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1 Introduction
A new SI for UE power saving was agreed in RAN#80 meeting [1], the objectives including

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

In this work, we discuss the mechanism for adaptation triggering for UE power saving in different traffic characteristics. We also provide the feasibility study based on field trial logs of video streaming to show the potential benefits of proposed adaptation triggering.
2 UE adaptation triggering
In the analysis of our companion paper [2], it demonstrates that the UE power consumption is highly relevant to parameters in frequency, time and space domains. For a given traffic, if the parameters can be configured appropriately, UE power saving can be achieved without sacrificing much system throughput or UE data latency. 
As displayed in Figure 1, we can generally have 3 power profiles, including small data profile, large data profile and sporadic power profile corresponding to distinct traffic characteristics. By taking multiple factors, e.g., throughput loss and UE power saving, into account, each profile has its most suitable parameters striving for a balance among these factors. For example, when the data comes in a sporadic way, i.e., UE has sporadic power profile, the energy is wasteful if the UE monitors PDCCH in every slots of active state in C-DRX. In this case, it is beneficial to configure longer PDCCH monitoring periodicity for the UE to reduce the energy consumption in PDCCH-only state. More details of the characteristics of power profiles can refer to [2]. 
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Figure 1. Adaptation among different power profiles
2.1 L1 based adaptation
The traffic characteristics for an application is complicated. In [3], it proposes that the mixture of more than one Poisson process for modelling the traffic should be considered at least for some applications, e.g., video streaming and instant message. In [3], two Poisson processes are used for video streaming. One is large file size with small data arrival rate, the other is small file size with large data arrival rate. We expect that UE will have continuous data reception (bursty data) when large packet arrives. While the data reception time is short when small packet arrives. From the UE’s view, the scheduled data comes in a bursty way. In most of the time, PDCCH is monitored without data scheduling. During the period of no data scheduling, to save power, it is better to have UE in sporadic power profile. But when packet arrives, the UE should switch to proper power profile rapidly. If the profile adaptation is slow, it will hurt the scheduling flexibility and data transmission efficiency. Moreover, fast profile adaptation also helps to save UE power, it guarantees UE can stay in the most suitable power profile in most of the time. 
Proposal 1: L1 based adaptation should be considered for both power saving benefit and scheduling flexibility.
The L1 based indication can be used to reduce the PDCCH-only monitoring in on-duration as well. In [4], the ratio of non-scheduled C-DRX cycles for different applications in field trial logs was provided. The non-scheduled DRX cycles occupy 70% ~90% of total cycles. The vain attempts on detecting PDCCH in the non-scheduled cycles result in unnecessary energy consumption. It will be helpful for power saving if UE monitors all slots during on-duration only when there is traffic for it. Otherwise, UE monitors one slot for L1 signalling and skips the PDCCH monitoring in the remaining slots in on-duration. Figure 2 illustrates the example by using the L1 signalling to reduce PDCCH-only monitoring during on-duration. UE detects (or decodes) the signalling to decide whether to go to sleep or stay awake in the remaining slots in on-duration of this DRX cycle. When UE decides to go to sleep, the on-duration length is roughly equivalent to from L time units to one time unit, where L is the length of on-duration.
Additionally, in NR, UE has to do a lot of background activities during on-duration to maintain the connection and also for network to optimize the resource utilization. The background activities during on-duration including beam management, CSI-RS acquisition, CSI reporting and SRS transmission. Because it is not easy to align the timing of all background activities with on-duration, i.e., make all background activities happen within on-duration, it is possible the length of on-duration in NR will be extended for UE to perform these activities. Thus, the higher energy consumption on PDCCH-only can be expected. Compared with LTE, in NR, it is more important to reduce dummy PDCCH monitoring in on-duration when there are/is no data scheduling and/or background activities during this period. More details of background activities for a UE in NR can refer to [3].  

Proposal 2: L1 based indication to reduce the dummy PDCCH monitoring in DRX on-duration should be considered.
[image: image2.png]DL assignment

