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1	Introduction
In this document we summarize the evaluation results studying LP-WUS power consumption gains, coverage performance and System impact (NW overhead and NW energy consumption).
In [2], we provide detailed link level evaluation results. 
In [3], analysis of different LP-WUR architectures is provided.
[bookmark: _Hlk134978883]Two spreadsheets are attached to this document, one for power saving evaluation and another for coverage evaluation. The spreadsheets summarize our evaluation results (including some additional cases to those discussed in this document).
[bookmark: _Ref178064866]2	Summary of Evaluations
2.1	Coverage
In the spreadsheet attached to the document we provide link-budget evaluations for reference cases (i.e., PDCCH and msg3-PUSCH) and different WUS structures/WUR configurations.
Evaluated cases include:
· Reference cases
· PDCCH: {4Rx, AL16}, {2Rx, AL16}, {1Rx, AL16}
· Msg3-PUSCH without retransmission
· Msg3-PUSCH with two retransmissions
· Various LP-WUS structures/WUR configurations (BW=5MHz assumed for all cases)
· OOK-based WUS and WUR NF 6dB higher than MR: 
· 1bit payload (sequence-based detection), 36 OFDM symbols 
· 8 bit payload (+10bits CRC), 36 OFDM symbols
· 48 bit payload (+10bits CRC), 29 and 116 OFDM symbols
· OFDMA-based WUS (SSS-sequence based signal whose I/Q can be processed by WUR in time/frequency domain) and WUR NF 3dB higher than MR
· 8 bit payload (sequence based detection, time-domain correlation), 12 OFDM symbols
· FSK-based WUS and WUR NF 6dB higher than MR
· 8 bit payload (+10bits CRC), 36 OFDM symbols, 
		Table 2.1-1 1: Link-budget for different WUS structures
	System configuration
	OOK-1 
(1bit, 36sym)
	OOK-1
(8bit, 36sym)
	OFDM (8bit, 12sym)
	FSK
(8bit, 36sym)
	OOK-4 (48bit, 29 sym)
	OOK-1 (48bit, 116sym)

	Carrier frequency (GHz)
	2.6 
	2.6 
	2.6 
	2.6 
	2.6 
	2.6 

	Target packet error rate for the required SNR 
	1%
	1%
	1%
	1%
	1%
	1%

	Number of transmit chains
	4 
	4 
	4 
	4
	4
	4

	Downlink PSD (dBm/MHz)
	33 
	33 
	33 
	33 
	33 
	33 

	Uplink total transmit power (dBm)
	-
	-
	-
	-
	-
	-

	Number of receive chains
	1 
	1 
	1 
	1 
	1 
	1 

	H-ARQ gain (dB)
	-
	-
	-
	-
	-
	-

	Receiver interference density (dBm/Hz)
	-169.3
	-169.3
	-169.3
	-169.3
	-169.3
	-169.3

	Receiver noise figure (dB)
	13 
	13 
	10 
	13 
	13 
	13 

	Bandwidth (MHz)
	5 
	5 
	5 
	5 
	5 
	5 

	Required SNR (dB) 
	-4 
	-0.5 
	-7.4 
	3 
	7
	0.5

	Receiver implementation margin (dB)
	2
	2 
	2 
	2 
	2 
	2 

	Receiver sensitivity (dBm)
	-96.05
	-92.55
	-101.92
	-89.05
	-91.55
	-91.55

	MCL [dB]
	141.40
	137.90
	147.28
	134.40
	136.90
	136.90

	MIL [dB]
	150.17
	146.67
	156.05
	143.17
	139.17
	145.67



Table 2.1-2: Link-budget results for reference cases (PDCCH and msg3-PUSCH)
	System configuration
	PDCCH     (4 Rx, AL16)
	PDCCH    
(2 Rx, AL16)
	PDCCH    
(1 Rx, AL16)
	Msg3, no re-trans 
	Msg3, two re-trans

	Carrier frequency (GHz)
	2.6
	2.6 
	2.6 
	2.6 
	2.6 

	Target packet error rate for the required SNR 
	1%
	1%
	1%
	10%
	10%

	Number of transmit chains
	4 
	4 
	4 
	1 
	1 

	Downlink PSD (dBm/MHz)
	33
	33 
	33 
	- 
	- 

	Uplink total transmit power (dBm)
	-
	-
	-
	23
	23

	Number of receive chains
	4 
	2 
	1 
	4 
	4 

	H-ARQ gain (dB)
	-
	-
	-
	-
	4 

	Receiver interference density (dBm/Hz)
	-169.3
	-169.3
	-169.3
	-165.7
	-165.7

	Receiver noise figure (dB)
	7 
	7 
	7 
	5
	5

	Bandwidth (MHz)
	17.28
	17.28 
	17.28 
	0.72 
	0.72 

	Required SNR (dB) 
	-9.2 
	-6 
	-3
	-6
	-6

	Receiver implementation margin (dB)
	2
	2 
	2
	2
	2

	Receiver sensitivity (dBm)
	-99.81
	-96.61
	-93.61
	-109.46
	-113.46

	MCL [dB]
	151.19
	148
	145
	140.46
	144.46

	MIL [dB]
	159.96
	156.76
	153.76
	149.23
	153.23



Based on the MIL shown in above tables, Table 2.1-3 below shows approximate WUS time-span required to match msg3-PUSCH or PDCCH coverage for different LP-WUS/WUR combinations
Table 2.1-3: WUS resources required to match msg3-PUSCH or PDCCH coverage.
	WUS payload (modulation)
	Msg3, no retrains (MIL=149.2 dB)
	Msg3, two retrains (MIL=153.2 dB)
	PDCCH 1Rx, AL16 (MIL=153.7 dB)
	PDCCH 2Rx, AL16 (MIL=156.7 dB)
	PDCCH 4Rx, AL16 (MIL=159.9 dB)

	1bit (OOK)
	18 symbols
	5 slots
	6 slots
	 17 slots
	50 slots

	8bit (OOK)
	7 slots
	25 slots
	30 slots
	85 slots
	258 slots

	48bit (OOK)
	29 slots 
	114 slots 
	137 slots
	387 slots
	1173 slots

	1bit (OFDM, SSS-based time-correlation)
	less than 4 symbols, (2 symbols are sufficient)
	5 symbols
	6 symbols 
	11 symbols
	22 symbols

	8bit (OFDM, SSS-based time-correlation)
	less than 12 symbols (3 symbols are sufficient)
	less than 12 symbols (7 symbols are sufficient)
	less than 12 symbols (8 symbols are sufficient)
	15 symbols
	30 symbols

	8bit (FSK)
	20 slots 
	80 slots 
	99 slots 
	280 slots
	850 slots 

	Note1: MDR = 1% and FAR = 0.1% assumed for above comparison. 
Note 2: When duration is given in slots, all the symbols in a slot are assumed to be available for WUS.
Note5: For Msg-3 PUSCH, 2 PRBs, 56 bits TBS, 14 OFDM symbols are assumed.



