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1. Introduction
In previous meetings (RAN1#95, AH-1901), it was discussed and agreed that evaluation methodology for UE power saving SID including system-level simulation assumption, power consumption modelling (including RRM measurement), link-level simulation assumption, and key performance indicator to evaluate potential power saving schemes. In this contribution, we provide our evaluation results and observations in terms of UE power saving gain and UPT loss. 

2. Discussion 
In this contribution, for the reference system, it is assumed that UE monitors PDCCH at the beginning of every slots (PDCCH monitoring periodicity = 1 slot) during Active time of C-DRX operation. Next, for PDSCH time-domain resource assignment, same-slot scheduling (e.g. k0=0) and 12 symbol duration with 1 symbol DMRS are considered. In case of DL synchronization, for simplicity, it is assumed that DL timing is always accurate without help of TRS and SSB. For traffic model, FTP model 3 with packet size of 0.5MByte and mean inter-arrival time of 200msec are considered to be used. For the analysis of UE power consumption and UPT, we focus on three types of UEs based on 5%-tile UE geometry, 50%-tile UE geometry, and 95%-tile UE geometry. For the TBS determination, it is assumed that a single value is used based on the UE geometry during the overall simulation run time. In this case, 0.5Mbyte packet will be corresponding to roughly 126, 26, or 7 PDSCH transmissions for 5%-tile UE geometry, 50%-tile UE geometry, or 95%-tile UE geometry, respectively. Table 1 shows the time distribution for different power states and total average power level and user perceived throughput performance for the reference system with C-DRX cycle of 160ms and on duration timer of 8ms and inactivity timer of 100ms is configured. (i.e. (DRX cycle, inactivityTimer, onDurationTimer)=(160, 100, 8))
Table 1: Evaluation results for reference system.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.3115
	0.3468
	0.3532

	
	PDCCH+PDSCH 
	0.0976
	0.0261
	0.0138

	
	Micro sleep
	0.0009
	0.0001
	0.0001

	
	Light sleep 
	0.0010
	0.0021
	0.0013

	
	Deep sleep 
	0.5890
	0.6249
	0.6316

	Total average power
	62.20
	44.37
	41.31

	UPT (Mbps)
	81.89
	104.43
	115.88


According to the numerical results in Table 1, as the UE geometry increases, the time portion of sleep states increases, as a results, the total average power is also reduced. In this contribution, we compares UE power saving schemes with the reference system in terms of total average power and UPT.

2.1 Different PDCCH monitoring periodicity during DRX Active Time
In our companion contribution [1], it is considered that UE monitors PDCCH with longer periodicity (e.g., 4ms in following analysis) before the UE receives PDCCH indicating new transmission for UE power saving. On the other hand, UE monitors PDCCH with shorter periodicity (e.g., 1ms in following analysis) after the UE receives PDCCH indicating new transmission for decreasing latency. Moreover, to minimize UE power consumption during the time where drx-InactivityTimer is running, UE can change PDCCH monitoring periodicity when UE does not receive PDCCH indicating new transmission for a certain duration of time. For analysis, we assume that the time duration is 8 slots. Figure 1 shows an example of different PDCCH monitoring periodicity during the DRX Active Time based on actual transmission.
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Figure 1: Example of different PDCCH monitoring periodicity during the DRX Active Time based on actual transmission
Table 2 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE changes PDCCH monitoring periodicity during the DRX Active Time based on the actual scheduling. 
Table 2: Evaluation results for adaptation on PDCCH monitoring periodicity.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.0846
	0.0938
	0.0951

	
	PDCCH+PDSCH 
	0.0951
	0.0255
	0.0132

	
	Micro sleep
	0.2169
	0.2411
	0.2442

	
	Light sleep 
	0.0016
	0.0013
	0.0020

	
	Deep sleep 
	0.6018
	0.6383
	0.6455

	Total average power
	48.51
	29.79
	26.37

	Power saving gain 
	22.01%
	32.86%
	36.17%

	UPT (Mbps)
	79.92
	102.76
	110.86

	UPT loss
	2.41%
	1.60%
	4.33%


According to the numerical results shown in Table 2, the different PDCCH monitoring periodicity based on actual scheduling provides 22%~36% power saving gain at the expense of 2%~4% UPT loss compared to the reference system. With the longer PDCCH monitoring periodicity, UE can save power consumption by switching some portion of PDCCH-only into micro sleep. Meanwhile, UE will continue to monitor PDCCH during the DRX On duration time and/or the time where drx-InactivityTimer is running rather than waiting until the next DRX cycle, UPT loss could be minimized. 
Observation 1: When a UE changes PDCCH monitoring periodicity based on actual scheduling, UE can achieve substantial power saving gain with marginal UPT loss. 

