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1. Introductions
In 3GPP TSG RAN #80 meeting, a New SID: Study on UE Power Saving in NR was approved [1]. 

The objective of this SI is as follows. 
	The objective is to study UE power saving framework taking into consideration of latency and performance in NR as well as network impact.  The objective of the UE power saving study includes the following,
1) Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]

a) Study UE adaptation to the traffic and UE power consumption characteristics in frequency, time, antenna domains, DRX configuration, and UE processing timeline for UE power saving
(Note: existing UE capabilities are assumed for UE processing timeline)

i) Network and/or UE assistance information

ii) Include mechanism in reducing PDCCH monitoring, taking into account current DRX scheme

b) Study the power saving signal/channel/procedure for triggering adaptation of UE  power consumption characteristics

2) Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]

3)  Study the enhancement of higher layer procedures for UE power saving   [RAN2]

a) Study the enhancement of  UE paging procedure based on the additional power saving signal/channel/procedure

b) Study the enhancement of  UE power saving procedure in supporting efficient transition from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode


According to Figure 1 in GTI sub-6GHz 5G device white paper [2], the power consumption caused by communication module (modem, Rx RF, Tx RF) is increasing. Therefore, the battery life of user equipment is highly related to the power efficiency in communication module. In this paper, the issues affecting NR UE power consumption and the related solutions are discussed. Besides, an evaluation methodology is proposed.
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Figure 1. LTE UE power consumption

2. Issues affecting NR UE power consumption and related solutions

The aspects that may have influence on NR power consumption in both RRC connected mode and idle/inactive mode are analyzed as follows. 
1) For RRC connected mode
· Bandwidth adaptation
The system bandwidth for LTE is up to 20MHz. The system bandwidth for NR is up to 100MHz for FR1 and up to 400MHz for FR2. BWP operation can enable UE to use a narrower BWP than the system BW. NR Rel-15 supports RRC reconfiguration based or PDCCH based dynamic BWP switching, where the dynamic BWP switching is an UE optional feature [3]. Cross bandwidth part scheduling is adopted for PDCCH based dynamic BWP switching and the transition time can be 2ms long. It could be further enhanced in Rel-16 to reduce the BWP transition time. 

· Frequent control/data monitoring
NR supports more frequent control/data monitoring than LTE. For example, if 30KHz SCS is used for NR, the UE complexity and power consumption for slot level monitoring will be doubled compared to LTE UEs. The issue can be more severe if the mini-slot level monitoring is configured to the UE. Currently the PDCCH monitoring periodicity is configured by RRC, which is not optimal for bursty traffic arrival. Reduced PDCCH monitoring and enhanced DRX can be studied in Rel-16. Enhancement to cross-slot scheduling can also be considered.

For some popular services like WeChat, web browsing, online gaming and so on, there are large amount of PDCCH only cases where UE monitors PDCCH but no grant is received. A field test of online gaming for UE in TD-LTE network was carried out. Based on the test, up to 80% of DL subframes that UE monitors are PDCCH only DL subframes, i.e., only 20% of the monitored DL subframes have a DL/UL grant. The configuration of the tested commercial TD-LTE network is as follows: DL/UL subframe configuration is “DSUDD”, DwPTS:GP:UpPTS=10:2:2 symbols, DRX is configured with 160ms cycle, 8ms onduration timer and 60ms DRX inactivitytimer. The probability of interval (ms) between two contiguous UL grants, probability of interval between two contiguous DL grants, and probability of interval between two contiguous UL/DL grants are shown in Figure 2-a, 2-b and 2-c, respectively. The average of interval between two contiguous UL grants, the average of interval between two contiguous DL grants, and the average of interval between two contiguous UL/DL grants, are 10.14ms, 14.54ms and 5.97ms, respectively. 
It is also observed by other contributions [4][5][6] that PDCCH-only monitoring without data consumes significant amount of UE power, e.g., >40% [4], which should be reduced. In case of PDCCH only monitoring, baseband power consumption is higher than the RF part, according to our previous contribution [7].
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Figure 2-a. Probability of interval (ms) between two contiguous UL grants (average interval is 10.14ms)
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Figure 2-b. Probability of interval (ms) between two contiguous DL grants (average interval is 14.54ms)
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Figure 2-c. Probability of interval (ms) between two contiguous DL/UL grants (average interval is 5.97ms)
To reduce the PDCCH-only monitoring, following candidate solutions can be studied including more flexible PDCCH monitoring adaptation, e.g. PDCCH monitoring behavior (e.g. periodicity) adapted by L1, more flexible DRX configuration, e.g. DRX configuration adaptation based on UE assistant information, indication signal (“wakeup signal” and/or “go-to-sleep signal”) to start/stop PDCCH monitoring in DRX ON duration, etc.

