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Introduction

In TR 38.840[1], RAN1’s study shows the substantial power saving gains over the agreed baseline in UE power saving schemes with UE adaptation in frequency domain, time domain, antenna domain, DRX operations, and reducing PDCCH monitoring with different traffic types, such as FTP, IM, web browsing, video streaming, gaming and VoIP,  and network configurations.   

In 3GPP TSG RAN #96 meeting, a New WID: UE power saving for NR was approved [2]. The objective of the UE power saving includes the following,

Specify power saving techniques with UE adaptation with focus in RRC_CONNECTED mode [RAN1, RAN4] 

Specify the power saving techniques with power saving signal/channel 
Specify the PDCCH-based power saving signal/channel triggering UE adaptation in RRC_CONNECTED

Note: this objective shall not duplicate DRX operation and impact to DRX is studied at RAN2

Note: Any change of PDCCH channel coding and payload interleaver  is not in the scope

Specify the procedure of cross-slot scheduling power saving techniques  
Note: The procedure is in addition to Rel-15 cross-slot scheduling procedure

Evaluate the required switching and interruption times for UE dynamic adaptation to the maximum number of MIMO layers [RAN4]
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 this contribution, the aspects of potential techniques for time domain, frequency domain, antenna domain, reducing PDCCH monitoring are discussed.  

Potential techniques for UE power saving
Preparation period  

The PS signal/channel can wake up a UE associated with a preparation period. Preparation period is used for channel tracking, CSI measurements and/or beam tracking to provide efficient PDCCH/PDSCH transmissions and assist UE in decoding PDCCH/PDSCH successfully as well as reducing power consumption. Therefore, the preparation period can be used in preparation for the PDCCH/PDSCH decoding in DRX active state. In [1], the preparation period could be before or during the DRX ON duration. If the preparation period is before the DRX ON duration, UE can be scheduled for DL/UL transmission by gNB immediately at the beginning of DRX on duration. However, if the preparation period is during the DRX on duration, it occupies some time domain resources of DRX on duration and may result in low efficiency or high latency for UE. One of the major use cases for the preparation window is to let gNB acquire the real-time CSI or let UE perform fine time/frequency tracking before receiving PDSCH. Using aperiodic CSI or CSI-RS will cost lower overhead and latency. Hence both of the above two use cases require triggering aperiodic CSI or CSI-RS. Then the preparation period can be associated with a resource set configuration and a report configuration, which defines the detailed configurations for channel measurement/reporting. This configuration approach can achieve the above use cases based on the current configuration framework supported in Rel-15. During the preparation period, the UE can measure the channel and report the channel information to gNB. Fig 1 shows an example of preparation period for power saving. 
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Fig 1  Example of preparation period for power saving

Proposal 1: Report configurations can be used to described the measurements of preparation period and the corresponding reported CSI after the power saving signal/channel. 

Proposal 2: A CSI-RS resource set of aperiodic CSI-RS can be configured as preparation period, and a UE can be explicitly informed (triggered) about each CSI-RS transmission instant by means of signaling in PS signal/channel. 

BWP operation 

The maximum bandwidth for NR is 100MHz for FR1 and 400MHz for FR2. Bandwidth parts (BWP) operation has been introduced and supported for NR in Rel-15. Up to 4 BWPs for uplink or downlink can be semi-statically configured for a UE. Different numerology configurations are set for each BWP and the BWP can be dynamically indicated by DCI. As known to all, the BWP with very small bandwidth is very suitable for the applications with lots of small data packets transmission and low power consumption might be achieved. The BWP with very large bandwidth is used to transmit the large data packet. Therefore, for the case of no data arrival or small data packets transmission, UE would perform PDCCH monitoring, reporting CSI and receive small data packets and so on in small BWP. For large data packets scheduling, UE performs BWP switching based on the DCI indication. The DCI can be a normal DCI, e.g., a Rel-15 DCI, or a power saving DCI.  

The bottleneck of the current DCI based BWP switching is the PDSCH reception performance in the large BWP upon BWP switching. As the bandwidth difference between the small BWP and the large BWP can be very different, the channel large-scale parameters and the CSI acquired in the small BWP cannot be applied to the large BWP directly, especially when the channel is frequency-selective. Hence to guarantee the performance of the PDSCH reception in the large BWP, a simple and good solution is to trigger aperiodic CSI-RS for channel tracking or CSI reporting for target BWP in BWP switch as shown in Fig. 2. The aperiodic CSI-RS can locate just before the PDSCH of the target BWP and guarantee sufficient time for UE calculation of the channel parameters. Note that for this mechanism, UE still just processes one BWP at a given time.
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Fig 2  Triggering aperiodic CSI-RS for BWP switching
Proposal 3: Specify mechanism to trigger aperiodic CSI-RS for target BWP in BWP switching. 

