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1 Introduction

As captured by the approved SID during the 3GPP TSG-RAN#80 plenary meeting [1], the main objectives of this study item are:
“The objective is to study UE power saving framework taking into consideration of latency and performance in NR as well as network impact. The objective of the UE power saving study includes the following:

· Identify techniques for UE power saving study with focus in RRC_CONNECTED mode [RAN1, RAN2]

· 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)
( Network and/or UE assistance information
( Include mechanism in reducing PDCCH monitoring, taking into account current DRX
scheme
· Study the power saving signal/channel/procedure for triggering adaptation of UE power
consumption characteristics
· Study the UE power consumption reduction in RRM measurements in synchronous and asynchronous network deployment [RAN1/2]
· Study the enhancement of higher layer procedures for UE power saving [RAN2]
· Study the enhancement of UE paging procedure based on the additional power saving
signal/channel/procedure
·  Study the enhancement of UE power saving procedure in supporting efficient transition
2 from RRC_CONNECTED to RRC_IDLE/RRC_INACTIVE mode”
In this contribution, we present our views on UE adaptation to traffic and power consumption characteristics. 
2 Discussion on NR UE power consumption
NR UE may support a wide range of applications and diverse services. So far the focus of the study item has been on eMBB applications. Due to the ever increasing need for higher data rates and faster operation in modern mobile broadband applications, it is important to minimize UE power consumption while meeting the QoS requirements. Important factors that contribute to NR UE power consumption are:
· Operating BW part (BWP) size or frequency band

· PDCCH monitoring

· MIMO layers, number of Tx/Rx antennas at UE side

· Number of active carriers

· Transmit power

· Data rate

· HARQ timeline etc.

NR supports operating over a quite larger BW, such as 100 MHz, which is much larger than LTE where it is assumed that each device can support 20 MHz. Hence, it is obvious that in NR the operating BW is one of the most important factors that may increase UE power consumption significantly. Furthermore, NR also supports flexible PDCCH monitoring architecture. How frequently the UE is monitoring the PDCCH and over what BWP are critical factors for the UE power consumption characteristics. NR Rel-15 already supports a few mechanisms to minimize NR UE power consumption:
· BWP adaptation:  BWP adaptation by DCI and timer is supported in NR. UE can be configured with four DL and four UL BWPs, at least for FDD. Of the configured BWPs, UE may have small and larger BWPs. When traffic load is low, UE may be indicated to operate with a smaller BWP. For example, UE may monitor the control information over a small BWP and data can be delivered over a larger BWP to achieve high throughput. 
· Cross-slot scheduling: NR supports data scheduling to take place at a later slot than the one where control was received. This is different from LTE and allows the UE to enjoy a micro-sleep after control is received in a slot and before data delivery begins at a later slot. Control and data can be received over the same or different BWPs. UE may only monitor control based on the configured CORESET size in the frequency domain and may not actively monitor the full RF BW.

· Connected-mode DRX (C-DRX): C-DRX allows the UE to be in a sleep state every DRX cycle in connected mode. UE wakes up for the configured ON duration. If a packet is received, the inactivity timer starts; otherwise, UE goes to sleep after the end of the ON duration timer. 
Although NR Rel-15 can achieve lower UE power consumption by leveraging the power saving mechanisms mentioned above, we believe that the power consumption performance can be further improved, especially since NR UE may support a wide range of services and applications where the traffic arrival patterns may vary dynamically. In the next section, we shed some light on the necessity of UE adaptation with respect to the traffic arrival pattern and a given configuration such as C-DRX.

