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1 Introduction
In RAN#84, the WID for UE power saving is revised and updated. As in [x], it was agreed to specify the power saving technique of UE adaptation to the maximum number of MIMO as below:
1) 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
This contribution considers issues related to UE adaptation to maximum number of MIMO layers.
2 UE adaptation to maximum number of MIMO layers
2.1 Power saving technique by UE antenna adaptation
Based on the maximum number of MIMO layers (Lmax), a UE can activate/deactivate its “antenna related elements” to reduce the power consumption. For example, the UE can activate the smallest number of “antenna related elements” which is able to receive the Lmax MIMO layers. The “antenna related elements” corresponds to a set of components including RF chain, PF path (mixer, power amplifier, phase shifter, etc.), panel, physical antenna elements, etc as shown in the Figure 1. Which components can be turned on/off is up to UE implementation, so that the impact from the antenna adaptation can be different for each of UE. In this contribution, we use a simple terminology “antenna” without loss of generality.
Observation 1: There are various components for antenna adaptation. Depending on how a UE is implemented, different impacts are expected after antenna adaptation.

Proposal 1: Study further which components can be adapted and what kind of impact is expected for antenna adaptation. 
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Figure 1. Antenna structure
Figure 2 shows an example of antenna adaptation. Without any specification support, antenna adaptation can be possible by UE implementation based on the number of layers indicated by scheduling DCI if a sufficient time gap for antenna adaptation is guaranteed. In the below example, PDCCH schedules 2-layer PDSCH with some scheduling offset. After PDCCH decoding, the UE can obtain the number of layers and the scheduling offset from the received DCI. If the scheduling offset is larger than UE’s antenna switching delay, the UE can deactivate some antennas if the currently activated number of antennas is larger than the number of layers of the scheduled data for power saving purpose. In the below example, the UE adapts its antenna from 4 to 2. Although the exact antenna switching delay is not specified yet, it would be possible to use cross-slot scheduling for the antenna adaptation purpose. 

Observation 2: If antenna switching delay is guaranteed, a UE can adapt its antennas dynamically for power saving purpose. Cross-slot scheduling can be used for the antenna adaptation purpose.
Proposal 2: Study further to specify antenna switching delay.
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Figure 2. Example of dynamic antenna adaptation
During the UE power saving discussion [2], the power scaling according to the number of active antennas is modelled as in Table 1. Based on this power consumption model, it was shown that the UE adaptation to the number of MIMO layers or number of Tx/Rx antenna (panels) can provide up to 3%-30% power saving gain for the dynamic antenna adaptation and 6%- 30% for the semi-static antenna adaptation [2]. Regardless of whether dynamic or semi-static, the UE antenna adaptation can provide remarkable power saving gain. 

Observation 3: Up to 30% power saving gain can be achieved by dynamic/semi-static antenna adaptation.
Table 1. Power scaling according to the number of antennas
	Parameters
	Power scaling

	Antenna scaling (DL)
	2Rx power is 0.7x 4Rx power for FR1

1Rx power is 0.7x 2Rx power for FR2

	Antenna scaling (UL)
	2Tx power is 1.4x 1Tx power at 0dBm. 1.2x.at 23dBm FR1 only