Following observations can be made based on the coverage evaluations.
[bookmark: _Toc142661936]For OFDMA-based WUS (SSS-sequence based signal whose I/Q can be processed by WUR in time/frequency domain) and WUR NF 3dB higher than MR 
a. [bookmark: _Toc142661937]For payload of up to 8 bits
i. [bookmark: _Toc142661938]WUS with 5MHz BW and ≤ 14 OFDM-symbols timespan can match or exceed coverage of msg3-PUSCH and paging PDCCH reception with 2Rx. 
ii. [bookmark: _Toc142661939]Coverage of paging PDCCH reception with 4Rx can be matched with 2-3 slots WUS timespan.  

[bookmark: _Toc142661940]For OOK-based WUS and WUR NF 6dB higher than MR 
b. [bookmark: _Toc142661941]For WUS payload of up to 8 bits
i. [bookmark: _Toc142661942]WUS with 5MHz BW and 36 OFDM-symbols timespan would have ~6.5dB worse coverage than msg3-PUSCH and ~10dB worse coverage than paging PDCCH reception with 2Rx
ii. [bookmark: _Toc142661943]With time-domain repetition, ~25slots of WUS transmission duration is needed to match coverage of msg3-PUSCH and ~85 slots of WUS transmission is needed to match coverage of paging PDCCH reception with 2Rx
c. [bookmark: _Toc142661944]For WUS payload of 48 bits
i. [bookmark: _Toc142661945]WUS (OOK-4) with 5MHz BW and 29 OFDM-symbols timespan would have ~14dB worse coverage than msg3-PUSCH and ~17.5dB worse coverage than paging PDCCH reception with 2Rx
[bookmark: _Toc142661946]For FSK-based WUS and WUR NF 6dB higher than MR
d. [bookmark: _Toc142661947]WUS with 5MHz BW and 36 OFDM-symbols timespan would have ~10dB worse coverage than msg3-PUSCH and ~13.5dB worse coverage than paging PDCCH reception with 2Rx
2.2	Power Consumption for Idle mode
In this section we show UE Idle mode power consumption and power saving gains with WUS for below cases:
· WUS payload: 
· 1bit,8bits,48bits
· WUS Coverage target
· Msg3-PUSCH: {w/o retransmission, w/ two retransmissions}
· PDCCH: {1Rx, AL16}, {2Rx, AL16}
· Note: WUS structure to meet the coverage target is based on results in section 2.1
· Beam-sweeping assumptions:
· No beam-sweeping
· Beam-sweeping for RRM: assuming 8 beams (LP-SS for OOK, SSB for OFDM), no beam sweeping for WUS monitoring
· Beam-sweeping for both RRM and WUS monitoring assuming 8 beams
· Traffic
· R_E = 0.1% (additional results for R_E = 1% are included in attached spreadsheet) 
· FAR assumption (FAR_target, N, T)
· {0.1%, 1, 1.28s} 
· Number of UEs per subgroup: 
· {1, 4}, 4 only applied for {1, 8} bit WUS payload
· Duty cycled WUS monitoring with 1.28s duty cycle is assumed for these results
Table 2.2-1 Power consumption for different cases with 1UE/subgroup
	1UE per
subgroup
	Payload
	1bit
	8bit
	48bit

	R_E = 0.1%
	
	Msg3 0rtx (MIL= 149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)

	No beam sweeping
	PWUR = 0.5
	0,047
	0,047
	0,047
	0,050
	0,048
	0,051
	0,052
	0,063
	0,050
	0,066
	0,071
	0,120

	
	PWUR = 4
	0,064
	0,064
	0,064
	0,064
	0,064
	0,064
	0,064
	0,065
	
	
	
	

	
	PWUR = 10
	0,094
	0,094
	0,094
	0,094
	0,094
	0,094
	0,094
	0,098
	
	
	
	

	Beam sweeping on LP-SS
	PWUR = 0.5
	0,051
	0,051
	0,052
	0,054
	0,052
	0,055
	0,056
	0,067
	0,054
	0,070
	0,075
	0,124

	
	PWUR = 4
	0,069
	0,069
	0,069
	0,069
	0,069
	0,069
	0,069
	0,070
	
	
	
	

	
	PWUR = 10
	0,106
	0,106
	0,106
	0,106
	0,106
	0,106
	0,106
	0,110
	
	
	
	

	Beam sweeping on LP-SS +LP-WUS
	PWUR = 0.5
	0,150
	0,155
	0,156
	0,174
	0,158
	0,186
	0,194
	0,280
	0,182
	0,315
	**
	**

	
	PWUR = 4
	0,170
	0,170
	0,170
	0,176
	0,176
	0,176
	0,176
	0,189
	
	
	
	

	
	PWUR = 10
	0,214
	0,214
	0,214
	0,230
	0,230
	0,230
	0,230
	0,261
	
	
	
	

	Note: baseline power consumption (i.e., without WUS) is 3.17
** Due to long WUS duration, beam-sweeping for LP-WUS with 48bits payload will be longer than paging cycle 1.28s



Table 2.2-2 Power saving gain for different cases with 1UE/subgroup
	1UE per
subgroup
	Payload
	1bit
	8bit
	48bit

	R_E = 0.1%
	
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL= 153.7 dB)
	PDCCH 2 Rx (MIL= 156.7 dB)

