
	5.44

	2
	4.2
	4.19
	4.22
	4.25
	4.5
	5



[bookmark: _Ref146533067]Table 7 SNR required for 1% BLER with 5th order filter. Modulation used is OOK4.
	Guard RBs
	CFO

	
	± 0 ppm
	± 10 ppm
	± 20 ppm
	± 50 ppm
	± 100 ppm
	± 200 ppm

	1
	4.19
	4.17
	4.22
	4.25
	4.53
	5.47

	2
	4.19
	4.19
	4.2
	4.25
	4.53
	5



Based on the above presented data, following observations can be made
[bookmark: _Toc146726474]One PRB worth of guard RB with 30 KHz SCS is enough, provided the CFO is under ± 100 ppm. However, in case of ±200 ppm of residual frequency error, there is a minor improvement in the required SNR by an additional guard RB.
[bookmark: _Toc146726475]Given the low chip rate, filter order doesn’t seem to impact performance, as in, given a modulation scheme, number of guard RBs and residual frequency error, increasing the filter order does not provide significant reduction in the required SNR.
[bookmark: _Toc146726476]For 30KHz SCS one PRB worth of guard RB can be used.
Guard RBs content
The LP-WUR is a low-complexity receiver with very limited filtering performance. Due to this reason, it is being discussed that some RBs allocated for WUS should be used as guard RBs to ensure sufficient RF. gNB will consider the guard RBs as a part of the WUS and treats them as one single block only.  Thus, it is not advisable to consider using guard RBs for any other NR transmission.
[bookmark: _Toc142563825][bookmark: _Toc146726477]Guard RBs are part of the WUS signals and will be treated as a single entity from scheduling point of view by the gNB. 
[bookmark: _Toc146726478]Using guard RBs for legacy NR transmission will defeat the purpose of having guard RBs in the first place.
[bookmark: _Toc142563826][bookmark: _Toc146726479]Guard RBs are part of the WUS signal and should not be used for any other NR signal.
[bookmark: _Toc116995848]Conclusion
Observation 1: BLER and misdetection percentage are equivalent given the current assumptions regarding LP-WUS.
Observation 2: Paging failure might be easier to measure in the test environment.
Proposal 1: Paging failure shall be used as a metric for defining UE RF requirements.
Observation 3: For modulation type OOK-2 and OOK-4 with M=2, power can be increased up to 3dB without affecting the overall power budget for the BS.
Proposal 2: Do not use power boost as it will affect the overall power budget for the BS.
Proposal 3: Power pulling of 3 dB can be used when possible (symbol constellation 1-0 and 0-1 for OOK-2 and OOK-4 with M=2).
Observation 4: One PRB worth of guard RB with 30 KHz SCS is enough, provided the CFO is under ± 100 ppm. However, in case of ±200 ppm of residual frequency error, there is a minor improvement in the required SNR by an additional guard RB.
Observation 5: Given the low chip rate, filter order doesn’t seem to impact performance, as in, given a modulation scheme, number of guard RBs and residual frequency error, increasing the filter order does not provide significant reduction in the required SNR.
Proposal 4: For 30KHz SCS one PRB worth of guard RB can be used.
Observation 6: Guard RBs are part of the WUS signals and will be treated as a single entity from scheduling point of view by the gNB.
Observation 7: Using guard RBs for legacy NR transmission will defeat the purpose of having guard RBs in the first place.
Proposal 5: Guard RBs are part of the WUS signal and should not be used for any other NR signal.
[bookmark: _Toc116995849]
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Table 6.3.2.2-1: RE power control dynamic range

Modulation scheme used | _RE power control dynamic range (dB)
on the RE (down) (up)
QPSK (PDCCH) % +4
QPSK (PDSCH) % +3
16QAM (PDSCH) 3 +3
64QAM (PDSCH) 0 0
256QAM (PDSCH) 0 0
1024QAM (PDSCH] 0 0

NOTE:  The output power per carrier shall always be less or equal o
the maximum output power of the base station.