Note: No change on the assumption that only one BWP per cell is processed by UE at a given time.
Antenna domain

One technology requiring significant UE power consumption is MIMO operation. Several different aspects contribute to power consumption in MIMO operation including multi-panel CSI/beam measurement, multi-layer data reception and multi-port UL transmission, etc. Here is an analysis for multi-layer data reception. Generally, gNB can schedule MU transmission with one layer for each UE in the MU group. The DCI based port indication is adaptive to the channel variation and MU scheduling. That is to say, the multi-layer transmission is not always the best choice even the channel allows multi-layer. As the port indication is quite dynamic, UE may need to turn on all the Rx antennas even single-layer transmission is scheduled, which can cause large UE power consumption unnecessarily. Therefore, it would be helpful to let UE turn off some antenna ports/panels for power saving purpose.  
For example, gNB can inform UE to turn on or turn off some ports/panels through dynamic L1 or L2 signaling. Further, UE may need to report some information so that gNB can make a proper decision considering performance, power consumption and latency. If UE needs to turn on some non-active ports/panels, the network needs to guarantee a tolerable latency for UE turning on some modules. However, in Rel-15 NR, it does not well support any scheme to enable UE or gNB to efficiently turn on-off any antenna group. It lacks coordination between UE and gNB for turning on-off antenna panel/port. Therefore, it is necessary for UE and gNB to make consensus on the tolerable latency of turning on-off antenna panel/port.  
Moreover, the operation of antenna panels/ports turning on generally needs more time than that of antenna panel/port turning off for UE. It is necessary for network to avoid performing any data transmission/reception during the antenna panel/port turning on-off processing.  Therefore, it is proposed that the tolerable latency for the large number of MIMO layer configuration should be higher than that of the small number of MIMO layer configuration. The adaption of MIMO layers should avoid unnecessary latency.
Observation 1: Power saving gain is achieved by reducing the number of UE reception antennas. 

Proposal 4: Tolerable latency for the increased number of MIMO layer configuration should be higher than that of the decreased number of MIMO layer configuration. The adaption of MIMO layers should avoid unnecessary latency.
Reducing PDCCH Monitoring

During the state of PDCCH-only monitoring, it is possible that UE wakes up for no data scheduling and most of UE’s power is consumed by PDCCH monitoring only. The parameters in search space can be considered for UE power saving. Such as, the PDCCH monitoring slot periodicity (Ks) and PDCCH monitoring slot duration (Ts). If the periodicity in monitoringSlotPeriodicityAndoffset IE with Ks ranging from 1 slot to 2560 slots and Os ranging from 0 to Ks-1 slots in search space is large and the value of duration IE ranging from 1 slot to 2559 slots in search space is small, UE can skip most of PDCCH monitoring while resulting in negative effect of latency.   
Moreover, for the intermittent data arrival traffic mode, there might be a long vacancy of scheduling between two consecutive scheduling opportunities. Changing PDCCH periodicity parameters in search space can not skip so long time without increasing the latency. Therefore, if the gNB could know in advance that no PDCCH/PDSCH are scheduled in the following N slots, PS signal/channel can indicate skipping PDCCH monitoring with N slots duration for UE.  Therefore, it is proposed that the combination of changing PDCCH periodicity parameters and skipping PDCCH monitoring can be used for power saving in NR. Namely, a new parameters set for search space should be supported for the functionality of skipping PDCCH monitoring.
It is proposed in Fig 3 that a UE can support skipping PDCCH monitoring and changing PDCCH periodicity parameters simultaneously. To be specific, it is assumed that UE performs PDCCH monitoring and PDSCH reception with SCS=30KHz and 20 slots per frame. Firstly, UE performs PDCCH periodicity monitoring with Ts=1 slot, Ks=2 slots and Os=0. Once UE detects PDCCH with PDSCH scheduling and gNB knows no data arrival at the subsequent N slots, UE shall skip PDCCH monitoring with N slots, e.g. N=26 slots, based on parameters (Ts=0, Ks=20 slots, Os=0) configured by RRC signaling/MAC CE/L1 signaling. After skipping PDCCH monitoring completed, UE can fall back to PDCCH monitoring with the last recent PDCCH periodicity parameters configuration or monitor PDCCH with parameters configured by higher layers, e.g. Ts=3 slots, Ks=10 slots, Os=5 slots.
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Fig 3  An example for reducing PDCCH monitoring by dynamic configuration

Proposal 5: It is proposed that the combination of skipping PDCCH monitoring and PDCCH periodicity monitoring configured by RRC signaling/MAC CE/L1 signaling dynamically can be used for UE in reducing PDCCH monitoring.
Conclusion

In this contribution, we discuss some aspects on UE PS. We have the following proposals:

Observation 1: Power saving gain is achieved by reducing the number of UE reception antennas.
Proposal 1: Report configurations can be used to described the measurements of preparation period and the corresponding reported CSI after the power saving signal/channel. 

Proposal 2: A CSI-RS resource set of aperiodic CSI-RS can be configured as preparation period, and a UE can be explicitly informed (triggered) about each CSI-RS transmission instant by means of signaling in PS signal/channel. 
Proposal 3: Specify mechanism to trigger aperiodic CSI-RS for target BWP in BWP switching. 

Note: No change on the assumption that only one BWP per cell is processed by UE at a given time. 
Proposal 4: Tolerable latency for the increased number of MIMO layer configuration should be higher than that of the decreased number of MIMO layer configuration. The adaption of MIMO layers should avoid unnecessary latency. 
Proposal 5: It is proposed that the combination of skipping PDCCH monitoring and PDCCH periodicity monitoring configured by RRC signaling/MAC CE/L1 signaling dynamically can be used for UE in reducing PDCCH monitoring. 
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