2.2 Maximum number of MIMO layers configuration
In Rel-15, the maximum number of MIMO layers, Lmax, is configured per cell (by PDSCH-ServingCellConfig for DL and PUSCH-ServingCellConfig for UL) by higher layer signalling. The indicated maximum number of MIMO layers is used for PDSCH/PUSCH in all BWPs of the serving cell. It should be noted that the dynamic antenna adaptation based on the UE implementation is still supportable even though Lmax is per-cell configuration. However, per-cell configuration of Lmax, is inefficient when there is no or less traffic. If a UE is configured with multiple BWPs and there is no traffic so that the bwp-InactivityTimer is expired, the UE switches to default BWP (maybe narrow BWP). However, the UE needs to still activate antennas based on the Lmax configured per-cell although the UE is operating in default BWP. If different Lmax configuration is allowed for default BWP, the gNB can configure smaller Lmax value for the default BWP, so that the UE can deactivate some antennas when the default BWP is activated for power saving purpose. Furthermore, as a general solution, Lmax can be configured per BWP. Then the gNB can indicate to switch UE’s BWP dynamically for antenna adaptation purpose. Figure 3 shows an example for antenna adaptation based on the BWP switching. It is assumed that Lmax=2 for BWP#1 and Lmax=1 for BWP#2. If BWP#1 is activated, 2 antennas can be activated and if BWP#2 is activated 4 antennas can be activated.
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Figure 3. Example of antenna adaptation based on BWP switching
Proposal 3: Support per-BWP configuration of maximum number of MIMO layers.
Proposal 4: For UE power saving, it is assumed that the UE activates Lmax antennas in an active BWP where the maximum number of MIMO layers is Lmax.
2.3 Potential issues and solutions
2.3.1 BWP switching delay

As described in above, a time gap is required for antenna switching at UE side. Therefore, if a UE changes its active BWP and antennas together, additional time gap for antenna switching (Tant) is required in addition to the original BWP switching delay (Tbwp) as illustrated in Figure 3. Whether Tbwp and Tant are defined separately or together is up to RAN4 decision.
Proposal 5: If the UE changes its active BWP to the other BWP configured with different Lmax, additional delay due to antenna switching is required for BWP switching.
2.3.2 CSI mismatch 
As implicitly captured in the WID, in the perspective of both CSI measurement or PDSCH reception the maximum number of MIMO layers (Lmax) may not induce the number of active antenna related elements. It means that there could be at least two possible ways for power saving based on dynamic adaptation of the maximum number of MIMO layers:

Alt 1) A fixed number of active antenna related elements is assumed per operating band like Rel-15 with dynamic adaptation of Lmax. In this case, fixed number of Rx antenna elements of a UE are always active during CSI measurement and decreasing Lmax only reduces the CSI computation complexity by limiting the maximum RI to Lmax.

Alt 2) The number of active antenna related elements varies with dynamic adaptation of Lmax, i.e., only the smallest number of antenna related elements are activated to receive the Lmax MIMO layers. In this case, decreasing Lmax not only reduces the CSI computation complexity but also reduces RF power consumption by turning off the deactivated antenna related elements.

It is important that the UE and the gNB have the same understanding on the aforementioned issue. If not, the following cases of CSI mismatch may occur:

Case 1) gNB assumes Alt 1) for CSI measurement/report while UE assumes Alt 2). In this case, the reported CQI may be lower than the actual channel quality report that the gNB supposed to receive. Also, PMI mismatch may happen because of the different understanding on the number of activated Rx antenna ports between the gNB and the UE, so that the corresponding precoder generated at the gNB may be different from the optimal one.

Case 2) gNB assumes Alt 2) for CSI measurement/report while UE assumes Alt 1). In this case, the reported CQI may be higher than the actual channel quality report that the gNB supposed to receive. PMI mismatch may also happen as in Case 1).

To avoid such CSI mismatch problem, it needs to be clarified that whether the dynamic adaptation of Lmax can imply the adaptation of the number of active antenna related elements or not. If yes, for gNB and UE to have the same understanding on antenna adaptation for CSI measurement, antenna adaptation related parameter needs to be incorporated into the CSI framework.

Proposal 6: Clarify that whether the adaptation on the maximum number of MIMO layers can imply the adaptation on the number of active antenna related elements or not.
Proposal 7: Introduce an antenna adaptation related parameter into CSI framework to avoid CSI mismatch.