3 Discussion on UE adaptation
In Rel-15, PDCCH monitoring aspects and C-DRX parameters are semi-statically configured. As an NR UE may support a wide range of applications, a semi-static DRX configuration maybe not efficient and dynamic UE adaptation can be useful as the traffic arrival pattern changes. In Figure 1, we show an example of the CDF of the number of slots a UE actively monitors but does not receive PDCCH, assuming DRX is not configured for this UE. As can be seen from Figure 1, if the traffic arrival pattern changes and intensity drops, a large number of consecutive slots without PDCCH transmission exists. Furthermore, the number of consecutive slots may be further increased taking into account realistic multi-user packet scheduling at the gNB. Similar observations can be made for C-DRX operation mode when UE may not receive PDCCH for a significant number of consecutive slots within the effective ON duration (such as ON duration, inactivity timer, etc.) as part of the DRX cycle.
Observation 1: Dynamic reduction of the PDCCH monitoring activity based on traffic load may offer significant UE power savings.
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Figure 1: CDF of the number of consecutive slots a UE does not receive PDCCH in active state. 
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Figure 2:  Effective DRX ratio [image: image3.png]


 as function of different lambda and DRX configuration parameters. Packet size is 0.1 Mbytes and 95% UE geometry is considered in the Dense Urban scenario. 
Furthermore, a UE may operate based on a configured DRX mode with a given set of DRX configuration parameters. As discussed above, due to the change in traffic arrival patterns and/or gNB scheduling restrictions, the UE may wake up for many cycles but may not receive any PDCCH, i.e., many DRX cycles can be empty/unused. To this end, in our companion contribution [2] we propose to consider how many DRX cycles are actually used for scheduling in the form of a metric, such as effective DRX ratio [image: image5.png]


 defined as the ratio of the number of DRX cycles where the UE monitors and detects PDCCH relative to the total number of DRX cycles. We consider two DRX configurations in Figure 2: the configuration identified as ‘Blue’ has a much longer DRX cycle length than configuration ‘Brown’. As can be seen from Figure 2, in some cases, the DRX configuration do not match the traffic arrival pattern well, e.g., ‘Blue’ configuration at low lambda. As NR UE may support mix of different applications, a given DRX configuration may not adapt well to dynamically changing traffic pattern.  [image: image7.png]


 can be quite low  when A UE with a DRX configuration of shorter DRX cycle has low traffic density. As the traffic arrival pattern can change dynamically, which may happen due to varying traffic, UE may unnecessarily wake up in many DRX cycles with no packet scheduled. Depending on the length of the configured ONduration timer, this power consumption can be significant over a time period. Few options can be considered for further UE power savings: 

· When the utilization is low, i.e., network could configure the UE to receive a separate wake-up signal to wake up only when PDCCH transmission is imminent. This can be achieved without changing the DRX configuration. For example, a long DRX cycle can be used and UE can sleep for longer duration, thanks to a separate wake-up signal configured, especially when effective DRX ratio is low. When the ratio is high, separate wake-up signal may not be necessary.
· Alternatively, one or more of the DRX configuration parameters can be adapted. As discussed above, one set of DRX configurations may not match well to the varying traffic arrival patterns from the UE power consumption perspective. As NR UE may support a wide range of applications with diverse traffic arrival characteristics, dynamic adaptation of the DRX configuration may be necessary to further improve power savings.  

Observation 2: 

· The number of DRX cycles not resulting in PDCCH detection may unnecessarily increase UE power consumption. 

· One set of DRX configurations may not adapt well to varying traffic arrival patterns.  

Finally, as indicated in Section 2 regarding the list of factors contributing to the NR UE power consumption, the number of antennas and MIMO layers also play a role in the UE power consumption. Power consumption optimization may be beneficial in the antenna domain for SU-MIMO transmission, when the UE is capable of supporting a large number of MIMO layers, e.g., up to 4, on some carrier. However, PDSCH reception based on the maximum MIMO layers may not always be needed. Adaptation of receive chains at UE and MIMO layers based on traffic load may offer further power savings.
Observation 3: Receiver signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from the power consumption perspective. 

In view of the above observations, we provide some proposals for enhancements for triggering UE adaptation in [3].

4 Conclusions
In this contribution, we make the following observations:  

Observation 1: Dynamic reduction of the PDCCH monitoring activity based on traffic load may offer significant UE power savings.

Observation 2: 

· The number of DRX cycles not resulting in PDCCH detection may unnecessarily increase UE power consumption. 

· One set of DRX configurations may not adapt well to varying traffic arrival patterns.  
Observation 3: Receiver signal processing always according to the maximum number of MIMO layers for reception of the PDSCH may not be always desirable from the power consumption perspective. 
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