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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN #83 meeting, the WID: “Study on UE power saving in NR” was approved [1]. The scope of the work item until June, 2019 is as following, which would be further revised/expanded in RAN#84 meeting.
	The objective is to specify the UE power saving techniques with UE adaption in achieving UE power saving. The power saving technique should address latency and performance in NR as well as network impact. The objective of the UE power saving includes the following,
1) Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 
a) Specify the power saving techniques with power saving signal/channel 
i) Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED
ii) Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2
iii) Note: Any change of PDCCH channel coding and payload interleaver  is not in the scope
b) Specify the procedure of cross-slot scheduling power saving techniques  
i) Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure
2) Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
a) Note: Switching on/off the RF is part of the evaluation
Note: 
· These objectives are RAN1/RAN4 focus and do not consider RAN2 impact. 
·  The objectives are subject to further update in RAN#84.  The update will be based on recommendations from the completion of RAN2 study and remaining RAN1 recommendations based on the conclusion of RAN1 study.


In RAN1 #96bis meeting, it is agreed that the potential DCI contents include single vs. multi-cell operation and BWP/SCell operation [2]. After the RAN1 #96bis meeting, an email discussion is kicked off to discuss the potential additional L1 signalling mechanisms for SCell operation [6], and the following observation is achieved. 
· Potential additional L1 signalling mechanisms include 
· Using DCI on cell x to control PDCCH monitoring on Scell(s)
· Using DCI on cell x to control CSI measurements on Scell(s)
· Using DCI on cell x to switch between different configured BWPs on Scell(s)
· Using implicit association between triggering of active BWP switching on Pcell/scheduling cell and triggering of BWP switching on Scell(s).
During the SI phase, some power saving schemes for frequency domain enhancement have been proposed and summarized in [3]. 
[bookmark: OLE_LINK54]This contribution analyzes power saving schemes in BWP/CA operation. Scheduling PDCCH triggered PDCCH monitoring reduction in CA is analyzed in Section 2.1. Single vs. multi-cell operation is discussed in Section 2.2. Fast BWP switching with BWP bundling for CA is discussed in Section 2.3. Enhancement for CSI measurement for BWP/SCell is discussed in Section 2.4. 
[bookmark: _Ref129681832]Scheduling DCI based PDCCH monitoring reduction in CA
In the LS from RAN2 [4], the following agreement is achieved, which confirms the interest of reducing PDCCH monitoring on SCell.
· RAN2 sees some power consumption benefits if SCells monitoring is reduced.
[bookmark: OLE_LINK34]In Rel-15, if a UE is configured with CA, the UE shall monitor PDCCH for PCell and activated SCells. When there is no traffic, UE power consumption is mostly due to monitoring of PDCCH and some optimizations can be done for PDCCH-only monitoring for SCell. When there is traffic, the eNB can activate SCells to provide higher throughput. As traffic changes, it may happen that some SCells remain active over a period of time when there is no traffic, e.g. for bursty traffic. This leads to unnecessary power consumption. Therefore, it is practically beneficial to optimize PDCCH monitoring in CA case. Related to this, during the email discussion [6], it was proposed that DCI on cell x to control PDCCH monitoring on SCell(s).
Reducing the number of cells on which PDCCH is monitored can reduce “PDCCH-only” monitoring for activated SCells. For example, the UE can first monitor PDCCH only on PCell and doesn’t monitor PDCCH on SCells even if the SCells are activated. At this stage, the UE can keep a low power consumption level by only monitoring PDCCH on PCell. When a PDCCH is detected to schedule data, the traffic probably arrives in the next a period of time. During this period the UE can monitor PDCCH on both PCell and SCells for higher throughput. To terminate the monitoring on SCells, a timer can be used, i.e. the UE can stop to monitor PDCCH on SCell(s) if the timer expires. 


