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1
Introduction
RAN1 has studied UE Power Saving in NR during the last couple of meeting cycles. The results are captured in TR 38.840 among which is UE power consumption model intended to be used for benefit analysis of various enhancements discussed in RAN1. Even not getting into system level simulation, the power consumption model itself provides insight on which part of NR radio communication consumes most power and hence should be studied first. 
UE power consumption is analysed in the contribution based on UE power consumption model and simplified traffic model.
2
Discussion
2.1 Power consumption model

Table 1 is copied from TR 38.840 v0.1.0 which is the latest TR from RAN1#95. The TR is to be updated to capture the outcome of RAN1 adhoc, but the difference between the current TR and the updated TR is small especially in the power consumption model.
	Power State
	Characteristics
	Relative Power 

	Deep Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. Accurate timing may not be maintained.
	1 
(Optional: 0.5)

	Light Sleep
	Time interval for the sleep should be larger than the total transition time entering and leaving this state. 
	20

	Micro sleep
	Immediate transition is assumed for power saving study purpose from or to a non-sleep state
	45

	PDCCH-only
	No PDSCH and same-slot scheduling; this includes time for PDCCH decoding and any micro-sleep within the slot. 
	100

	SSB or 
CSI-RS proc.
	SSB can be used for fine time-frequency sync. and RSRP measurement of the serving/camping cell. TRS is the considered CSI-RS for sync. FFS the power scaling for processing other configurations of CSI-RS.
	100

	PDCCH + PDSCH
	PDCCH + PDSCH. ACK/NACK in long PUCCH is modeled by UL power state. 
	300

	UL
	Long PUCCH or PUSCH. 
	250 (0 dBm)
700 (23 dBm)


Table 1: UE power consumption model for FR1
The reference configuration used to derive the above power states and relative power consumption values can be found in the Annex 5.1 of the document.

Transition between states requires additional power as in Table 2 and Figure 1.

	Sleep type
	Additional transition energy:

(Relative power x  ms) 
	Total transition time 

	Deep sleep 
	450 
	20 ms 

	Light sleep 
	100 
	6 ms 

	Micro sleep 
	0 
	0 ms* 

	* Immediate transition is assumed for power saving study purpose from or to a non-sleep state 


Table 2:  UE power consumption during the state transistion
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Figure 1:  Illustration of UE power consumption at state transition
Energy consumption of transition between Deep/Ligth Sleep and non-sleep is 9000 for Deep Sleep (=450 * 20) and 600 for Light Sleep (=100*6) respectively. 
TR also discusses the power consumption for RRM measurement both for intra-frequency measurement and for inter-frequency measurement. Table 3 is the UE power consumption for the RRM measurement.
	N: Number of cells for intra-frequency measurement
	Synchronous case
	Asynchronous case

	
	FR1
	FR2
	FR1
	FR2

	N=8
	150
	[225]
	170
	[285]

	N=4
	120
	[195]
	140
	[255]


Table 3: UE power consumption for the RRM measurements

UE power consumption for inter-frequency measurement is, roughtly speaking, scaled up by the number of layers to be measured. Considering that RRM measurement is not major factor for power consumption which will be shown later, only intra-frequency RRM measurement is considered in this paper. 

UE activity in terms of relative power consumption is boiled down to idle mode activities, activities relevant with downlink data transfer (PDSCH reception, PDCCH monitoring, HARQ feedback, CSI reporting etc) and activities relevant with uplink data transfer (PUSCH transmission etc). Relative power consumption during thoes activities can be easily calculated from Table 1, table 2 and table 3. For example, power consumption for PDSCH reception can be calculated from multiplying relative power consumption of “PDCCH + PDSCH” by the duration during when downlink data transfer occurs. 
Figure 2 illustrates one example of the UE power consumption in IDLE/INACTIVE state, where UE mainly performs paging monitoring and measurement per DRX cycle.