	No beam sweeping
	PWUR = 0.5
	98,5%
	98,5%
	98,5%
	98,4%
	98,5%
	98,4%
	98,4%
	98,0%
	98,4%
	97,9%
	97,8%
	96,2%

	
	PWUR = 4
	98,0%
	98,0%
	98,0%
	98,0%
	98,0%
	98,0%
	98,0%
	97,9%
	
	
	
	

	
	PWUR = 10
	97,0%
	97,0%
	97,0%
	97,0%
	97,0%
	97,0%
	97,0%
	96,9%
	
	
	
	

	Beam sweeping on LP-SS
	PWUR = 0.5
	98,4%
	98,4%
	98,4%
	98,3%
	98,4%
	98,3%
	98,2%
	97,9%
	98,3%
	97,8%
	97,6%
	96,1%

	
	PWUR = 4
	97,8%
	97,8%
	97,8%
	97,8%
	97,8%
	97,8%
	97,8%
	97,8%
	
	
	
	

	
	PWUR = 10
	96,6%
	96,6%
	96,6%
	96,6%
	96,6%
	96,6%
	96,6%
	96,5%
	
	
	
	

	Beam sweeping on LP-SS +LP-WUS
	PWUR = 0.5
	95,3%
	95,1%
	95,1%
	94,5%
	95,0%
	94,1%
	93,9%
	91,2%
	94,2%
	90,1%
	**
	**

	
	PWUR = 4
	94,6%
	94,6%
	94,6%
	94,4%
	94,4%
	94,4%
	94,4%
	94,0%
	
	
	
	

	
	PWUR = 10
	93,2%
	93,2%
	93,2%
	92,7%
	92,7%
	92,7%
	92,7%
	91,7%
	
	
	
	

	** Due to long WUS duration, beam-sweeping for LP-WUS with 48bits payload will be longer than paging cycle 1.28s



Table 2.2-3 Power consumption for different cases with 4UE/subgroup
	4UE per
subgroup
	Payload
	1bit
	8bit

	R_E = 0.1%
	
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL=153.7 dB)
	PDCCH 2 Rx (MIL=156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL=153.7 dB)
	PDCCH 2 Rx (MIL=156.7 dB)

	No beam sweeping
	PWUR = 0.5
	0,088
	0,089
	0,089
	0,091
	0,089
	0,092
	0,093
	0,104

	
	PWUR = 4
	0,105
	0,105
	0,105
	0,105
	0,105
	0,105
	0,105
	0,107

	
	PWUR = 10
	0,136
	0,136
	0,136
	0,136
	0,136
	0,136
	0,136
	0,140

	Beam sweeping on LP-SS
	PWUR = 0.5
	0,092
	0,093
	0,093
	0,095
	0,093
	0,097
	0,098
	0,108

	
	PWUR = 4
	0,110
	0,110
	0,110
	0,110
	0,110
	0,110
	0,110
	0,111

	
	PWUR = 10
	0,147
	0,147
	0,147
	0,147
	0,147
	0,147
	0,147
	0,151

	Beam sweeping on LP-SS +LP-WUS
	PWUR = 0.5
	0,191
	0,196
	0,197
	0,214
	0,199
	0,227
	0,235
	0,321

	
	PWUR = 4
	0,211
	0,211
	0,211
	0,217
	0,217
	0,217
	0,217
	0,230

	
	PWUR = 10
	0,255
	0,255
	0,255
	0,271
	0,271
	0,271
	0,271
	0,302

	Note: baseline power consumption (i.e., without WUS) is 3.17



Table 2.2-4 Power saving gain for different cases with 4UE/subgroup
	4UE per
subgroup
	Payload
	1bit
	8bit

	R_E = 0.1%
	
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL=153.7 dB)
	PDCCH 2 Rx (MIL=156.7 dB)
	Msg3 0rtx (MIL=149.2 dB)
	Msg3 2rtx (MIL=153.2 dB)
	PDCCH 1 Rx (MIL=153.7 dB)
	PDCCH 2 Rx (MIL=156.7 dB)

	No beam sweeping
	PWUR = 0.5
	97,2%
	97,2%
	97,2%
	97,1%
	97,2%
	97,1%
	97,0%
	96,7%

	
	PWUR = 4
	96,7%
	96,7%
	96,7%
	96,7%
	96,7%
	96,7%
	96,7%
	96,6%

	
	PWUR = 10
	95,7%
	95,7%
	95,7%
	95,7%
	95,7%
	95,7%
	95,7%
	95,6%

	Beam sweeping on LP-SS
	PWUR = 0.5
	97,1%
	97,1%
	97,1%
	97,0%
	97,1%
	96,9%
	96,9%
	96,6%

	
	PWUR = 4
	96,5%
	96,5%
	96,5%
	96,5%
	96,5%
	96,5%
	96,5%
	96,5%

	
	PWUR = 10
	95,3%
	95,3%
	95,3%
	95,3%
	95,3%
	95,3%
	95,3%
	95,2%

	Beam sweeping on LP-SS +LP-WUS
	PWUR = 0.5
	94,0%
	93,8%
	93,8%
	93,2%
	93,1%
	88,9%
	87,7%
	75,4%

	
	PWUR = 4
	93,3%
	93,3%
	93,3%
	93,1%
	93,1%
	93,1%
	93,1%
	92,7%

	
	PWUR = 10
	91,9%
	91,9%
	91,9%
	91,4%
	91,4%
	91,4%
	91,4%
	90,5%



Figures 2.2-1/2.2-2 below show example Idle mode power consumption gain for P_WUR=0.5,4,10 for 8-bit payload based on results shown in Table 2.2-1. 

[image: ]
Figure 2.2-1: UE Idle mode power saving gain (8 bit payload, no WUS beam sweeping)
[image: ]
Figure 2.2-2: UE Idle mode power saving gain (8 bit payload, WUS monitored on 8 beams)

As shown in the figures, significant power consumption gains (>90% compared to baseline) are observed for P_WUR = 0.5,4,10.