2.2 Wake-up signalling associated with single/multiple DRX cycle(s)
In most PDCCH monitoring occasions, UE would not receive PDCCH indicating actual scheduling. When DRX operation is configured, similarly, UE will not receive any PDCCH in a large portion of DRX ON duration. In this case, wake-up signalling can be used to indicate whether or not UE perform PDCCH monitoring in an upcoming DRX ON duration. For example, UE can skip PDCCH monitoring in the upcoming or current DRX ON duration unless the UE successfully receives wake-up signal. In this subsection, we compares three kinds of wake-up signalling based on the mapping between WUS (wake-up signalling) occasions and DRX cycles. First of all, it can be considered that there is one-to-one mapping between WUS occasion and a single DRX cycle shown in Figure 2. 
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Figure 2: Example of mapping between WUS occasion and DRX cycle (one-to-one mapping). 
Table 3 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE performs PDCCH monitoring based on WUS for each DRX cycle. 
Table 3: Evaluation results for one-to-one mapping between WUS occasion and DRX cycle.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.2758
	0.3007
	0.3104

	
	PDCCH+PDSCH 
	0.0894
	0.0242
	0.0129

	
	Micro sleep
	0.0005
	0.0002
	0.0001

	
	Light sleep 
	0.0008
	0.0016
	0.0019

	
	Deep sleep 
	0.6335
	0.6733
	0.6747

	Total average power
	55.08
	38.05
	35.63

	Power saving gain
	11.45%
	14.24%
	13.75%

	UPT (Mbps)
	69.25
	90.74
	96.65

	UPT loss
	15.44%
	13.11%
	16.59%


According to the numerical results shown in Table 3, WUS-based power saving scheme with one-to-one mapping between WUS occasion and DRX cycle provides 11%~14% power saving gain at the expense of 13%~16% UPT loss compared to the reference system. By using the WUS e.g. , UE can save power consumption for PDCCH-only during a certain number of DRX On durations, however, UE still needs to perform PDCCH monitoring during the time where drx-InactivityTimer is running. Meanwhile, when new packet arrives during the DRX On duration after WUS occasions, UE may wait until the next DRX cycle to handle this packet. Due to this kind of latency, UPT could be degraded when WUS is used. 
Observation 2: When UE can skip a single DRX cycle based on a WUS, UE can achieve moderate power saving gain with relatively large UPT loss. 
Next, a single WUS occasions could be associated with multiple DRX cycles for further UE power saving gain as shown in Figure 3. In this case, when UE does not receive WUS, the UE will skip PDCCH monitoring for a number of DRX cycles. On the other hand, when UE receives WUS, UE will perform PDCCH monitoring at least for multiple DRX ON durations. 
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Figure 3: Example of mapping between WUS occasion and DRX cycle (one-to-many mapping). 
Table 4 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE performs PDCCH monitoring based on WUS for every 4 DRX cycles. 
Table 4: Evaluation results for 1-to-4 mapping between WUS occasion and DRX cycle.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.2405
	0.2487
	0.2524

	
	PDCCH+PDSCH 
	0.0974
	0.0235
	0.0115

	
	Micro sleep
	0.0005
	0.0001
	0.0001

	
	Light sleep 
	0.0009
	0.0010
	0.0007

	
	Deep sleep 
	0.6607
	0.7267
	0.7353

	Total average power
	54.48
	33.26
	30.02

	Power saving gain
	12.41%
	25.04%
	27.33%

	UPT (Mbps)
	50.29
	52.48
	52.74

	UPT loss
	38.59%
	49.75%
	54.49%


According to the numerical results shown in Table 4, the WUS-based power saving scheme with one-to-many mapping between WUS occasion and DRX cycles provides 12%~27% power saving gain at the expense of 38%~54% UPT loss compared to the reference system. It is observed that UE can achieve further power saving gain at moderate to high UE geometry, but UPT loss could be highly increased compared to the case where WUS and DRX cycle is one-to-one mapped. 
Observation 3: For WUS-based PDCCH monitoring, when the number of DRX cycles associated with the same WUS occasion increase, additional UPT loss is substantially larger than the additional UE power saving gain compared to the case where WUS and DRX cycle is one-to-one mapped. 
Another approach is that multiple WUS occasions are located within a single DRX cycle as shown in Figure 4. In this case, when new packet arrives during the DRX On duration after first WUS occasion, UE can restart PDCCH monitoring and handle this packet in the next WUS occasion in the same DRX cycle. However, even if there is no actual scheduling in DRX ON duration, UE needs to perform multiple WUS monitoring during the DRX ON duration. 
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Figure 4: Example of mapping between WUS occasion and DRX cycle (many-to-one mapping). 
Table 5 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE performs PDCCH monitoring based on 4 WUS for every DRX cycle. 
Table 5: Evaluation results for 4-to-1 mapping between WUS occasion and DRX cycle.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.2990
	0.3207
	0.3222

