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[bookmark: _Ref124589705][bookmark: _Ref129681862]Introduction
[bookmark: OLE_LINK13]In RAN#83 meeting, a WID on UE power saving in NR was approved [1]. 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. In RAN#84 meeting, the scope of the WID on UE power saving was updated [2]. One of the objectives was approved as follows.
2) Specify the power saving techniques of UE adaptation to the maximum number of MIMO layers [RAN1, RAN2, RAN4]
a) Specify configuration of a different MIMO layer configuration of the initial/default BWP compared with other BWPs of a Serving Cell.  [RAN2, RAN4]
i) Discuss whether to also extend this to define per-BWP MIMO layer configuration [RAN1, RAN2] 

b) Evaluate if switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers are needed and which case assuming a relationship between the number of RF ports and the MIMO layer configuration [RAN4]

NOTE: Switching on/off the RF is part of the evaluation
[bookmark: OLE_LINK54]This contribution further discusses dynamic adaptation to the maximum number of MIMO layers for UE power saving.
[bookmark: OLE_LINK32][bookmark: OLE_LINK20][bookmark: _Ref129681832]Motivation of extending per-BWP MIMO layer configuration 
[bookmark: OLE_LINK83]Based on the study item phase discussion, it is a common understanding that reducing the maximum number of MIMO layers, which gives the UE opportunity to reduce the number of antennas, can significantly save the UE power. 
[bookmark: OLE_LINK11]According to the updated WID scope endorsed in RAN#84 [2] and agreements in previous RAN2 meeting [3], a different configuration of MIMO layers can be configured for the initial/default BWP compared with other BWPs of a Serving Cell. As shown in Figure 1, for UE power saving, a lower number of maximum MIMO layers can be configured for the initial/default BWP and the UE adapts to the number of maximum MIMO layers by switching to the initial/default BWP. For non-initial/ non-default BWPs, the cell specific configured maximum MIMO layers is used. 
[image: ]
[bookmark: _Ref15552292]Figure 1 Illustration of BWP switching based maximum MIMO layer adaptation between default BWP and non-default BWP
According to the WID scope, RAN1 needs to discuss whether to allow per-BWP configuration of the maximum number of MIMO layers for non-initial/non-default BWPs.
As illustrated in Figure 1, for BWP switching based adaptation on the maximum number of MIMO layers, the power saving gain can be already achieved by switching between default BWP and the non-default BWPs. Therefore, if the per-BWP MIMO layer configuration is extended to the non-default BWPs, additional power saving gain or benefit should be introduced in addition to the gain due to BWP switching based adaptation on the maximum number of MIMO layers.
Observation 1: Configuration of maximum number of MIMO layers for initial BWP/default BWP can already support the BWP switching based adaptation on the maximum number of MIMO layers for power saving.
Observation 2: Additional power saving benefit is expected if the non-default/non-initial BWPs can be also configured with a per-BWP maximum number of MIMO layers.
BWP switching based adaptation on the maximum number of MIMO layers can bring the benefit of power saving. However, the BWP switching delay is larger than the allowed MIMO layers adaptation gap. Table 1 shows the required BWP switching delay in the specification [4]. It can be observed it is a number of slots. This is due to that the delay required by PDCCH processing, RF parameter calculating/loading and new RF parameter applying. According to the companion paper [5] in RAN4, the required RF adjustment delay for BWP switching may need hundreds of microseconds. According to TS 38.213, on the serving cell where the BWP switching happens, the UE is not required to receive or transmit in the cell during a time duration from the end of the third symbol of a slot in which the UE receives the BWP switching PDCCH until the beginning of a slot indicated by the slot offset value of TDRA field in the PDCCH. And the duration time is not smaller than the BWP switching delay. Also, when BWP switching happens, there can be an interruption time on other serving cells due to the RF adjustment. Therefore, only relying on BWP-switching based adaptation of maximum number of MIMO layers may introduce large scheduling interruption on the serving cell and cannot achieve dynamic adaptation of maximum MIMO layer in some cases due to the BWP switching delay. 
Table 1: BWP switching delay [4]
	[image: ]
	NR Slot length (ms)
	BWP switch delay TBWPswitchDelay (slots)

	
	
	Type 1Note 1
	Type 2Note 1

	0
	1
	1
	3

	1
	0.5
	2
	5

	2
	0.25
	3
	9

	3
	0.125
	6
	18

	Note 1:	Depends on UE capability.
Note 2:	If the BWP switch involves changing of SCS, the BWP switch delay is determined by the larger one between the SCS before BWP switch and the SCS after BWP switch.