[bookmark: _Hlk142607083]P_WUR (on duration power per slot) of OOK-based-WUS is lower compared to OFDM-based-WUS. However, the monitoring span to match a given coverage target would be longer for OOK than OFDM due to worse link performance of OOK. Due to this the power saving advantage for OOK compared to OFDM becomes smaller as the WUS monitoring span is increased e.g., due to larger WUS payload, better coverage target, monitoring on more beams.
Additional Idle mode power consumption results studying following cases are included in our previous contribution for RAN1#113 [4].
· Impact of traffic and latency characteristics 
· Impact of various RRM measurement assumptions
· Continuous WUS monitoring 
· Impact of group paging (N) and FAR
· Impact of WUR Off-power and ramp-up time
· Impact of sync/re-sync time after ultra-deep sleep
Overall following observations can be made on Idle mode power consumption based on the results in this and previous contributions.
[bookmark: _Toc142661948]Following observations can be made based on power saving evaluations for idle mode
1) [bookmark: _Toc142661949]Regarding duty-cycled WUR operation, 
a) [bookmark: _Toc142661950]Significant power savings (>90%) are possible when assuming WUR active power P_WUR = 0.5, 4, 10 units 
b) [bookmark: _Toc142661951]Power consumption for OOK-based-WUS (e.g., P_WUR=0.5) is smaller than OFDM-based-WUS (e.g., P_WUR=4,10) when WUS monitoring span for OOK is small (i.e., for small WUS payload, cell-centre UE locations, no beam-sweeping) 
c) [bookmark: _Toc142661952]Power consumption for OOK-based-WUS (e.g., P_WUR=0.5) becomes similar or worse compared to OFDM-based-WUS (e.g., P_WUR=4,10) as the WUS monitoring span for OOK is increased (e.g., due to larger WUS payload, UE location requiring better coverage, beam-sweeping based WUS monitoring)
2) [bookmark: _Toc142661953]Regarding latency requirement
a) [bookmark: _Toc142661954]WUR provides higher power saving for use cases with smaller latency bound relative to mean inter-arrival time of traffic bursts.
3) [bookmark: _Toc142661955]Regarding continuous monitoring-based WUR operation
a) [bookmark: _Toc142661956]The false alarm rate and the corresponding wake-up rate over a certain period, e.g., one paging cycle, is much higher for continuous WUS monitoring than discontinuous WUS monitoring.
b) [bookmark: _Toc142661957]Compared with legacy I-DRX operation, continuous WUS monitoring does not provide significant power saving gain for WUR on power of 0.1, 0.5
4) [bookmark: _Toc142661958]Regarding RRM measurements
a) [bookmark: _Toc142661959]WUR power saving gain is reduced if MR wakes up frequently to perform RRM measurement.
b) [bookmark: _Toc142661960]When MR performs RRM measurements, legacy deep sleep provides more WUR power saving gain when measurements are performed frequently while ultra-deep sleep suits better when the measurements are more relaxed.
5) [bookmark: _Toc142661961]Regarding false paging
a) [bookmark: _Toc142661962]Increasing false paging or false alarm reduces the WUR power saving gain. False paging is dominant for case with larger N, i.e. larger number of UEs in a group (~40% power saving reduction for N=10).
6) [bookmark: _Toc142661963]Regarding WUR off power
a) [bookmark: _Toc142661964]For duty-cycled WUR operation, results indicate that when assuming WUR Off-power (0.001, 0.01, 0.05 units) and WUR ramp-up time (10ms, 20ms), the power savings gains are not significantly impacted and large power savings gains are still possible
7) [bookmark: _Toc142661965]Regarding sync/re-sync time
a) [bookmark: _Toc142661966]The additional sync/re-sync time for MR has a larger impact on power saving gain for cases with a higher paging rate. The overall power saving gain is less sensitive to MR sync/re-sync time for small paging rates (e.g., 1%).
2.3	NW Overhead
[bookmark: _Hlk143857219]We show network overhead impact with LP-WUS for different cases below. Evaluation details are given in RAN1#113 contribution [4].
· The total available resources are calculated assuming carrier bandwidth of 20 MHz (51 PRBs with 30 kHz SCS) and a TDD pattern with 4:1 ratio for DL:UL
· WUS payload: 
· 1bit,8bits,48bits
· WSU Coverage target
· Msg3-PUSCH: {w/o retransmission, w/ two retransmissions}
· PDCCH: {1Rx, AL16}, {2Rx, AL16}
· Note: WUS structure to meet the coverage target is based on results in section 2.1
· Beam-sweeping assumptions:
· No beam-sweeping
· Beam-sweeping for both RRM and WUS monitoring assuming 8 beams
· Traffic
· R_E = 0.1% (additional results for R_E = 1% included in the spreadsheet attached to this document) 
· Total 250 idle-mode UEs in a cell
· FAR assumption (FAR_target, N, T)
· {0.1%, 1, 1.28s} 
· Number of UEs per subgroup: 
· {1, 4}, 4 only applied for {1, 8} bit WUS payload
· Duty cycled WUS monitoring with 1.28s duty cycle is assumed for the results
· LP-SS overhead of 3slots per 1.28s assumed for case of P_WUR=0.5, no extra sync signal overhead assumed for P_WUR = {4, 10}.

Table 2.3.1 Network overhead for different cases with 1UE/subgroup
	1UE per
subgroup
	Payload
	1bit
	8bit
	48bit

	R_E = 0.1%
	
	Msg3 0rtx
	Msg3 2rtx
	PDCCH 1 Rx
	PDCCH 2 Rx
	Msg3 0rtx
	Msg3 2rtx
	PDCCH 1 Rx
	PDCCH 2 Rx
	Msg3 0rtx
	Msg3 2rtx
	PDCCH 1 Rx
	PDCCH 2 Rx

	No beam sweeping
(single beam)
	PWUR = 0.5
	0,0427%
	0,0519%
	0,0549%
	0,0885%
	0,0580%
	0,1129%
	0,1434%
	0,2960%
	0,1251%
	0,3845%
	0,4547%
	1,2177%

	
	PWUR = 4
	0,00066%
	0,00083%
	0,00100%
	0,00183%
	0,00199%
	0,00199%
	0,00199%
	0,00249%
	
	
	
	

