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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
In RAN#80 meeting, a study item was approved to study NR UE power saving framework, taking into consideration latency and performance as well as the network impact[1]. The objective of the UE power saving study includes the following aspects:
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  
[bookmark: OLE_LINK13]This contribution includes the analysis on UE power consumption based on time/frequency/antenna domains adaptation, where impacts on C-DRX configurations and UE processing timeline are considered as time domain adaptations.
[bookmark: _Ref129681832] Discussion
Adaptation in time domain
[bookmark: OLE_LINK15]In this section, we discuss power consumption reduction based on time domain adaptation, in which C-DRX and UE processing timeline is analyzed for power saving. The configuration of C-DRX parameters, analyzed in Section 2.1.1, impacts the UE power consumption. Based on the analysis, it is proposed to support adaptation of C-DRX configuration based on feedback from the UE. UE power consumption can be impacted by UE processing timeline requirement and this is discussed in Section 2.1.2. 
C-DRX configurations
An RRC-Connected UE can be configured with C-DRX mechanism to save power. When C-DRX is configured, during active time, which includes at least “On Duration”, a UE monitors PDCCH, and during the period other than active time the UE does not monitor PDCCH. The gNB configures C-DRX parameters to UEs, e.g. DRX cycle, onDuration timer value, inactivity timer value, HARQ RTT timer value, and retransmission timer value.  
Improper setting of C-DRX parameters would impact UE power consumption. For example, if the inactivity timer length is configured longer than the required length corresponding to the application type of the UE, it may introduce unnecessary PDCCH monitoring which consumes UE power. Therefore, it is desirable to have suitable C-DRX configurations for UEs. C-DRX parameters are fixed or semi-statically configured by gNB. A gNB can configure UE-specific C-DRX parameters based on the QoS information. However, in deployments, in a cell there could be a large number of UEs with different application types and different traffic characteristics. It may be difficult or complex for gNB to acquire service characteristics and decide which set of C-DRX parameters is optimized for each connected mode UE. Therefore in reality the parameters for C-DRX configured by gNB may not be optimized per UE basis.  
A simpler way is to enable the UE to maintain its optimized C-DRX parameters and report the parameters to the gNB. In this way the C-DRX parameters for each UE can be optimized with low complexity on gNB. As a feasible and efficient solution, the UE can recommend the preferred C-DRX parameters (e.g. DRX cycle, onDuration timer value, inactivity timer value, etc.) to the gNB and gNB decides how to configure C-DRX parameters based on the UE feedback. 
Observation 1: The C-DRX parameters can be optimized for better power efficiency on UE, however this would increase complexity on gNB to acquire service characteristics and decide which set of parameters is the optimized for each UE.
[bookmark: OLE_LINK1]Proposal 1: Consider to support adaptation of C-DRX parameters configuration based on feedback from the UE.  
Scheduling/processing timeline
For UE modem processing, power consumption is related to the corresponding processing timeline requirement, which can be modelled with the following formula:
P = v2 * f * c, 
where P is the power consumption of UE modem (or some modules of modem), v is the voltage and f is the clock frequency. The clock frequency is inversely proportional to the processing time. And c is the capacitance, which is a fixed value depending on the SoC design. Clearly voltage significantly impacts power consumption with its exponential (v2) contribution. Voltage reduction is usually accompanied with clock frequency reduction, and that is why the technique to adjust clock frequency is referred as DVFS (Dynamic Voltage Frequency Scaling). 
A UE with a relaxed timeline would be able to work with lower clock frequency and lower voltage which has exponential contribution on the UE power. A relaxed timeline corresponds to a lower power consumption. For a tight timeline, not only a high clock frequency of UE modem/modules is required, but also a high operating voltage is needed. This increases the UE power consumption significantly. 
In order to enable a relaxed timeline for power saving, UE has to make sure that the time domain allocation scheduled by gNB to meet this relaxed timeline requirement. If not, UE can’t lower its processing speed and applied voltage. 
According to Rel-15 specifications, one way to achieve this timeline relaxation is to configure the values of time domain allocation parameters to be large enough. Take K0 as an example, gNB may configure all the values of K0 as K0>0 or even larger, so that cross-slot scheduling of PDSCH would at least allow some modules of the UE modem to be set to a lower clock frequency, and as a consequence UE power saving is achieved. The slower processing associated with the timeline relaxation impacts latency and throughput which should be taken into consideration when assessing gains in terms of UE power saving.
To better enable DVFS for UE power saving, we suggest to further study the processing timeline in Rel-16 to find mechanisms (e.g. data scheduling, CSI feedback, etc.) to maximize the UE power saving gain while minimizing the  impact on network performance.    
Adaptation in frequency domain
Power consumption analysis when CA and BWP is configured
[bookmark: OLE_LINK12][bookmark: OLE_LINK16]It is well known that power consumption is high when carrier aggregation is enabled on a UE. For intra-band CA, the modem power consumption increases by about 50%-90% due to an additional activated CC. For inter-band CA, the power consumption increase is even higher. In Rel-15 NR, the network does not know the power consumption state of the UE when CA is configured for a given UE. Once the carriers are configured and activated by the network, the UE needs to keep all necessary related modules running to process all activated carriers. Activating/de-activating carriers by using MAC CE is a reliable method, although the reliability comes at the cost of latency, and helps to reduce the UE power consumption as parts of the receivers may be switched on/off. In NR there is also the option of using a larger BW and gNB allocates frequency resources via dynamic scheduling, which is more flexible than CA and more efficient from a network resource perspective. The concept of BWP was introduced so that the UE can access part of BW to save power while the system retains the benefit of using the large BW [2][3]. The large BW may imply a higher UE power consumption from both the RF and baseband perspective. From a UE perspective, as for CA, the UE may switch off the RF chains and other parts of the modem that are not utilized. These operations of activation/deactivation of carriers and/or dynamically scheduling of frequency resources are done by the gNB in some sense independently of the UE power status, UE characteristics or UE implementation. The gNB is not aware of such characteristics of the UE. 