Figure 1. An example for the scheduling DCI based reduction of PDCCH monitoring on SCells
An example is shown in Figure 1, where the baseline (the upper half) is to always monitor PDCCH on the SCell as required in Rel-15. The optimized scheme (the lower half) is to monitor SCell triggered by scheduling DCI.
When C-DRX is configured, this scheme can work together with C-DRX. In this case, InactivityTimer can be re-used as the timer to control the termination of SCell monitoring. Then no new signaling or timer will be introduced. The impact to the specifications is to define some new procedures in CA and it is expected to be small.
[bookmark: OLE_LINK63]The evaluation results show that 3.91%~24.16% power saving gain can be obtained with up to 2.5% latency loss for (1 UE, 4 CC) case; 1.82%~12.23% power saving gain can be obtained with up to 2.89% latency loss for (1 UE, 2 CC) case; and 2.73%~16.11% power saving gain can be obtained with up to 2.62% latency loss for (10 UE, 4 CC) case. Detailed results can be found in [3].
The general procedure for the scheme of PDCCH monitoring reduction in CA is as following:
· gNB configures and activates at least one SCell to the UE; 
· UE monitors PDCCH for PCell and doesn’t monitor PDCCH for activated SCell(s) at first;
· UE starts to monitor PDCCH for both PCell and activated SCell(s) triggered by the received scheduling DCI on PCell, while at the same time a timer (e.g. InactivityTimer if C-DRX is configured) starts.
· UE stops monitoring PDCCH on SCell(s) if a timer (e.g. InactivityTimer if C-DRX is configured) expires.
Proposal 1: Support the scheduling DCI based scheme for PDCCH monitoring reduction in CA, with the following procedure:
· gNB configures and activates at least one SCell to the UE; 
· UE monitors PDCCH for PCell and doesn’t monitor PDCCH for activated SCell(s);
· UE starts to monitor PDCCH for both PCell and activated SCell(s) triggered by the received scheduling PDCCH on PCell, at the same time a timer (e.g. InactivityTimer) starts.
· UE stops to monitor PDCCH on SCell(s) if a timer (e.g. InactivityTimer) expires.
Single vs. multi-cell operation
In RAN1 #96bis, it is agreed that the potential DCI contents can be used for single vs. multi-cell operation, which means that the UE can receive the PDCCH based power saving signal/channel on a single cell indicating the operation(s) on multiple cells. 
When a UE is configured with multiple cells, it can be beneficial for the UE to have the same behavior in all cells in some cases. For example, when a UE is configured with two intra-band cells, the UE may use the same RF chain to receive DL signal. If the UE is indicated to skip PDCCH monitoring in a C-DRX cycle on the two cells, the UE can turn off the RF chain to save power. Nevertheless, if the UE is only indicated to skip PDCCH monitoring in a C-DRX cycle on one cell, and keep monitoring PDCCH on the other one cell, the UE cannot turn off the RF chain, and little power is saved.
However, in some other cases the UE should be allowed to behave differently on different cells. For example, when a UE is configured with two inter-band cells, the UE may use different RF chain for different cell. Then there is no need to restrict the UE to have the same behavior on different cells. In this case, CC grouping can be used, where in a group the UE may have the same behavior, and the UE behaves differently in different group. More details of CC grouping can be found in [5]. Besides the motivation for hardware design, the UE may desire to behave differently on different cells when monitoring PDCCH on PCell to avoid large latency, and not monitoring PDCCH on SCells to save power. In addition, it is noted that with a different behavior in different cells, the signaling overhead will increase. 
In Rel-15, C-DRX is configured per UE, which means that the same C-DRX configuration is applied to all the cells configured to the UE. And the UE only maintains a single set of timers, such as OnDurationTimer, InactivityTimer, HARQ-RTT-Timer and so on. With the introduction of a WUS in Rel-16, if multiple WUSs are used to indicate different CCs, the relationship between the WUS and the C-DRX may be complicated. However, even the WUS is used to indicate all the cells to “wake-up”, the actual UE behaviors on different cell can be different. As it is introduced in Section 2, a simple rule can be defined to reduce the PDCCH monitoring on SCell. Then even if the WUS indicates “wake-up” for all the cells, the UE can monitor no PDCCH on SCell(s) before receiving a scheduling command on PCell.
For PDCCH skipping, considering the indication flexibility, the UE can be indicated to behave differently on different cells, since the data may arrive at different time on different cells. When signaling overhead is taken into consideration, PDCCH skipping signaling in one serving cell can be used to indicate the UE to skip PDCCH monitoring in other activated serving cells.
Proposal 2: Support the PDCCH based power saving signal/channel on a single cell to indicate the operation(s) on multiple cells, where the UE can have the same or different behavior(s) on different cells. The operation(s) can at least include:
· WUS to indicate “wake-up” and/or “go-to-sleep” within the associated C-DRX
· PDCCH skipping to indicate “skipping duration”.
Efficient BWP switching for SCell operation 
During the email discussion [6], it is proposed that using implicit association between triggering of active BWP switching on PCell/scheduling cell and triggering of BWP switching on SCell(s). It can also be beneficial for UE power saving.
[bookmark: _Ref7079313]Table 1 BWP bundle configuration
	Serving cell
	BWP ID
	Indication
	Note

	Cell 1
	1
	BWP1 on Cell 1
	Normal BWP configuration on Cell 1

	
	2
	BWP2 on Cell 1
	Normal BWP configuration on Cell 1

	
	3
	A BWP bundle: BWP2 on Cell 1 and BWP1 on Cell 2
	BWP bundle configuration with new BWP ID corresponding to a BWP on Cell 1 and a BWP on other cell(Cell 2)


BWP bundle can be seen as an association of BWPs in different cells. The association can be configured by RRC as listed in Table 1. The first two BWPs’ configuration in the table is the current normal BWP configuration. The last row is the BWP bundle configuration on Cell 1.  The BWP bundle represents an association between BWP2 on Cell 1 and BWP1 on Cell 2. And a BWP ID 3 is assigned to the BWP bundle.
	