	
	PWUR = 10
	0,00066%
	0,00083%
	0,00100%
	0,00183%
	0,00199%
	0,00199%
	0,00199%
	0,00249%
	
	
	
	

	Beam sweeping on LP-SS +LP-WUS
(eight beams)
	PWUR = 0.5
	0,3418%
	0,4150%
	0,4395%
	0,7080%
	0,4639%
	0,9033%
	1,1475%
	2,3682%
	1,0010%
	3,0762%
	**
	**

	
	PWUR = 4
	0,00532%
	0,00664%
	0,00797%
	0,01462%
	0,01595%
	0,01595%
	0,01595%
	0,01993%
	
	
	
	

	
	PWUR = 10
	0,00532%
	0,00664%
	0,00797%
	0,01462%
	0,01595%
	0,01595%
	0,01595%
	0,01993%
	
	
	
	

	** Due to long WUS duration, beam-sweeping for LP-WUS with 48bits payload will be longer than paging cycle 1.28s
Baseline overhead based on PDCCH, AL16, 2 OFDM symbols with 8 beams is 0.012%.




Table 2.3.2 Network overhead for different cases with 4UE/subgroup
	4UE per
subgroup
	Payload
	1bit
	8bit

	R_E = 0.1%
	
	Msg3 0rtx
	Msg3 2rtx
	PDCCH 1 Rx
	PDCCH 2 Rx
	Msg3 0rtx
	Msg3 2rtx
	PDCCH 1 Rx
	PDCCH 2 Rx

	No beam sweeping
(single beam)
	PWUR = 0.5
	0,0427%
	0,0519%
	0,0549%
	0,0885%
	0,0580%
	0,1129%
	0,1434%
	0,2960%

	
	PWUR = 4
	0,00066%
	0,00083%
	0,00100%
	0,00183%
	0,00199%
	0,00199%
	0,00199%
	0,00249%

	
	PWUR = 10
	0,00066%
	0,00083%
	0,00100%
	0,00183%
	0,00199%
	0,00199%
	0,00199%
	0,00249%

	Beam sweeping on LP-SS +LP-WUS
(eight beams)
	PWUR = 0.5
	0,3418%
	0,4150%
	0,4395%
	0,7080%
	0,4639%
	0,9033%
	1,1475%
	2,3682%

	
	PWUR = 4
	0,00532%
	0,00664%
	0,00797%
	0,01462%
	0,01595%
	0,01595%
	0,01595%
	0,01993%

	
	PWUR = 10
	0,00532%
	0,00664%
	0,00797%
	0,01462%
	0,01595%
	0,01595%
	0,01595%
	0,01993%

	Baseline overhead based on PDCCH, AL16, 2 OFDM symbols with 8 beams is 0.012%.



Overall following observations can be made on NW overhead based on the results in this and previous contributions.
[bookmark: _Toc142661967]For WUS to match PDCCH 2Rx coverage, following overhead values for different WUS candidates (including sync resource overhead) are observed from the evaluations (250 Idle UEs/cell assumed):
e. [bookmark: _Toc142661968]For per UE paging rate of 0.1% (1%)
i. [bookmark: _Toc142661969]Baseline overhead for paging PDCCH is 0.012% (0.12%) 
ii. [bookmark: _Toc142661970]For OFDM (SSS-sequence-based) WUS with 8-bit payload (4UEs/subgroup): ~1.65x (~1.45x) higher overhead compared to baseline is required
iii. [bookmark: _Toc142661971]For OOK-WUS with 8 bit payload (4UEs/subgroup): ~196x (~154x) higher overhead compared to baseline is required
iv. [bookmark: _Toc142661972]For OOK-WUS with 48 bit payload (no subgrouping): ~830x higher overhead compared to baseline (for 1% UE paging rate, overhead is prohibitively high)
[bookmark: _Toc142661973]Following general observations can be made for network overhead from the evaluations.
f. [bookmark: _Toc142661974]Regarding WUR on power (P_WUR)
i. [bookmark: _Toc142661975]Overhead for OOK-based-WUS (e.g., P_WUR=0.5) is roughly ~50-100x higher compared to that of OFDM-based-WUS (e.g., P_WUR=4, 10) as the OOK-based WUS duration required to achieve the same coverage target as OFDM-based WUS is much higher and there is a need for additional periodic LP-SS transmissions.
g. [bookmark: _Toc142661976]Regarding WUS payload
i. [bookmark: _Toc142661977]Overhead for OOK-based WUS with 48-bit payload is significantly higher than that of OOK-based WUS with 1- or 8-bit payload (~ 5x higher for single beam and eight beams).  
ii. [bookmark: _Toc142661978]Overhead for 8-bit WUS is slightly higher than that of 1-bit WUS.
h. [bookmark: _Toc142661979]Regarding number of UEs per subgroup
i. [bookmark: _Toc142661980]Overhead with 4 UEs per subgroup is similar to that of 1 UE per subgroup as the assumed low paging rate results in low probability of having UEs being paged in the same group in the same paging cycle.  
2.4	NW energy consumption
In this section, we present the evaluation of network energy consumption due to WUS sync signal. For OFDM-based WUR, the legacy PSS/SSS in SSB can be reused for synchronization, which does NOT consume any extra energy on the gNB side. While for OOK-based WUR, the transmission of newly introduced LP-SS will increase the network energy consumption.
The assumptions of baseline energy consumption and LP-SS are summarized in the table below. The evaluations are for zero load, i.e., only periodic ‘always on’ transmissions considered, and CAT-1 base-station energy model is assumed.  
Table 2.4-1 Assumptions for baseline and LP-SS
	
	Assumption

	Baseline
	SSB: 20PRBs, 20ms periodicity, occupying 4 symbols, 8 beams
SIB1: 20MHz, 160ms periodicity, occupying 1 slot, 8 beams

	LP-SS
	12PRBs, {160, 320, 640, 1280, 2560, 5120, 10240}ms periodicity, occupying {42, 14, 4} symbols, 8 beams



Table 2.4-2 Additional network energy consumption for LP-SS
	LP-SS duration 
	LP-SS periodicity [ms]
	Additional network energy consumption