[bookmark: _GoBack]Observation 3: BWP switching based adaptation of maximum number of MIMO layers is restricted in some cases due to a number of slots BWP switching delay, which causes the reception/transmission interruption on the serving cell where BWP switching happens and may also cause interruption time on other serving cells.
Another thing is the dynamic BWP switching triggered by DCI is not mandatory for UE and it is a UE capability. For UEs without this capability, only RRC configured BWP switching is possible. In this case BWP switching based adaptation of maximum number of MIMO layers is not possible for these UEs, which may restrict the application of power saving techniques. Also, it is not mandatory for network to always implement multiple BWPs in deployment. 
Observation 4: BWP switching triggered adaptation of maximum number of MIMO layers is not supported by all UEs and network, which may restrict the application of the power saving technique.
Actually, the situation is very similar as the power saving techniques by adaptation of minimum K0/K2/CSI-RS triggering offset. Due to the similar aspects/reasons, it was agreed that the adaptation of minimum K0/K2/CSI-RS triggering offset in the same active BWP is supported and furthermore the adaptation of minimum K0/K2/CSI-RS triggering offset when BWP switching happens should be considered.
According to the companion paper in RAN4 [5], inside the same active BWP, the switching of maximum number of MIMO layers, including the baseband adjustment and switching on/off the antennas, can have a much smaller switching delay than the BWP switching delay. This is mainly due to the fact that RF adaption time for switching on/off the antennas can be much smaller than the RF adaption time for BWP switching. This can save attractive switching delay. 
[bookmark: OLE_LINK33]Observation 5: Similarly as minimum K0/K2 adaptation in cross-slot scheduling, the adaptation of maximum number of MIMO layers in the same BWP can have smaller switching delay and can support the scenario where the UE or network only support single BWP.
Therefore, it is beneficial to configure BWP-specific maximum number of MIMO layers for non-initial/non-default BWPs for power saving, which is expected to be smaller than the cell-specific configured maximum number of MIMO layers. And similarly as the cross-slot scheduling adaptation in the same BWP, DCI based indication can be used for the adaptation between the per-BWP configured reduced maximum number of MIMO layers (e.g. 2 layers) and the per-CC configured maximum number of MIMO layers (e.g. 4 layers). 
[bookmark: OLE_LINK34]Proposal 1: Extend per-BWP MIMO layer configuration to non-initial/non-default BWPs, which is motivated by supporting fast adaptation of maximum number of MIMO layer in the same BWP.
Adaptation between per-BWP configured and per-CC configured maximum number of MIMO layers
According to the above analysis, it is supported to configure the BWP-specific maximum number of MIMO layers for non-default BWPs, which are motivated by supporting the dynamic adaptation between the per-BWP configured and per-CC configured maximum number of MIMO layers in the same BWP. Therefore, for each BWP there are two kinds of maximum number of MIMO layers, i.e., per-BWP configured MIMO layers and per-cell configured MIMO layers. 
As shown in Figure 2, when a BWP becomes the active BWP, one of the per-BWP configured and the per-CC configured MIMO layer configuration is used as the default configuration for the active BWP. For the active BWP, the maximum number of MIMO layers can be dynamically switched between the per-BWP configured and the per-CC MIMO layer configuration by L1 signaling with short switch delay.
[bookmark: OLE_LINK35][image: ]
Figure 2 Illustration of adaptation between per-BWP configured and per-CC configured maximum MIMO layers
[bookmark: OLE_LINK31][bookmark: OLE_LINK30]The L1 signaling can be further specified and scheduling DCI is preferred. Considering scheduling DCI indicating the minimum K0/K2 is already introduced for supporting cross-slot scheduling based power saving, a straight forward way is to reuse the framework of dynamic cross-slot/same-slot scheduling adaptation. Each value of minimum K0/K2 can correspond to one type of MIMO layer configuration and then the DCI can jointly indicate the adaptation of minimum K0/K2 and the adaptation of the maximum number of MIMO layers. For example, minimum K0=1 corresponds to per-BWP configured MIMO layers and minimum K0=0 corresponds to per-cell configured MIMO layers. When the UE is adapted to the minimum K0/K2, the maximum number of MIMO layers is also adapted. The switching delay of minimum K0/K2 adaptation can also be shared with the delay required by the adaptation of maximum number of MIMO layers.
[bookmark: OLE_LINK37]Proposal 2: In the same non-initial/non-default BWP, dynamic adaptation between per-BWP configured and per-cell configured maximum number of MIMO layers is supported by reusing the framework of the adaptation of minimum K0/K2.
Further considerations on power saving by MIMO adaptation
[bookmark: OLE_LINK36]As discussed in TR38.840 and previous contributions [6], even when the configured maximum number of MIMO layers is the same, it would introduce attractive power saving gain by dynamically adapting the number of antennas for PDCCH monitoring in the PDCCH-only slots. As studied in TR38.840, it provides attractive power saving gains and marginal impact on throughput and latency performance.
[bookmark: OLE_LINK5][bookmark: OLE_LINK2]It is feasible to use a smaller number of antennas for PDCCH reception especially for UEs in good coverage or in the cell center, e.g. 2Rx can be used for PDCCH reception. It is illustrated in Figure 3 show an example of the adaptation to the number of antennas for PDCCH reception within the active BWP. While the cross-slot scheduling is enabled, the UE can detect PDCCH with only 2Rx antennas to save UE power in case of the minimum K0 can cover the time for UE to switch on the additional RF chains to receive PDSCH. When a DCI with grant is detected, UE turns on the additional two Rx antennas and receives PDSCH and PDCCH with 4Rx antennas. When the UE is operating with 4Rx, the UE can fallback to 2Rx by using a timer based method. E.g. when the timer expires, the UE fall backs to 2Rx for PDCCH monitoring to save power consumption and once a grant DCI is detected, the timer shall be started or restarted and the UE starts to use 4Rx for reception. 
In order to operate with 2Rx for PDCCH, a higher aggregation level can be used to fulfill the BLER target. However, this just happens for the first DCI scheduling PDSCH/PUSCH which transits from a duration with PDCCH only monitoring.