Before BWP switch with BWP bundle
	

After BWP switch with BWP bundle


[bookmark: _Ref7076784]Figure 1 Implicit BWP switch with BWP bundle configuration
Assume T is the total time duration for power consumption calculation and T1 is the time duration for UE in the wider bandwidth BWP in cell1. T2 is the time duration of Bwp-InactivityTimer for cell2. P1 is the reference power consumption for cell1 and cell2 (without BWP switching in bundle) and P2 is the power consumption for BWP switching in bundle for cell1 and cell2.  It is also assumed that 
· When BWP switching is triggered in cell 1, 50% Bwp-InactivityTimer has elapsed.
· T is 2000ms and T1 is 200ms
[bookmark: _Ref7339883]Table 2 Power saving gain analysis for BWP switching in bundle
	
	Power consumption for BWP switching independent in cell 1 and cell 2
	Power consumption for BWP switching in bundle in cell1 and cell2
	Power saving gain

	T2 =100 ms
	P1=T1*0.85+(T-T1)*0.325+(T1+0.5*T2)*0.85+(T-T1-0.5*T2)*0.325=1536
	P2=[T1*0.85+(T-T1)*0.325]*2=1510

	(P1-P2)/P1=1.7%

	T2 = 1000 ms
	P1=1773
	P2=1510
	(P1-P2)/P1=15%


Based on the calculation in Table 2, we have the following observation and proposal.
[bookmark: _GoBack]Observation: The power saving gain of the BWP switching in bundle in CA is from about 1.7% to 15% for 2 serving cells. 
Proposal 3: Active BWPs in different cells can switch simultaneously to the default BWP in a BWP bundle triggered by the BWP switching signaling of a reference cell for power saving in CA.
Other schemes for efficient SCell operation are discussed in [7].
Enhancement of CSI measurement
During the SI phase, a scheme for CSI measurement enhancement is proposed [8]. The enhancement is to perform CSI measurement in a non-active BWP. The benefit comes from the fact that if the accurate CSI information is available at the gNB, the spectrum efficiency is expected to be improved. Therefore, for the same amount of data to be transmitted, if Pre-CSI measurement is performed, fewer slots are expected to be used for the transmission. Then the UE can quickly finish the transmission, and switch back to a narrow BWP as soon as possible.
However, two aspects have potential impact to the power saving gain. First, the UE cannot predict when the downlink traffic will arrive, which means that the UE cannot “choose” when to perform Pre-CSI measurement, and consequently the UE needs to perform Pre-CSI measurement periodically, which in turn leads to more power consumption. Second, even though the accurate CSI information is available at the gNB, the throughput also depends on the current channel state. If the channel state is not good enough, the date rate cannot be high. Then the benefit mentioned in the first paragraph cannot be obtained.
Considering the above two aspects, the conclusion seems to be that the Pre-CSI measurement is more a performance enhancement scheme instead of a power saving scheme, which seems appropriate not to discuss in the power saving WI.
Another enhancement of CSI measurement is the use the PDCCH based power saving signal/channel to indicate fast CSI acquisition before BWP switching or SCell activation. This is a potential functionality discussed in the CA email discussion [6]: using DCI on cell x to control CSI measurements on SCell(s). In this case, the UE can be explicitly indicated when to perform CSI measurement, then the Pre-CSI-measurement-like periodical activity can be avoided. However, in Rel-15 the UE is already allowed to perform CSI measurement after the BWP/SCell is activated, e.g. in the first slot after activation. Therefore, the enhancement of fast CSI acquisition beyond what is already possible in Rel-15 needs to be clarified.
Conclusion
In this contribution, BWP/SCell operation for power saving are discussed. We have the following proposals and observation:
Proposal 1: Support the scheduling DCI based scheme for PDCCH monitoring reduction in CA, the procedure of which is as follows:
· gNB configures and activates at least one SCell to the UE; 
· UE monitors PDCCH for PCell and doesn’t monitor PDCCH for activated SCell(s);
· UE starts to monitor PDCCH for both PCell and activated SCell(s) triggered by the received scheduling PDCCH on PCell, at the same time a timer (e.g. InactivityTimer) starts.
· UE stops to monitor PDCCH on SCell(s) if a timer (e.g. InactivityTimer) expires.
Proposal 2: Support the PDCCH based power saving signal/channel on a single cell to indicate the operation(s) on multiple cells, where the UE can have the same or different behavior(s) on different cells. The operation(s) can at least include:
· WUS to indicate “wake-up” and/or “go-to-sleep” within the associated C-DRX
· PDCCH skipping to indicate “skipping duration”.
Observation: The power saving gain of the BWP switching in bundle in CA is from about 1.7% to 15% for 2 serving cells.
Proposal 3: Active BWPs in different cells can switch simultaneously to the default BWP in a BWP bundle triggered by the BWP switching signaling of a reference cell for power saving in CA.
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