[image: image2]
Figure 2:  Example of UE power consumption during IDLE/INACTIVE state
Figure 3 illustrates one example of the UE power consumption when UE is in CONNECTED state and performs downlink data reception.
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Figure 3:  Example of UE power consumption during CONNECTED state
The remaining question for power consumption analysis is how much portion in time domain each activity take. To answer the question, we assume following user activity model which is simple but reflects the everyday usage of NR radio to the extent where we believe the observations from the analysis could be regarded as valid.   
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Figure 4:  User activity model for analytical analysis
In the model, UE is engaged in active service for 100 minute and standby for 1100 minute. While in connected state, UE is engaged in various services generating high data rate in constant face, high data rate aperiodically or short messages sporadically. The user activity assumed above couldn’t represent the most common real life usage, but seems one of reasonable scenarios. 
2.2 Analysis
2.2.1 IDLE/INACTIVE state

Let’s start with IDLE/INACTIVE state. During the state, UE will perform following regular activities
· Once every DRX cycle

· State transition between Deep sleep state to non-sleep state

· Monitor Paging channel

· Perform serving cell measurement and neighbour cell measurement

· Once every cell reselection
· State transition between Deep sleep state to non-sleep state

· Acquiring system information
· Deep sleep otherwise


In addition to above, UE will read paging message when paging is received and reacquire SI when SI update is notified. Considering the expected frequencies of such events comparing to regular activites (tens of thoudsands times per day vs. tends of times per day), we will focus on regular activities in this analysis.
Exculding the time taken for state transition from CONNECTED to INACTIVE/IDLE, the total duration UE stay in INACTIVE state is 1060 minute. Assuming I-DRX cycle is 1280 ms, UE changes cell every 10 seconds and UE perform measurement for 2 ms every DRX cycle, the power consumption, calculated based on the UE power consumption model, during 1060 minute is as listed in table 4. The number of DRX cycles during 1060 minute is 49,688.
	Activity
	Power consumption
	Portion

	Deep Sleep
	62,457,816
	10.4%

	Transition between Deep Sleep and non-sleep
	504,432,000
	84.0%

	PDCCH monitoring (for paging monitoring)
	4,968,800
	0.8%

	Measurement
	14,906,400
	2.5%

	SI reading
	13,992,000
	2.3%

	Total
	600,757,016
	100.0%


Table 4: UE power consumption during IDLE/INACTIVE
2.2.2 CONNECTED state

UE performs followings activites for video streaming.
· During Active Time

· PDCCH monitoring for downlink/uplink scheduling

· PDSCH reception when scheduled

· HARQ feedback transmission per PDSCH reception

· PUSCH transmission when scheduled

· CSI reporting 

· During non-Active Time

· Micro sleep or Light sleep (depending on the remaining time until the next onDuration)

 We assume followings for analysis.
· Common for all other traffics

· C-DRX cycle, onDuration and inacitivityTimer is 128 ms, 10 ms and 10 ms respectively
· PDSCH/PUSCH is scheduled once every 2.5 slots during Active Time (i.e. the ratio between scheduled slot and non-scheduled slot is 0.4)
· Good radio condition with HARQ operating point 1

· CSI periodicity is 10 ms

· For video streaming 

· Average downlink TB size, when scheduled, is 5000 Byte and uplink 500 Byte

· Source data rate is 10 Mbps (HD quality)

· Session continues for 30 minute

· Traffic ratio between downlink and uplink is 10:1
The power consumption during 30 minutes video steaming session is as listed in table 5. The number of C-DRX cycles is 14,063.
	Activity
	Power consumption
	Portion

	PDSCH
	67,500,000
	22.6%

	HARQ A/N
	56,250,000
	18.9%

	PUCCH (CSI)
	43,417,969
	14.6%

	PUSCH
	78,750,000
	26.4%

	PDCCH
	25,945,313
	8.7%

	Light/Micro Sleep including transition
	26,156,250
	8.8%

	Total
	298,019,531
	100.0%


Table 5: UE power consumption for video streaming

UE performs followings activites for internet surfing (same as video streaming).