2.3.3 QCL mismatch
During initial access procedure, the UE measures SS/PBCH and refines its Rx beam for the corresponding to SS/PBCH. This Rx beam corresponding to the SS/PBCH identified during initial access can be used for QCL information to receive the other downlink physical channels (e.g., PDCCH, PDSCH, etc.). The UE can be configured with M TCI states and each TCI-State contains parameters for configuring a QCL relationship between the reference RSs (e.g., CSI-RS) and target RSs (e.g., DMRS for PDCCH or PDSCH, CSI-RS). The reference RSs can be associated with SS/PBCH with QCL-TypeD. If the UE is indicated with TCI state which refers SS/PBCH with QCL-TypeD for PDCCH or PDSCH, the UE can assume the DMRS of PDCCH or PDSCH is QCLed with SS/PBCH. For other cases, if explicit TCI indication is absent, the UE uses the Rx beam of the SS/PBCH identified during initial access. Regarding PDCCH reception, if a UE has not been provided with a configuration of TCI state for the CORESET or has received configuration of more than one TCI states but has not received an activation command for one of the TCI states, the UE assumes that the DMRS of the PDCCH is QCLed with the SS/PBCH block identified during the initial access. Regarding PDSCH, after a UE receives an initial higher layer configuration of TCI states and before reception of the activation command, the UE assumes that the DMRS of the PDSCH is QCLed with the SS/PBCH block determined in the initial access. 

If antenna adaptation is performed at UE side, the Rx beam can be changed as shown in Figure 4. In the example illustrated in Figure 4, it is assumed that BWP#1 is configured with Lmax=2, BWP#2 is configured with Lmax=1, and the UE receives SS/PBCH and refines the Rx beam for the SS/PBCH using 4 antennas during initial access. For BWP#2, if the UE activates 4 antennas, there is no change in Rx beam. Therefore, the UE can receive the PDCCH/PDSCH which is QCLed with the SS/PBCH as usual. However, for BWP#1, if the UE adapts its activated antennas to 2, the Rx beam corresponding to the SS/PBCH can be changed. In other words, when a UE is indicated with TCI state associated with the SS/PBCH with QCL-TypeD, the Rx beam what the UE assumes in BWP#1 can be different from the Rx beam what the UE refines during initial access procedures. This kind of QCL mismatch problem is happen when the indicated TCI state is associated with SS/PBCH. If the CSI-RS is associated with SS/PBCH and the CSI-RS and SS/PBCH are transmitted in different BWP having different antenna assumption, the QCL mismatch problem can be occurred. For TCI state not associated with SS/PBCH, the QCL mismatch would not be the problem since CSI-RS is per-BWP configuration and the TCI state and the TCI state can refer the CSI-RS in the same BWP.
Observation 4: If UE’s antenna assumption for a SS/PBCH reception is different from that for a reference RS reception which associated with the SS/PBCH in QCL-TypeD, QCL mismatch problem can be happened. 
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Figure 4. Example of QCL mismatch
Such a QCL-TypeD mismatch problem is more critical when the number of antennas changes from small number to large number.  If a UE refines a Rx beam with large number of antennas, it is possible to re-tune it for the beam for small number of antennas since, in general, the beam obtained from large number of antennas has higher resolution than that from small number of antennas. On the other hand, it is difficult to re-tune the beam for small number of antennas to the beam for the large number of antennas. Therefore, to resolve the QCL-TypeD mismatch problem as described above, it would be desirable that UE measures and reports L1-RSRP for SS/PBCH with default antenna assumption based on its capability signaling (e.g., without any active antenna reductions). Then the Rx beam corresponding to a SS/PBCH can be re-used after some retuning for the Rx beam in the BWP where the UE uses smaller number of antennas. 
If the number of antennas assumed for SS/PBCH measurement is different from that for the active BWP, measurement gap should be large enough to ensure additional time delay for antenna switching. As an example, if an active BWP not including SS/PBCH is configured with smaller Lmax , then measurement gap should be decided considering not only BWP switching delay but also antenna switching delay for intra-frequency measurement. In another example, if an active BWP including SS/PBCH is configured with smaller Lmax, then the UE still needs measurement gap to open up more antennas to measures the SS/PBCH. 

Observation 5: QCL-TypeD mismatch problem is more critical for the case of small-to-large antenna adaptation than the case of large-to-small antenna adaptation.
Proposal 8: The UE performs measurement and report for the SS/PBCH with default antenna assumption based on its capability signaling.
Proposal 9: Measurement gap for SS/PBCH measurement should take into account antenna switching delay.