[bookmark: OLE_LINK25]In order to reduce UE power consumption, it is of interest to study the scenario in which gNB knows some UE characteristics so that it can adapt the choices of carriers to activate/deactivate for CA or scheduling for dynamic allocation of frequency resources. For example, by knowing the power status of the UE, gNB can make a more informed decision while helping the UE to save power: to use fewer carriers if the UE is in power critical conditions. The information at the network side can be simply knowing if the UE is in power critical situation, and the gNB adjusts some CA or BWP related configurations based on this information and regardless of the service. Other types of UE feedback can be also investigated. 
Power consumption reduction by introducing “Dormant SCell state” 
[bookmark: OLE_LINK22]CA is configured to provide higher throughput. However, for a UE the data arrives usually in burst and the traffic of SCells is sparser comparing with PCell traffic. SCell is mainly used for large data transmission and SCell may be not scheduled most of the time, then PDCCH-only monitoring occupies a large portion of UE power consumption in active SCell, which leads to power inefficiency. Thus it is beneficial to consider the feasibility of reducing PDCCH-only monitoring on activated SCells.  From the perspective of power saving, it is expected for a UE to monitor PDCCH and receive DL data on SCell only when the data arrives, and skip or have less frequent PDCCH monitoring when there is no traffic. In order to at least partially achieve this goal, methods for further consideration include directing more traffic to PCell, adjusting C-DRX parameters, adjusting the monitoring priority, and as described next, introducing a dormant state. 
[bookmark: OLE_LINK27]In LTE, the time duration for UE to activate/deactivate SCell is long, e.g. probably one or several tens of millisecond. In R15 LTE euCA, a new SCell state called “Dormant SCell state” is introduced, which allows to reduce latency for SCell activation compared to activation latency from SCell deactivated state to SCell activated state. When the SCell of UE is in dormant state, UE only measures and reports CSI with long period, and doesn’t need to monitor PDCCH in this SCell. The gNB can translate the SCell from dormant state to active state by MAC CE for PDSCH transmission. In NR, it also takes a long time for UE to perform RF activation, frequency and time synchronization acquirement, AGC running and so on, in order to activate the deactivated SCell. The gNB may keep SCells of UE stay in activate state with long time even no data arrives because of large latency of SCell activation and burstiness of SCell traffic. If the LTE “Dormant SCell state” is introduced to NR, the SCell of UE can be in dormant state instead of active state at most of time until data arrives, then UE can reduce power consumption by skipping PDCCH monitoring on SCell, so the power saving mechanism based on “Dormant SCell state” can be considered. Meanwhile in NR more wide bandwidth of carrier can be supported, with high speed data transmission, data of UE will come and serve in very short duration. So considering sparseness and burstiness of SCell traffic characteristic, the fast transition of SCell from dormant state into active state to adaptive fast traffic change can be considered. 
[bookmark: OLE_LINK6][bookmark: OLE_LINK5]Proposal 2: Consider to reduce UE power consumption on SCell, by introducing “Dormant SCell state” in NR.
Adaptation in antenna domain
High order MIMO antenna configurations can offer capacity or diversity gain at the cost of high power consumption. According to a rough estimation with the UE screen off, for TDD and 2 MIMO rank unchanged, the overall power consumption increases more than 20% due to the number of Rx chains increase from 2 to 4. For FDD, the increase can be higher since the power increase due to RFIC is higher than that for TDD. In another case, assuming 20MHz bandwidth and full bandwidth scheduling, the overall power consumption increases about 20% due to MIMO rank increase from 1 to 2 when UE uses 2 Rx chains. It is clear that UE power consumption increases when Rx chains or MIMO rank increase.
[bookmark: OLE_LINK24]Even considering the requirement on the number of RF chains for UEs has been defined in the specifications, it may introduce power saving gain if the number of RF chains used by UE can be adapted based on the indication from gNB. In Rel-15, UE would know the scheduled rank of PDSCH after DCI is decoded and processed. Adapting the number of used antennas will depend on whether the K0 delay is large enough. As part of the rel-16 study we can study whether the gNB can indicate the UE to use a smaller number of antennas for receiving PDCCH and PDSCH and have the UE switch off part of the RF chains. This avoids UE always work with high power consumption due to usage of large number of antennas.
[bookmark: _GoBack]When gNB indicates the MIMO configuration to a UE, it is not aware of the UE power status or UE characteristics (e.g. the UE’s temperature). In order to reduce UE power consumption, it is helpful to study the scenario in which gNB knows some UE characteristics so that it can adapt the number of used antenna or MIMO configurations. 
UE assistance information to gNB
In the above sections, it is analysed that the power consumption can be reduced when UE can do some sort of adaptation in time/frequency/antenna domain. It is also discussed that some information may not be known by gNB or may not be maintained by gNB with an acceptable complexity, however such information can be used to configure proper parameters for CA, BWP and MIMO to reduce UE power. The information may include UE power status, UE characteristics or UE implementation. If gNB acquires the related information from the UE, it would be helpful for gNB to adjust the configuration per UE basis. For example, as discussed in section 2.2, “UE power status” can be useful for gNB to properly configure the number of activated carriers and prioritize the UE desire of low power consumption. “UE power status” could also be useful in configuring BWP, MIMO operation, and possibly time domain adaptation for C-DRX parameters and UE processing timeline. It may also introduce power saving benefit on UE if the UE can report assistance information on recommending CA/BWP configurations and MIMO configurations, to facilitate network decision to reduce power consumption. 
Further study is needed to analyse the use cases and benefits on power saving when assistance information is reported by UE to gNB. Also, the specific information that would be most useful to gNB to allow UE power saving reduction needs to be studied.
Proposal 3: Further study use cases and benefits for reporting UE assistance information for power saving, and which specific information is most useful at the network side for reducing UE power consumption.
Conclusions
[bookmark: OLE_LINK19]In this contribution, UE power consumption reduction based on time/frequency/antenna domains adaptation is discussed. Views on the potential considerations for UE power saving mechanisms are given in the contribution and summarized in Table 1. For time domain adaptation, optimized C-DRX configuration and UE relaxed processing timeline can be helpful to save the UE power. For frequency domain adaptation, CA/BWP configuration is discussed to reduce UE power consumption and it is proposed to introduce the “Dormant SCell state” in LTE into NR. For antenna domain adaptation, it is observed that the number of Rx chains and MIMO rank may significantly impact UE power consumption and some consideration on adapting the number of UE antennas is discussed. Finally, we have an overall consideration on reporting UE assistance information to gNB for power saving.
[bookmark: _Ref525840760]Table 1 Summary of potential considerations for UE power saving mechanism by utilizing adaptation in time/frequency/antenna domain
	Potential considerations for UE  power saving
	View summary