L1 indication

Only monitors L1 indication
without monitoring the remaining

slots in on duration
—

On-duration

Inactivity

timer

Monitors all slots on duration

Inactivity timer

—

DRX-cycle




Figure 2. Illustration of L1 signalling for reducing PDCCH monitoring in on-duration
Timer-based adaptation
Figure 3 shows the probability distribution of time interval between two scheduling data for app iQiyi (video streaming) in field trial logs. The distribution of Figure 3 is plotted for time interval smaller than 60 ms. It can be treated as the probability distribution of time interval when data is scheduled in a bursty way. From Figure 3, we observe that there is more than 50% of time interval is large than zero ms. That is, even in a data burst, the data characteristic is sometimes sporadic, i.e., the time interval of two scheduling data is not always zero ms. We also note that the inactivity timer is usually set as long in realistic field, e.g., 60 ms. Long inactivity timer forces UE to stay in DRX active state for a long duration. But, based on the probability shown in Figure 3, there is a high probability that UE does not need to monitor PDCCH in every slot in inactivity timer. To save UE power, the issue of dummy PDCCH monitoring in inactivity timer should be resolved.
Proposal 3: Cooperating DRX mechanism should be considered, particularly on reducing the dummy PDCCH monitoring in inactivity timer.
In NR Rel-15, timer-based active DL BWP switching is supported. The UE starts the timer when it switches its active DL BWP to a new DL BWP other than default BWP. And the timer is restarted when the UE successfully decodes a DCI to schedule PDSCH in its active DL BWP. When the timer expires, the UE switches to the default DL BWP automatically. The similar concept of timer-based operation can be utilized in power profile adaptation. A UE in non-sporadic power profile switches to sporadic power profile when it does not detect PDCCH for more than X ms. The value of X is equivalent to the initial value of timer. As described in [2], sporadic power profile can be treated as a power saving state and the PDCCH monitoring periodicity can be set as longer. Based on this, the PDCCH-only number in activity timer can be effectively reduced.

Proposal 4: Timer based adaptation should be considered for power saving during inactivity timer.
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Figure 3. Probability for time interval smaller than inactivity timer, i.e., 60 ms
UE power consumption issue in SCell
Figure 4 displays the data scheduling ratio in PCell and SCell for app iQiyi in field trial logs. The ratios for “PCell only”, “SCell only” and “PCell + SCell” are 74.8%, 23.7% and 1.5%, respectively. We also note that the SCell scheduling usually accompanies PCell scheduling. When there is large amount of data for the UE, SCell is co-scheduled with PCell to have efficient data transmission. Because the SCell is seldom scheduled, the ratio of PDCCH-only in SCell is very high. To further enhance the power saving gain, the unnecessary PDCCH monitoring in SCell should be reduced as much as possible.

Proposal 5: Eliminating dummy PDCCH monitoring for SCell should be considered.
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Figure 4. Ratio of data scheduling in PCell and SCell
3 Feasibility study and system impact consideration
In [2], the power saving benefits because of adaptation of bandwidth, maximum layer number and k0 are analysed based on app WeChat. In this work, we further study the potential power saving benefits for app iQiyi (video streaming) by applying the L1 based and timer based adaptation mechanism proposed in Section 2.

Estimate of dummy PDCCH reduction gain for video streaming
Video streaming applications, e.g., Netflix and iQiyi, are more and more popular in realistic networks. In this feasibility study, we gather field trial logs for iQiyi to examine the benefits of decreasing the ratio of PDCCH-only during on-duration and inactivity timer. The analysis is mainly focused on the dummy PDCCH reduction in PCell.
With DRX configuration of 20 ms/160 ms for short/long DRX, 8 ms on-duration, and 60 ms inactivity timer, we assume:

· On-duration is equivalently shrunken from 8 ms to 1 ms if there is no data scheduled in this DRX cycle. (Proposal 2)
· When UE stays in active state of C-DRX for more than 20 ms, UE will switch to sporadic power profile if it does not detect DCI within the first 20 ms. The PDCCH monitoring periodicities in non-sporadic power profile and sporadic power profile are 1 ms and 10 ms, respectively. (Proposal 4)
We observe that the PDCCH monitoring reduction ratio is around 30% by applying the above mechanisms.
Observation 1: Around 30% PDCCH monitoring reduction can be realized by applying L1 based and timer based adaptation.

Trade-off between power saving gain and system performance loss

For companies, each proposal to increase UE power saving gain should be evaluated carefully by taking the throughput loss and UE data latency into consideration. Take DRX configurations as example, although very short on-duration or inactivity timer helps to decrease PDCCH monitoring number significantly. But the side effect is undesired long data latency. To have a win-win situation for both network and UE, it is important to strike a balance between power saving and system throughput/data latency.

Observation 2: Each proposal for power saving should be evaluated carefully to make sure that the system performance loss is limited and acceptable.
4 Conclusions

In this paper, we discuss the L1 based and timer based adaptation triggering for UE power saving. And one feasibility study based on app iQiyi (video streaming) is provided to estimate the potential ratio of dummy PDCCH monitoring reduction. Based on the analysis and discussion, we have the following observations.
Observation 1: Around 30% PDCCH monitoring reduction can be realized by applying L1 based and timer based adaptation.

Observation 2: Each proposal for power saving should be evaluated carefully to make sure that the system performance loss is limited and acceptable.
The proposals including
Proposal 1: L1 based adaptation should be considered for both power saving benefit and scheduling flexibility.

Proposal 2: L1 based indication to reduce the dummy PDCCH monitoring in DRX on-duration should be considered.

Proposal 3: Cooperating DRX mechanism should be considered, particularly on reducing the dummy PDCCH monitoring in inactivity timer.
Proposal 4: Timer based adaptation should be considered for power saving during inactivity timer.

Proposal 5: Eliminating dummy PDCCH monitoring for SCell should be considered.
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