· During Active Time

· PDCCH monitoring for downlink/uplink scheduling

· PDSCH reception when scheduled

· HARQ feedback transmission per PDSCH reception

· PUSCH transmission when scheduled

· CSI reporting 

· During non-Active Time

· Micro sleep or Light sleep (depending on the remaining time until the next onDuration)

 We assume followings for analysis.

· For internet surfing 

· Average downlink TB size, when scheduled, is 10000 Byte and uplink 1000 Byte 

· Session continues for 60 minute; 12 minute for downloading and 48 minute for reading
· Traffic ratio between downlink and uplink is 10:1
The power consumption during 60 minutes web surfing session is as listed in table 6. The number of C-DRX cycles is 28,125.
	Activity
	Power consumption
	Portion

	PDSCH
	27,000,000
	22.2%

	HARQ A/N
	22,500,000
	18.5%

	PUCCH (CSI)
	28,054,688
	23.1%

	PUSCH
	31,500,000
	25.9%

	PDCCH
	45,562,500
	37.5%

	Light/Micro Sleep including transition
	77,062,500
	63.5%

	Total
	231,679,688
	100.0%


Table 6: UE power consumption for web surfing
UE performs followings activites for a single session of instant messaging.

· Transition from INACTIVE to CONNECTED

· A random access procedure

· During the session

· PDCCH monitoring for downlink/uplink scheduling

· PDSCH reception when scheduled

· HARQ feedback transmission per PDSCH reception

· PUSCH transmission when scheduled

· CSI reporting 

· Transition from CONNECTED to INACTIVE after session

· PDCCH monitoring until RRC connection is released (until RRCinactivityTimer in GNB expires); i.e. C-DRX operation without data transmission
· RRCRelease message reception
 We assume followings for analysis.

· Instant messaging 

· Average downlink TB size, when scheduled, is 200 Byte for each direction 

· Session continues for 10 seconds; 

· Traffic ratio between downlink and uplink is 1:1

· Total number of sessions is 60 

· RRCinactivityTimer @ GNB is 30 seconds
To simplify the analysis, we assume that random access procedure is completed in a single shot. Then the total energy consumption per random access is 

= preamble transmission (250) + PDCCH monitoring during RAR reception (500; assuming RAR is received in 5 ms) + RAR reception (300) + PDCCH monitoring until Msg 3 transmission (500) + PUSCH transmission (750) + PDCCH monitoring for contention resolution (500) + Msg 4 reception (300) + PDCCH monitoring until A/N transmission (400) + HARQ feedback transmission (250) = 3700

The power consumption for 60 times of instant messaging session is as listed in table 7. 
	Activity
	Power consumption
	Portion