	Adaptation in time domain
	Adaptation of C-DRX parameters based on feedback from the UE
	· Adaptation of C-DRX parameter by network is feasible now in current specification;
· Consider to further reduce complexity on gNB to acquire service characteristics and decide which set of C-DRX parameters based on UE feedback

	
	Adaptation on Scheduling/processing timeline

	· To better enable DVFS for UE power saving, further study the processing timeline in Rel-16 to find timeline relaxing mechanisms to maximize the UE power saving gain while acceptable impact on network performance.

	Adaptation in frequency domain

	UE assistance on CA/BWP configuration
	· In order to improve UE power consumption, it is of interest to study the scenario in which gNB knows some UE characteristics so that it can adapt the choices of carriers/BWPs.

	
	Introducing “Dormant SCell state” 

	· Consider to reduce UE power consumption on SCell, by introducing  “Dormant SCell state” in NR

	Adaptation in antenna domain
	· Further study the benefit of power saving gain if the number of RF chains used by UE can be adapted based on the indication from gNB
· Study the scenario in which gNB knows some UE characteristics so that it can adapt the number of used antenna or MIMO configurations.



Observation 1: The C-DRX parameters can be optimized for better power efficiency on UE, however this would increase complexity on gNB to acquire service characteristics and decide which set of parameters is the optimized for each connected mode UE.
Proposal 1: Consider to support adaptation of C-DRX parameters configuration based on feedback from the UE.  
Proposal 2: Consider to reduce UE power consumption on SCell, by introducing “Dormant SCell state” in NR.
Proposal 3: Further study use cases and benefits for reporting UE assistance information for power saving, and which specific information is most useful at the network side for reducing UE power consumption.
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