· DC/CA operation

From UE perspective, it is obvious that any DC/CA operation is much more power consuming than non-DC/non-CA operation. In [4], it is observed that in CA, SCC (secondary carrier component) traffic pattern is sparser than PCC (primary carrier component) since its DL is mainly for large data only. Due to the long activation/deactivation latency, the Scell, if configured, is not likely to be deactivated, which increase the power consumption. To improve the power efficiency for DC/CA operation, optimized solutions can be considered, for example, faster Scell activation/deactivation, and DRX enhancements in multi-carrier, etc.

· Tx/Rx antenna adaptation
In Rel-15, for NR Bands n7, n38, n41, n77, n78, and n79 the UE shall be equipped with 4Rx ports as a baseline. 4Rx reception will consume more power than 2Rx. In some specific scenario when there is no or marginal performance loss by 2Rx, it is better for UE to fallback to 2Rx for power saving without sacrificing the performance. As one example, 2Rx is sufficient for UEs with small packet and good SINR. Similar study can be performed in the UL as well. Adaptation in UE Tx/Rx antenna number can be considered to improve the power efficiency. The Tx/Rx antenna adaptation scheme should guarantee the same understanding between gNB and UE.
· Processing timeline adaptation 
NR UEs supports significantly faster DL/UL processing time than LTE UEs, which improves the NR system performance in terms of user experienced throughput and latency. However, higher power consumption is required by faster processing time. In case a UE supports aggressive processing timeline, it would be optimal that gNB configures the processing timeline based on traffic demand, rather than configuring the timeline simply based on the UE capability. Cross-slot scheduling supported in Rel-15 is beneficial for UE power saving and can be utilized by the gNB if the traffic is latency tolerable. 
· UE assistant information
In RRC connected mode, UE assistant information can be helpful for gNB to properly configure the UE for power saving purpose. As one example, the PDCCH monitoring periodicity or DRX configuration can be configured by the gNB based on UE recommendation. UE assistant information can also be considered for UE adaptation of bandwidth part, Tx/Rx antennas and processing timeline. 
2) For RRC IDLE/INACTIVE mode
· Paging monitoring
In Rel-15 paging mechanism, a group of UEs associated to one PO monitor PDCCH, and if one of the UEs in a group is paged, all UEs in the group will further decode PDSCH. If there is no UE ID decoded, the UE is false alarmed, thus the paging PDCCH/PDSCH are decoded in vain. Paging indication can be considered as an effective way to reduce the unnecessary paging message decoding. 
Figure 3 shows the UE power consumption for an IDLE mode paging DRX cycle, which is measured in the LTE commercial UE. It can be seen that in a paging DRX cycle, there could be high power consumption activity for up to 28ms which includes DL synchronization, paging monitoring (PDCCH+PDSCH), RRM and transition for power ramping up/down. By using paging indication, the unnecessary PDSCH decoding for paging message can be avoided, and if measurement can also be skipped by RRM relaxation, the UE activities can be largely reduced thus reduce the power consumption. 
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Figure 3. UE power consumption for an IDLE mode paging DRX cycle
3) Reduced RRM measurement (for both RRC IDLE and CONNECTED modes)
Current RRM framework is designed for macro deployment with high mobility, which is not power efficient for stationary or low mobility UEs, e.g. indoor, hotspot. The issue may include frequent L3 measurements and L1 RRM samples, for example, UE PHY layer is required to provide one measurement result (by multiple L1 samples) to layer 3 per 200ms. Furthermore, if neighbor cell measurement is enabled, all neighbor cells has to be measured, which increase the power consumption. 
Therefore, RRM enhancements targeting UE power saving for stationary scenarios without sacrificing measurement performance can be studied, including the following aspects
· Reduce RRM measurements in idle /RRC connected modes
· Longer L3 serving/neighbor cell measure periodicity
· Less required L1 measurement sample
· Improve the accuracy of one shot L1 RRM measurements
· In one measurement occasion, additional RS for RRM measurements
· Reduce the number of intra-frequency neighboring cells and the number of neighboring cells per inter-frequency carrier to be measured
Proposal 1: Study the following aspects in Rel-16 targeting UE power saving

· For RRC CONNECTED mode

· Bandwidth adaptation in single CC and CA/DC

· Frequent control/data monitoring
· Tx/Rx antenna adaptation
· Processing timeline adaptation

· UE assistant information

· For RRC IDLE/INACTIVE modes

· Paging monitoring
· For both RRC CONNECED and RRC IDLE/INACTIVE modes
· Reduced RRM measurements

3. Evaluation methodology for NR UE power saving
The quantitative analysis is needed to justify the power saving schemes and to compare different proposals. The baseline should be the Rel-15 mechanisms. In this section, we discuss the evaluation methodologies for Rel-16 UE power saving study. 