DMRS port restriction
If the maximum number of MIMO layers is configured with Lmax, the maximum number of antenna ports used for downlink/uplink also can be restricted not to exceed Lmax. In addition to this, it should be further considered that which of antenna ports among Lmax antenna ports are used. Basically, the antenna ports are defined at the transmitter side. Regardless of which of antenna ports are used at the transmitter, the receiver can receive it by using any of antennas. On the other hand, if the transmitter activates only some part of antennas, the supportable antenna ports for transmission can be restricted as some of antenna ports. For example, in downlink, when the gNB transmits 2-layer PDSCH using two specific antenna ports (e.g., {0, 1}), the UE can receive it by using any of two antennas regardless of which of antennas are activated. Therefore, in downlink, UE’s antenna adaptation does not give any impact on the antenna port restriction. On the other hand, in uplink, when the UE is going to transmit 2-layer PUSCH using two antenna ports, the available antenna ports for uplink transmission can be restricted by the activated antennas. For example, UE’s antenna {0, 1, 2, 3} can be associated with antenna port {0, 1, 2, 3} in order. If the UE activates only two antennas {0, 1} for power saving, then only two antenna ports {0, 1} are available for the uplink transmission. Therefore, it should be guaranteed that the gNB only schedules uplink transmission by using the antenna ports among {0, 1}. Otherwise, the UE needs to activate other antennas for the uplink transmission.
Observation 6: For downlink, antenna port restriction is not needed, on the other hand, for uplink, antenna port restriction should be accompanied with the MIMO layer restriction for UE power saving purpose.

Proposal 10: For PUSCH and SRS, the UE is not expected to be indicated antenna port index larger than the maximum number of MIMO layers configured for the BWP.
3 Conclusion

This contribution considered UE power saving technique based on UE adaptation to maximum number of MIMO. Following proposals and observations were made:
Proposal 1: Study further which components can be adapted and what kind of impact is expected for antenna adaptation. 
Proposal 2: Study further to specify antenna switching delay.

Proposal 3: Support per-BWP configuration of maximum number of MIMO layers.

Proposal 4: For UE power saving, it is assumed that the UE activates Lmax antennas in an active BWP where the maximum number of MIMO layers is Lmax.
Proposal 5: If the UE changes its active BWP to the other BWP configured with different Lmax, additional delay due to antenna switching is required for BWP switching.
Proposal 6: Clarify that for CSI measurement, whether the adaptation on the maximum number of MIMO layers can imply the adaptation on the number of active antenna related elements or not.
Proposal 7: Introduce an antenna adaptation related parameter into CSI framework to avoid CSI mismatch.
Proposal 8: The UE performs measurement and report for the SS/PBCH with default antenna assumption based on its capability signaling.

Proposal 9: Measurement gap for SS/PBCH measurement should take into account antenna switching delay.

Proposal 10: For PUSCH and SRS, the UE is not expected to be indicated antenna port index larger than the maximum number of MIMO layers configured for the BWP.

Observation 1: There are various components for antenna adaptation. Depending on how a UE is implemented, different impacts are expected after antenna adaptation.

Observation 2: If antenna switching delay is guaranteed, a UE can adapt its antennas dynamically for power saving purpose. Cross-slot scheduling can be used for the antenna adaptation purpose.
Observation 3: Up to 30% power saving gain can be achieved by dynamic/semi-static antenna adaptation.
Observation 4: If UE’s antenna assumption for a SS/PBCH reception is different from that for a reference RS reception which associated with the SS/PBCH in QCL-TypeD, QCL mismatch problem can be happened. 

Observation 5: QCL-TypeD mismatch problem is more critical for the case of small-to-large antenna adaptation than the case of large-to-small antenna adaptation.
Observation 6: For downlink, antenna port restriction is not needed, on the other hand, for uplink, antenna port restriction should be accompanied with the MIMO layer restriction for UE power saving purpose.
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