	RACH
	222,000
	0.2%

	PDSCH
	1,800,000
	1.4%

	HARQ A/N
	1,500,000
	1.2%

	PUCCH (CSI)
	9,217,969
	7.3%

	PUSCH
	4,200,000
	3.3%

	PDCCH
	54,618,750
	43.1%

	Light/Micro Sleep including transition
	55,368,750
	43.7%

	Total
	126,927,469
	100.0%


Table 7: UE power consumption for instant messaging

2.3 Observations from the analysis
Table 8 is the breakdown of overall UE power consumption.
	
	Activity
	Power consumption
	Portion

	IDLE/INACTIVE
	Deep Sleep
	 62,457,816 
	4.91%

	
	Transition between Deep Sleep and non-sleep
	 504,432,000 
	39.69%

	
	PDCCH monitoring (for paging monitoring)
	 4,968,800 
	0.39%

	
	Measurement
	 14,906,400 
	1.17%

	
	SI reading
	 13,992,000 
	1.10%

	Video Streaming
	PDSCH
	 67,500,000 
	5.31%

	
	HARQ A/N
	 56,250,000 
	4.43%

	
	PUCCH (CSI)
	 43,417,969 
	3.42%

	
	PUSCH
	 78,750,000 
	6.20%

	
	PDCCH
	 25,945,313 
	2.04%

	
	Light/Micro Sleep & transition  
	 26,156,250 
	2.06%

	Web surfing
	PDSCH
	 27,000,000 
	2.12%

	
	HARQ A/N
	 22,500,000 
	1.77%

	
	PUCCH (CSI)
	 28,054,688 
	2.21%

	
	PUSCH
	 31,500,000 
	2.48%

	
	PDCCH
	 45,562,500 
	3.59%

	
	Light/Micro Sleep & transition
	 77,062,500 
	6.06%

	Instantaneous messaging
	RACH
	 222,000 
	0.02%

	
	PDSCH
	 1,800,000 
	0.14%

	
	HARQ A/N
	 1,500,000 
	0.12%

	
	PUCCH (CSI)
	 9,217,969 
	0.73%

	
	PUSCH
	 4,200,000 
	0.33%

	
	PDCCH
	 54,618,750 
	4.30%

	
	Light/Micro Sleep & transition
	 55,368,750 
	4.36%

	
	Total
	1,257,383,704
	100.0%


Table 8 Overall UE power consumption, breakdown

Followings are observed from table 9.

Observation 1: Transition between sleep and non-sleep is the most significant source of power consumption. The number of transitions can be reduced if I-DRX cycle is increased.  
Observaiotn 2: PDCCH monitoring is the next significant source of power consumption. PDCCH monitoring can be minimized by applying more suitable DRX configurations  

Observation 3: PDSCH reception, HARQ A/N and PUSCH transmission are another significant source of power consumption. The power consumption can be reduced if GNB schedules bigger TB instead of scheduling smaller TBs multiple times.
Observation 4: In the instantaneous messaging like traffic, PDCCH monitoring consumes battery more than expected (i.e. the raito between PDCCH monitoring and sleep is higher than other cases). It could be reduced if GNB sends UE back to IDLE/INACTIVE quickly
3
Conclusion
Followings are observed.

Observation 1: Transition between sleep and non-sleep is the most significant source of power consumption. The number of transitions can be redueced if I-DRX cycle is increased.  

Observaiotn 2: PDCCH monitoring is the next significant source of power consumption. PDCCH monitoring can be minimized by applying more suitable DRX configurations  

Observation 3: PDSCH reception and HARQ A/N are another significant source of power consumption. The power consumption can be reduced if GNB schedules bigger TB instead of scheduling smaller TBs multiple times.

Observation 4: In the instantaneous messaging like traffic, PDCCH monitoring consumes battery more than expected. It could be reduced if GNB sends UE back to IDLE/INACTIVE quickly

RAN2 can take above observations into account in studying UE power saving.

4
Annex
4.1 Reference Configuration for FR1 (used for Table 1)
· Downlink: TDD 
· Subcarrier spacing (SCS): 30 kHz 
· Number of carrier:  1CC, 
· System Bandwidth: 100 MHz  
· PDCCH region of 2 symbol at beginning of a slot, 
· k0 = 0, 
· maximum number of CCEs = 56, 
· 36 PDCCH blind decoding, 
· PDSCH of max data rate
· Modulation:  256QAM 
· MIMO configuration: 4x4 MIMO, 
· Number of RBs for TRS = 52, 
· 4RX UE Capability =1
· Uplink: TDD
· Subcarrier spacing (SCS): 30 kHz SCS, 
· Number of carrier: 1CC, 
· System Bandwidth: 100MHz, 
· Tx antenna configuration: 1TX, 
· Power levels: 0dBm and 23dBm
· Power values are averaged over the operations within a slot.
· Different and/or additional parameter assumptions used for evaluation should be clearly stated.
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