3.1 Evaluation Metric
The following metrics can be considered for evaluation of UE adaptation in RRC connected state, other metrics are not precluded. 
· Power saving gain
· Impact on system performance, e.g. traffic latency, system overhead, etc
· Link level performance of signal/channel used for indicating UE adaptation, if the signal/channel is not based on legacy signal/channels. 
3.2 Evaluation methodology for quantifying power saving gain
Power consumption modelling
The power consumption for typical UE operating modes such as light sleep, PDCCH only monitoring, PDCCH +PDSCH (i.e. DL only traffic), PDCCH +PUSCH (i.e. UL only traffic), etc, should be modeled. The power consumption for each UE operation mode is a relative value reference to the light sleep case (which can be considered as 1 power unit). Considering the measurability, it is proposed to use 1ms as the time unit for power modeling. An exemplary power modeling is provided in Table 2, it is proposed to use Table 2 as a starting point for UE power modeling. UE and chipset vendors can provide their inputs to the power modeling table to formulate a common power modeling. 
Table 2. The power models for different UE operating modes
	UE Operating mode
	Power consumption [units/ms]
	Notes

	Light sleep
	1
	DRX, No transmit/receive, sync is maintained

	PDCCH only monitoring  w/o data
	[40]
	1CC, 100MHz, 4Rx.

FFS: power units for smaller BW and 2RX and reduced monitoring

	PDCCH + PDSCH
	[350]
	1CC (100MHz, 4x4MIMO, 2Gbps);

FFS: power units for other data rates, smaller BW and 2Rx

	PDCCH + PUSCH
	[150]
	1CC (100MHz, SISO, 0.5Gbps);

FFS: power units for other data rates, Tx power level, smaller BW

	Power saving signal monitoring
	X
	Non-PDCCH based power saving signal (if any)

	Transitions to or from light sleep
	[20]
	UE ramp up or ramp down


In addition to UE power modeling in RRC_CONNECTED mode, the power modeling for RRC_IDLE/INACTIVE modes can also be developed, which includes the power units for IDLE mode paging monitoring, RRM measurements, etc. 

Proposal 2: Use Table 2 as a starting point for UE power modeling.
Evaluation of UE power consumption based on the power model
Typical eMBB traffic types, such as video, web browsing and social app, etc can be used for evaluation, which includes the traffic arrival rate and packet size. 

Based on the given traffic model, for a targeting user throughput, the UE power consumption can be calculated by the following equation, where the  time duration for UE operating mode is obtained from system level evaluation. In order to fairly compare different power saving schemes, the targeting user throughput and traffic model should be the same. 
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To obtain the time duration for each UE operating mode, it is expected that the result has a high dependency on gNB scheduler implementation. To get rid of the impact from scheduler and reduce the simulation efforts, it can be considered to use single cell and single UE evaluation, in which the UE power consumption is directly related to the traffic characteristics and the UE behaviors associated with each power saving schemes. 
Proposal 3: Use typical eMBB traffic models for evaluation.

Proposal 4: Use simplified system evaluation (e.g. single cell and single UE system level evaluation) to quantify the power saving gain of each proposal
4. Conclusions
In this paper, NR UE power consumption issues and the related solutions are discussed and an evaluation methodology is proposed.
Proposal 1: Study the following aspects in Rel-16 targeting UE power saving

· For RRC CONNECTED mode

· Bandwidth adaptation in single CC and CA/DC

· Frequent control/data monitoring

· Tx/Rx antenna adaptation
· Processing timeline adaptation

· UE assistant information

· For RRC IDLE/INACTIVE modes

· Paging monitoring

· For both RRC CONNECED and RRC IDLE/INACTIVE modes
Reduced RRM measurements
Proposal 2: Use Table 2 as a starting point for UE power modeling.
Table 2. The power models for different UE operating modes
	UE Operating mode
	Power consumption [units/ms]
	Notes

	Light sleep
	1
	DRX, No transmit/receive, sync is maintained

	PDCCH only monitoring  w/o data
	[40]
	1CC, 100MHz, 4Rx.

FFS power units for smaller BW and 2RX and reduced monitoring

	PDCCH + PDSCH
	[350]
	1CC (100MHz, 4x4MIMO, 2Gbps);

FFS: power units for other data rates, smaller BW and 2Rx

	PDCCH + PUSCH
	[150]
	1CC (100MHz, SISO, 0.5Gbps);

FFS: power units for other data rates, Tx power level, smaller BW

	Power saving signal monitoring
	X
	Non-PDCCH based power saving signal (if any)

	Transitions to or from light sleep
	[20]
	UE ramp up or ramp down


Proposal 3: Use typical eMBB traffic models for evaluation.

Proposal 4: Use simplified system evaluation (e.g. single cell and single UE system level evaluation) to quantify the power saving gain of each proposal
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