	42 symbols
	160
	22,75%

	
	320
	11,38%

	
	640
	5,69%

	
	1280
	2,84%

	
	2560
	1,42%

	
	5120
	0,71%

	
	10240
	0,36%

	14 symbols
	160
	7,74%

	
	320
	3,87%

	
	640
	1,93%

	
	1280
	0,97%

	
	2560
	0,48%

	
	5120
	0,24%

	
	10240
	0,12%

	4 symbols
	160
	2,21%

	
	320
	1,10%

	
	640
	0,55%

	
	1280
	0,28%

	
	2560
	0,14%

	
	5120
	0,07%

	
	10240
	0,03%



Overall following observations can be made on NW energy consumption.
[bookmark: _Toc142661981]Based on NW energy consumption evaluations on synchronization signal for WUR
1) [bookmark: _Toc142661982]If LP-WUR can support RRM measurements using existing SSB, there is no additional NW energy consumption
2) [bookmark: _Toc142661983]For frequent LP-SS transmission (e.g., LP-SS used for RRM)
a) [bookmark: _Toc142661984]LP-SS periodicity of e.g., 320ms results in additional NW energy consumption of 1%/4%/11% assuming LP-SS duration of 4sym/14sym/42sym per transmission
3) [bookmark: _Toc142661985]For infrequent LP-SS transmission (e.g., LP-SS not used for RRM but only used as a timing reference for LP-WUR monitoring window determination)
a) [bookmark: _Toc142661986]LP-SS periodicity of e.g., 2560ms results in additional NW energy consumption of 0.1%/0.5%/1.5% assuming LP-SS duration of 4sym/14sym/42sym per transmission
2.4	Latency
Latency evaluation assumptions and results are given in our RAN1#113 contribution [4]. Below we provide  a summary of the results.
Table 2 Average paging latency with duty-cycled WUS
	Paging-/Duty-cycled T (ms)
	MR ramp-up time (ms)
	# of SSBs for sync/resync
	Latency with WUS (ms)
	Baseline latency with (e)DRX = paging cycle (ms)

	320
	18
	3
	228.75
	210.25

	1280
	400
	3
	1090.75
	690.25

	51200
	400
	3
	26050.75
	25650.25

	593920
	400
	3
	297410.75
	297010.25

	1280
	400
	4
	1110.75
	

	1280
	400
	6
	1150.75
	

	1280
	400
	8
	1190.75
	

	1280
	400
	10
	1230.75
	

	1280
	800
	3
	1490.75
	

	1280
	800
	4
	1510.75
	

	1280
	800
	6
	1550.75
	

	1280
	800
	8
	1590.75
	

	1280
	800
	10
	1630.75
	



Following observations can be made on latency based on the results in this and previous contributions.
[bookmark: _Toc142661987]Following observations can be made for latency from the evaluations.
1) [bookmark: _Toc142661988]WUS latency increases linearly with the increase of MR ramp-up time as well as the number of SSBs used for sync/resync.
2) [bookmark: _Toc142661989]Additional latency due to LP-WUS/WUR operation in RRC_INACTIVE/RRC_IDLE can be reduced with the use of smaller paging cycle without increasing overall power consumption
2.5	Connected mode 
Below we provide results for connected mode evaluations. Evaluation results are also given in our RAN1#113 contribution [4].
UE power consumption for the evaluations is based on the models for FR1 100MHz in TR 38.840. Note that we assume WUS occupies 12 PRBs all the time which might be pessimistic when traffic load is low, but it becomes more realistic when traffic load is high.
XR traffic
In this section, we present some SLS results when applying WUS to XR type of traffic. The traffic model in TR 38.838 is applied and summarized in the table below. We assume two types of traffic: one flow with DL video traffic and three flows with mixed DL video, audio and UL pose traffic. TDD pattern DDDSU is assumed with UL pose traffic uses Configured Grant and does not affect DRX. Traffic from different DL flows is not multiplexed in time slots, i.e., in each slot carrying PDSCH there is data from a single flow. 
	DL XR traffic
	Periodicity [ms]
	Jitter [ms]
	PDB [ms]

	video
	16.67 (60 fps)

	[-4; 4], truncated Gaussian, mean 0 ms, STD 2 ms
	AR/VR: 10 (5, 20)


	audio/control
	10
	0
	30 (optionally other)

	UL XR traffic
	
	
	

	pose
	4
	0
	10



The results of capacity and power consumption are shown in the figures below. We choose the following existing or agreed schemes in 3GPP XR SI for comparison
· Short-drx (R17): drx-ShortCycle=4 ms, drx-onDurationTimer=2 ms
· Matched-drx + PDCCH skipping (drx-LongCycleStartOffset selected to match jitter of video flow)
· video with 60 fps: drx-LongCycle equivalent to {16,16,18} ms, drx-onDurationTimer=10 ms
· Continuous WUR: drx-onDurationTimer=2 ms, WUS check in every in-active slot (continuous monitoring)
· Always-on PDCCH: UE monitors PDCCH all the time
· Genie: always-ON & no ‘unnecessary’ PDCCH monitoring (ideal upper bound performance)
In Figure 2.5-1, WUS performs better than short DRX but worse than Matched DRX in single flow traffic scenario. The capacity loss is around 10% compared with Matched DRX due to the extra WUS resources. For UE power consumption, WUS performs slightly better than Matched DRX+PDCCH skipping with less than 5% gain. 
[image: ][image: ]
Figure 2.5-1: Capacity and power consumption performance for one flow traffic
When it comes to three flow traffic in Figure 2.5-2, WUS performs almost worst in terms of capacity as resource becomes more critical when traffic is intense. Furthermore, it has no advantage on power consumption compared to Matched DRX because the two DL traffic flows will wake up the UE more often. 
[image: ][image: ]
Figure 2.5-2: Capacity and power consumption performance for three flow traffic