[image: ]
Figure 3 Illustration of dynamic adaptation to the number of antennas assuming 2Rx reception for PDCCH-only.
When adapting to the number of antennas for PDCCH reception within the active BWP, CSI measurement and reporting needs to be clearly defined. The UE would keep CSI measurement and reporting so that the gNB can timely schedule the UE when the traffic arrives. A straight forward way is still using the 4Rx to receive CSI–RS even when the UE is in the duration of 2Rx for PDCCH reception. By this way, even though the UE is operating with 2Rx for PDCCH-only, the UE will turn on the additional antennas to measure periodic CSI of 4Rx on the occasions where the CSI-RS is transmitted. Accurate CSI used for PDSCH scheduling can be obtained and reported.
However, this may cause misleading on gNB when gNB transmits the PDCCH. As a typical method, CSI reporting can be used as input/reference for gNB to further determine the aggregation level of the transmitted PDCCH. If the UE actually uses reduced number of antennas for PDCCH reception but still reports the CSI measured by using full number of Rx antennas the UE can support, there could be some performance gap between the PDCCH aggregation level that is actually required and the aggregation level assumed to cover the UE by gNB. The misunderstanding can introduce the miss of scheduling PDCCH and cause performance loss. 
Therefore, to facilitate the usage of reduced number of antennas for PDCCH reception, it is proposed to resolve this PDCCH reception issue and ensure the performance of the DCI with 2Rx reception. gNB can inform the UE to allow the operation of reduced antenna numbers for PDCCH reception and meanwhile PDCCH compensation is promised by gNB by informing this information. The use of 2Rx for PDCCH reception is expected to introduce negligible resource overhead considering only the first grant DCI needs the PDCCH compensation, i.e. higher aggregation level. After the reception of HARQ feedback from UE, the gNB knows that the UE already received the scheduling DCI and is expected to use 4Rx for the following reception. Therefore, there is no need to do the compensation on the following PDCCH transmission. Furthermore, considering the UE does not stop/skip PDCCH monitoring, the gNB can timely schedule PDSCH in the PDCCH occasions when there are data to transmit. Hence the loss in throughput and latency would not be introduced for antenna adaptation. 
Finally, for the above dynamic adaptation scheme, it is assumed that UE can operate with larger number of antennas when the traffic happens, so it is not necessary for the UE to report a UE capability of reduced number of Rx antenna. Adaptation to the number of antennas does not correspond to UE capability.
Based on the above analysis, we recommend RAN1 to further specify the PDCCH compensation indication which could be in higher layer or L1 signaling to fully explore the power saving adaptation operation in MIMO domain. 
Proposal 3: Support the indication by gNB to explicitly allow the UE to reduce the number of antennas for PDCCH reception, which also indicates the UE can assume as reliable PDCCH reception performance by using the reduced number of antennas as that when using full number of antennas.
Conclusions
In this contribution, we firstly analysis the motivation of extending per-BWP MIMO layer configuration to non-initial/non-default BWPs and we have the following observations:
Observation 1: Configuration of maximum number of MIMO layers for initial BWP/default BWP can already support the BWP switching based adaptation on the maximum number of MIMO layers for power saving.
Observation 2: Additional power saving benefit is expected if the non-default/non-initial BWPs can be also configured with a per-BWP maximum number of MIMO layers.
Observation 3: BWP switching based adaptation of maximum number of MIMO layers is restricted in some cases due to a number of slots BWP switching delay, which causes the reception/transmission interruption on the serving cell where BWP switching happens and may also cause interruption time on other serving cells.
Observation 4: BWP switching triggered adaptation of maximum number of MIMO layers is not supported by all UEs and network, which may restrict the application of the power saving technique.
Observation 5: Similarly as minimum K0/K2 adaptation in cross-slot scheduling, the adaptation of maximum number of MIMO layers in the same BWP can have smaller switching delay and can support the scenario where the UE or network only support single BWP.
Based on the analysis, adaptations to the number of MIMO layers/antennas within the active BWP is discussed and we have the following proposals:
Proposal 1: Extend per-BWP MIMO layer configuration to non-initial/non-default BWPs, which is motivated by supporting fast adaptation of maximum number of MIMO layer in the same BWP.
Proposal 2: In the same non-initial/non-default BWP, dynamic adaptation between per-BWP configured and per-cell configured maximum number of MIMO layers is supported by reusing the framework of the adaptation of minimum K0/K2.
Proposal 3: Support the indication by gNB to explicitly allow the UE to reduce the number of antennas for PDCCH reception, which also indicates the UE can assume as reliable PDCCH reception performance by using the reduced number of antennas as that when using full number of antennas.
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