	
	PDCCH+PDSCH 
	0.1018
	0.0265
	0.0125

	
	Micro sleep
	0.0144
	0.0149
	0.0198

	
	Light sleep 
	0.0008
	0.0014
	0.0018

	
	Deep sleep 
	0.5840
	0.6365
	0.6437

	Total average power
	61.69
	41.35
	38.77

	Power saving gain
	0.82%
	6.81%
	6.15%

	UPT (Mbps)
	80.76
	103.10
	111.16

	UPT loss
	1.38%
	1.27%
	4.07%


According to the numerical results shown in Table 5, the WUS-based power saving scheme with many-to-one mapping between WUS occasions and DRX cycle provides 1%~7% power saving gain at the expense of 1%~4% UPT loss compared to the reference system. 
Observation 4: When UE tries to detect multiple WUS during every DRX ON duration, UE can achieve relatively small power saving gain with marginal UPT loss. 

2.3 Go-to-Sleep signalling to stop DRX Active Time
[bookmark: _GoBack]When DRX operation is configured, UE may perform PDCCH monitoring in DRX Active Time, which is defined as the time duration where drx-onDuratoinTimer or drx-InacitivityTimer is running. Since drx-InactivityTimer is set to be relatively large value compared to drx-onDurationTimer, it is important to efficiently reduce UE power consumption during the time duration where drx-InactivityTimer is running. In the existing DRX operation, DRX Command MAC CE can be used to reduce the time duration where drx-InactivityTimer is running. When the HARQ-ACK feedback corresponding to the PDSCH containing the DRX Command MAC CE is transmitted in slot n, it can be considered that UE will stop PDCCH monitoring from slot n+7 ( where  is the number of slot in a subframe). In our analysis, it is assumed that DRX Command MAC CE is included in the last PDSCH of a data packet, and the corresponding HARQ-ACK feedback is transmitted in the next slot of PDSCH transmission. 
Table 6 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE performs PDCCH monitoring based on GTS via MAC message. 
Table 6: Evaluation results for PDCCH monitoring based on GTS via MAC message.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.0377
	0.0373
	0.0372

	
	PDCCH+PDSCH 
	0.0957
	0.0235
	0.0132

	
	Micro sleep
	0.0000
	0.0000
	0.0000

	
	Light sleep 
	0.0000
	0.0000
	0.0000

	
	Deep sleep 
	0.8666
	0.9392
	0.9496

	Total average power
	34.76
	13.13
	10.03

	Power saving gain
	44.12%
	70.41%
	75.72%

	UPT (Mbps)
	59.53
	66.57
	67.71

	UPT loss
	27.30%
	36.25%
	41.57%


According to the numerical results shown in Table 6, the GTS-based power saving scheme with MAC message provides 44%, 70%, or 75% power saving gain compared to the reference system for 5%-tile, 50%-tile, or 95%-tile UE geometry, respectively. Meanwhile, UPT loss compared to the reference system is 27%, 36%, or 41% for 5%-tile, 50%-tile, or 95%-tile UE geometry, respectively. Since the reduced portion of the time duration where drx-InactivityTimer is running due to the GTS will be large for high UE geometry, the highest power saving gain is shown in 95%-tile UE geometry. Meanwhile, since potential packet arrivals after GTS will be handled in the next DRX cycle, UPT loss could be substantially large whereas the packet arrival during the time where drx-InactivityTimer is running is handled in the current DRX cycle in the reference system. 
Observation 5: For GTS-based PDCCH monitoring, when UE receives GTS right after last PDSCH of the current data packet, UE achieves substantially large UE power saving gain at the expense of substantially large UPT loss. 
Alternatively, it can be considered that GTS (go-to-sleep signalling) is a form of L1 signalling. In our analysis, it is assumed that when the last PDSCH of a packet is transmitted in slot n, then the corresponding HARQ-ACK feedback is transmitted at the end of slot n+1, and the GTS is transmitted in slot n+2. In this case, UE can stop PDCCH monitoring based on GTS from slot n+3. Table 7 shows the time distribution for different power states and total average power level and user perceived throughput performance for the case where UE performs PDCCH monitoring based on GTS via L1 signalling. 
Table 7: Evaluation results for PDCCH monitoring based on GTS via L1 signalling.
	UE geometry
Power states
	5%-tile UE geometry
	50%-tile UE geometry 
	95%-tile UE geometry