Following observations can be made on connected power consumption/system impact based on the results in this and previous contributions.
[bookmark: _Toc142661990]Following observations can be made based on connected mode evaluations.
1) [bookmark: _Toc142661991]Regarding XR traffic type
a) [bookmark: _Toc142661992]For single flow XR traffic, compared to existing Matched DRX + PDCCH skipping scheme, LP-WUS can provide 5% power saving gain with almost no capacity loss in low load scenarios and around 10% capacity loss in high load scenarios.
b) [bookmark: _Toc142661993]For three flow XR traffic, compared to existing schemes, LP-WUS cannot provide power saving gains due to very high UE wake up frequency.
3	Design principles for LP-WUS
From a network vendor and ecosystem perspective, it is important that the gNB should be able to transmit the LP-WUS using existing gNB hardware and not require any new emissions or compliance requirements. Otherwise, it is difficult to enable widespread WUS support in existing deployments. 
[bookmark: _Toc118667254][bookmark: _Toc127356105][bookmark: _Toc142656918]It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
In order to not negatively impact network capacity, it is important that the LP-WUS can be multiplexed with other NR transmissions in time and frequency, and that any unused LP-WUS resources can be reused for dynamic scheduling. Also, to avoid impacts on the gNB complexity and other NR transmissions, same SCS should be considered for WUS and other NR transmissions in a given carrier.
[bookmark: _Toc118667255][bookmark: _Toc127356106][bookmark: _Toc142656919]It should be possible to multiplex the LP-WUS with other NR transmissions in time or frequency domain without causing interference.
[bookmark: _Toc118667256][bookmark: _Toc127356107][bookmark: _Toc142656920]It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
[bookmark: _Toc142656921]Same SCS should be assumed for WUS and other NR transmissions in a given carrier. 
Regarding coverage, we think it is important from a system perspective that the coverage is not worse than for existing Paging PDCCH. Note that Rel-17 PEI is transmitted using PDCCH and DCI format 2_7.
[bookmark: _Toc118667257][bookmark: _Toc127356108][bookmark: _Toc142656922]Target the same coverage for LP-WUS as for Paging PDCCH.
[bookmark: _Toc134814596][bookmark: _Toc134814693][bookmark: _Toc134814752]
[bookmark: _In-sequence_SDU_delivery]4	Conclusion
In this document we provide a summary of evaluation results for LP-WUS coverage, UE power consumption and system impact (NW overhead and NW energy consumption) and make the following observations
Observation 1	For OFDMA-based WUS (SSS-sequence based signal whose I/Q can be processed by WUR in time/frequency domain) and WUR NF 3dB higher than MR
a.	For payload of up to 8 bits
i.	WUS with 5MHz BW and ≤ 14 OFDM-symbols timespan can match or exceed coverage of msg3-PUSCH and paging PDCCH reception with 2Rx.
ii.	Coverage of paging PDCCH reception with 4Rx can be matched with 2-3 slots WUS timespan.
Observation 2	For OOK-based WUS and WUR NF 6dB higher than MR
a.	For WUS payload of up to 8 bits
i.	WUS with 5MHz BW and 36 OFDM-symbols timespan would have ~6.5dB worse coverage than msg3-PUSCH and ~10dB worse coverage than paging PDCCH reception with 2Rx
ii.	With time-domain repetition, ~25slots of WUS transmission duration is needed to match coverage of msg3-PUSCH and ~85 slots of WUS transmission is needed to match coverage of paging PDCCH reception with 2Rx
b.	For WUS payload of 48 bits
i.	WUS (OOK-4) with 5MHz BW and 29 OFDM-symbols timespan would have ~14dB worse coverage than msg3-PUSCH and ~17.5dB worse coverage than paging PDCCH reception with 2Rx
Observation 3	For FSK-based WUS and WUR NF 6dB higher than MR
a.	WUS with 5MHz BW and 36 OFDM-symbols timespan would have ~10dB worse coverage than msg3-PUSCH and ~13.5dB worse coverage than paging PDCCH reception with 2Rx
Observation 4	Following observations can be made based on power saving evaluations for idle mode
1)	Regarding duty-cycled WUR operation,
a)	Significant power savings (>90%) are possible when assuming WUR active power P_WUR = 0.5, 4, 10 units
b)	Power consumption for OOK-based-WUS (e.g., P_WUR=0.5) is smaller than OFDM-based-WUS (e.g., P_WUR=4,10) when WUS monitoring span for OOK is small (i.e., for small WUS payload, cell-centre UE locations, no beam-sweeping)
c)	Power consumption for OOK-based-WUS (e.g., P_WUR=0.5) becomes similar or worse compared to OFDM-based-WUS (e.g., P_WUR=4,10) as the WUS monitoring span for OOK is increased (e.g., due to larger WUS payload, UE location requiring better coverage, beam-sweeping based WUS monitoring)
2)	Regarding latency requirement
a)	WUR provides higher power saving for use cases with smaller latency bound relative to mean inter-arrival time of traffic bursts.
3)	Regarding continuous monitoring-based WUR operation
a)	The false alarm rate and the corresponding wake-up rate over a certain period, e.g., one paging cycle, is much higher for continuous WUS monitoring than discontinuous WUS monitoring.
b)	Compared with legacy I-DRX operation, continuous WUS monitoring does not provide significant power saving gain for WUR on power of 0.1, 0.5
4)	Regarding RRM measurements
a)	WUR power saving gain is reduced if MR wakes up frequently to perform RRM measurement.
b)	When MR performs RRM measurements, legacy deep sleep provides more WUR power saving gain when measurements are performed frequently while ultra-deep sleep suits better when the measurements are more relaxed.
5)	Regarding false paging
a)	Increasing false paging or false alarm reduces the WUR power saving gain. False paging is dominant for case with larger N, i.e. larger number of UEs in a group (~40% power saving reduction for N=10).
6)	Regarding WUR off power
a)	For duty-cycled WUR operation, results indicate that when assuming WUR Off-power (0.001, 0.01, 0.05 units) and WUR ramp-up time (10ms, 20ms), the power savings gains are not significantly impacted and large power savings gains are still possible
7)	Regarding sync/re-sync time
a)	The additional sync/re-sync time for MR has a larger impact on power saving gain for cases with a higher paging rate. The overall power saving gain is less sensitive to MR sync/re-sync time for small paging rates (e.g., 1%).
Observation 5	For WUS to match PDCCH 2Rx coverage, following overhead values for different WUS candidates (including sync resource overhead) are observed from the evaluations (250 Idle UEs/cell assumed):
a.	For per UE paging rate of 0.1% (1%)
i.	Baseline overhead for paging PDCCH is 0.043%(0.044%)
ii.	For OFDM (SSS-sequence-based) WUS with 8-bit payload (4UEs/subgroup): ~1.02x (~1.14x) higher overhead compared to baseline is required
iii.	For OOK-WUS with 8 bit payload (4UEs/subgroup): ~8x (~22x) higher overhead compared to baseline is required
iv.	For OOK-WUS with 48 bit payload (no subgrouping): ~240x higher overhead compared to baseline (for 1% UE paging rate, overhead is prohibitively high)
Observation 6	Following general observations can be made for network overhead from the evaluations.
a.	Regarding WUR on power (P_WUR)
i.	Overhead for OOK-based-WUS (e.g., P_WUR=0.5) is roughly ~10x higher compared to that of OFDM-based-WUS (e.g., P_WUR=4, 10) as the OOK-based WUS duration required to achieve the same coverage target as OFDM-base WUS is much higher.
b.	Regarding WUS payload
i.	Overhead for OOK-based WUS with 48-bit payload is significantly higher than that of OOK-based WUS with 1- or 8-bit payload (~ 5x higher for single beam case, 9x higher for eight beams).
ii.	Overhead for 8-bit WUS is slightly lower than that of 1-bit WUS (cf. 8-bit WUS transmission can address 8 UEs at the same time despite requiring longer WUS duration)
c.	Regarding number of UEs per subgroup
i.	Overhead with 4 UEs per subgroup is smaller (up to 2x smaller) than that of 1 UE per subgroup as the total number of WUS transmissions is reduced for group WUS.
Observation 7	Based on NW energy consumption evaluations on synchronization signal for WUR
1)	If LP-WUR can support RRM measurements using existing SSB, there is no additional NW energy consumption
2)	For frequent LP-SS transmission (e.g., LP-SS used for RRM)
a)	LP-SS periodicity of e.g., 320ms results in additional NW energy consumption of 1%/4%/11% assuming LP-SS duration of 4sym/14sym/42sym per transmission
3)	For infrequent LP-SS transmission (e.g., LP-SS not used for RRM but only used as a timing reference for LP-WUR monitoring window determination)
a)	LP-SS periodicity of e.g., 2560ms results in additional NW energy consumption of 0.1%/0.5%/1.5% assuming LP-SS duration of 4sym/14sym/42sym per transmission
Observation 8	Following observations can be made for latency from the evaluations.
1)	WUS latency increases linearly with the increase of MR ramp-up time as well as the number of SSBs used for sync/resync.
2)	Additional latency due to LP-WUS/WUR operation in RRC_INACTIVE/RRC_IDLE can be reduced with the use of smaller paging cycle without increasing overall power consumption
Observation 9	Following observations can be made based on connected mode evaluations.
1)	Regarding XR traffic type
a)	For single flow XR traffic, compared to existing Matched DRX + PDCCH skipping scheme, LP-WUS can provide 5% power saving gain with almost no capacity loss in low load scenarios and around 10% capacity loss in high load scenarios.
b)	For three flow XR traffic, compared to existing schemes, LP-WUS cannot provide power saving gains due to very high UE wake up frequency.
Based on the discussion in the previous sections we propose the following:
Proposal 1	It should be possible to generate LP-WUS transmissions using existing gNB hardware and not trigger any new emissions or compliance requirements.
Proposal 2	It should be possible to multiplex the LP-WUS with other NR transmissions in time or frequency domain without causing interference.
Proposal 3	It should be possible to reuse any unused LP-WUS time and frequency resources for other transmissions.
Proposal 4	Same SCS should be assumed for WUS and other NR transmissions in a given carrier.
Proposal 5	Target the same coverage for LP-WUS as for Paging PDCCH.
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Annex A – Additional details of power consumption evaluations
Table 1: MR power consumption and transition model
	Power State
	Relative Power
	Transition energy and time (if applicable)

	Ultra-deep sleep
	0.015
	{15000, 440ms*}

	Deep Sleep 
	1
	{450, 20ms}

	Light Sleep 
	20
	{100, 6ms}

	Micro sleep 
	45
	{0, 0ms}

	PDCCH-only 
	50
	

	PDCCH + PDSCH 
	120
	

	PDSCH-only 
	112
	

	SSB/CSI-RS proc. 
	50 (synchronization or serving cell measurement)
	

	Intra-frequency RRM measurement 
	·        60 (synchronous case, N=8, measurement only; Pintra, meas-only)
80 (combined search and measurement; Pintra, search+meas)
	

	Inter-frequency RRM measurement 
	·        60 (measurement only per freq. layer; Pinter, meas-only)
·        150 (neighbor cell search power per freq. layer; Pinter, search-only)
Micro sleep power assumed for switch in/out a freq. layer
	

	* Consider 400ms ramp-up time and 40ms ramp-down time.



Table 2: WUR power consumption and transition model
	Power State
	Relative Power
	Transition energy and time (if applicable)

	Off
	0.001
	{[0.5, 4, 10]x11/2, 11ms*}

	On
	0.5, 4, 10
	10ms**

	* Consider 10ms ramp-up time and 1ms ramp-down time.
** Consider WUR monitoring window = 10ms



In addition to the power and transition model above, we have listed the other assumptions used in our preliminary evaluations in Table 3.
Table 3: Evaluation assumptions
	Parameter
	Value

	RE
	{1%, 0.1%, 0.01%}

	N
	1

	SSB periodicity
	20 ms

	SSB burst duration
	2 ms 

	Operating SNR
	Low (3 SSBs needed prior to PO)

	Offset from SSB to PO
	10 ms

	Offset from SSB to PEI-O
	4 ms

	SMTC window for intra-frequency RRM measurements
	2 ms 

	SMTC window for inter-frequency RRM measurements
	5 ms 

	Time to switch frequency layer
	0.5ms 

	Cell search rate 
	25 %



Annex B – Processing timeline in RRC idle/inactive mode
The processing timelines of MR and WUR for discontinuous monitoring in low SNR region are shown as below.
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