	Time distribution
	PDCCH-only 
	0.0313
	0.0297
	0.0298

	
	PDCCH+PDSCH 
	0.0948
	0.0245
	0.0119

	
	Micro sleep
	0.0000
	0.0000
	0.0000

	
	Light sleep 
	0.0000
	0.0000
	0.0000

	
	Deep sleep 
	0.8739
	0.9458
	0.9583

	Total average power
	33.86
	12.66
	8.91

	Power saving gain
	45.56%
	71.47%
	78.43%

	UPT (Mbps)
	56.83
	65.28
	66.03

	UPT loss
	30.60%
	37.49%
	43.02%


According to the numerical results shown in Table 7, the GTS-based power saving scheme with L1 signalling would have comparable power saving gain and UPT loss with those of GTS-based power saving scheme with MAC message. Similarly, it is important when the network send GTS to efficiently reduce the time duration where UE performs PDCCH monitoring considering both UE power saving gain and UPT loss. 
Observation 6: For GTS-based PDCCH monitoring via L1 signalling, UE power saving gain and UPT loss are comparable with those of GTS-based PDCCH monitoring via MAC message. 
Observation 7: UE power consumption reduction during the time where drx-InactivityTimer is running needs to be carefully investigated considering both UE power saving gain and UPT loss. 
In summary, according to the observations based on the numerical results in this section, we propose:
Proposal 1: The PDCCH monitoring behaviour adaptation based on DRX status (e.g., onDurationTimer, InactivityTimer) and actual scheduling should be supported for power saving.
Proposal 2: For the study of WUS(or GTS)-based PDCCH monitoring, UPT loss/latency should be considered for determining WUS/GTS configuration.
In addition, Table 8 is a new table agreed in last meeting, and our analysis results and assumptions are captured in the table. In the table, UPT loss is relative UPT degradation of corresponding power saving scheme compared to reference scheme.
Table 8: Evaluation results/assumption for each power saving scheme 
	Company
	Power saving scheme
	Power saving gain
	Power saving gain for each configuration
	UPT/Latency (UPT loss) 
	Estimated overhead
	Evaluation methodology
	Note

	LG
	PDCCH-based WUS signal triggering UE wake up
(WUS occasions : DRX cycles)
(1) 1:1
(2) 1:4
(3) 4:1
	(1) 11.45%-14.24%
(2) 12.41%-27.33%
(3) 0.82%-6.81%
	
	(1) 13.11%-16.59%
(2) 38.59%-54.49%
(3) 1.27%-4.07%
	
	Traffic model: FTP3 with file size 0.5Mbps,
DRX configuration (160,100,8)
	Reference schemes: PDCCH monitoring periodicity: 1 slot, K0=0 

	LG
	GTS triggering sleep
(1) Via MAC message
(2) Via L1 signaling
	(1) 44.12%-75.72%
(2) 45.56%-78.43%
	
	(1) 27.30%-41.57%
(2) 30.60%-43.02%
	
	Traffic model: FTP3 with file size 0.5Mbps,
DRX configuration (160,100,8)
	Reference schemes: PDCCH monitoring periodicity: 1 slot, K0=0

	LG
	PDCCH monitoring periodicity adaptation during the DRX active time based on actual transmission
	22.01%-36.17%
	
	1.60%-4.33%
	
	Traffic model: FTP3 with file size 0.5Mbps,
DRX configuration (160,100,8)
	Reference schemes: PDCCH monitoring periodicity: 1 slot, K0=0


Proposal 3: Capture the evaluation results in Table 8 in TR38.840.

3 Conclusion
We discussed evaluation methodology for UE power saving in NR, and proposed the followings. 
Observation 1: When a UE changes PDCCH monitoring periodicity based on actual scheduling, UE can achieve substantial power saving gain with marginal UPT loss. 
Observation 2: When UE can skip a single DRX cycle based on a WUS, UE can achieve moderate power saving gain with relatively large UPT loss. 
Observation 3: For WUS-based PDCCH monitoring, when the number of DRX cycles associated with the same WUS occasion increase, additional UPT loss is substantially larger than the additional UE power saving gain compared to the case where WUS and DRX cycle is one-to-one mapped. 
Observation 4: When UE tries to detect multiple WUS during every DRX ON duration, UE can achieve relatively small power saving gain with marginal UPT loss. 
Observation 5: For GTS-based PDCCH monitoring, when UE receives GTS right after last PDSCH of the current data packet, UE achieves substantially large UE power saving gain at the expense of substantially large UPT loss. 
Observation 6: For GTS-based PDCCH monitoring via L1 signalling, UE power saving gain and UPT loss are comparable with those of GTS-based PDCCH monitoring via MAC message. 
Observation 7: UE power consumption reduction during the time where drx-InactivityTimer is running needs to be carefully investigated considering both UE power saving gain and UPT loss. 
Proposal 1: The PDCCH monitoring behaviour adaptation based on DRX status (e.g., onDurationTimer, InactivityTimer) and actual scheduling should be supported for power saving.
Proposal 2: For the study of WUS(or GTS)-based PDCCH monitoring, UPT loss/latency should be considered for determining WUS/GTS configuration. 
Proposal 3: Capture the evaluation results in Table 8 in TR38.840.
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