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1 Introduction
Because of the popularity of mobile broadband these years, the battery life issue has been a big headache for smart-phone users. For NR, the design targets of high data rate, short latency and reduced cell-specific RS interference fundamentally increase the power consumption of a NR UE. In this contribution, we provide power consumption observations for a NR UE and discuss the need of further improvements for Rel-16 NR.
2 Connected-mode UE power consumption
2.1 PDCCH-only power consumption 

In LTE, the power consumption of PDCCH monitoring occupies more than 40% battery life in a day of use. For NR, the following factors fundamentally increase the power consumption of PDCCH monitoring:

· Wide-bandwidth operation: A NR carrier can be of 100 MHz/400 MHz bandwidth in a sub/above-6GHz band. Compared with LTE of up to 20 MHz carrier bandwidth, there is significant increment in RF and analog baseband processing power.

· 4-RX operation: In NR, data MIMO layer number can be indicated via DCI, and a NR UE reporting 4x4 MIMO capability needs to enable 4 RX chains before the DCI information is decoded, even though a smaller MIMO layer number is finally identified. 

· Increased DCI processing complexity: For NR with 30 kHz SCS, there requires 36 blind decoding attempts per 0.5 ms. Compared with LTE with 44 blind decoding attempts per 1 ms, there is more than 1.6 times of blind decoding attempts per 1 ms. Also, there is twice DCI parsing amount per 1 ms for NR with 30 kHz SCS. 

· Short latency requirement: For LTE, the ACK/NACK response time for a PDSCH and the preparation time for a PUSCH are 4 ms or larger. In NR, the corresponding latency requirement is greatly reduced to 1 ms for 15 kSCS or shorter for 30/60/120 kSCS. Before the DCI information is acquired, a NR UE is thus forced to standby at high clock rate even though around 80% of the monitoring indicates no PDSCH or PUSCH. 

Based on circuitry-level of power consumption evaluation, we have the following observation:

Observation 1: NR PDCCH monitoring can exhibit 2.5 times of power consumption w.r.t. LTE PDCCH monitoring due to the fundamental changes from LTE to NR, including wide-bandwidth operation, 4-RX operation, increased DCI processing complexity and short latency requirement. 

Regarding that more than 40% of battery power is consumed by PDCCH monitoring in LTE, NR battery life will be significantly reduced if NR PDCCH monitoring power consumption cannot be improved. Consequently, we suggest

Proposal 1: NR Rel-16 power saving SI should investigate effective power saving designs to reduce NR PDCCH-only power consumption due to the fundamental changes from LTE to NR. To realize better user experience, lower PDCCH-only power consumption than LTE should be targeted.
In case of CA, NR activation time will inherently be larger since the available resources for measurements are limited and distributive. To maximize the data rate benefit with CA, a NR SCC is likely kept enabled after activation, and NR UE will perform power consuming PDCCH monitoring in a wideband SCC. In this regard, efficient CA management regarding UE power saving and scheduling flexibility should be investigated:
Proposal 2: NR Rel-16 should aim for a better CA management design that can avoid UE dummy PDCCH monitoring in a SCC and realize even faster access switching than LTE.

In addition to fundamental physical design enhancements in RAN1 for reducing NR PDCCH monitoring power, DRX optimization should be investigated in RAN2 to jointly realize the best power saving advantage. In particular, the designs that can exploit UE knowledge of a service can be considered. For example, gNodeB can indicate UE to enter long DRX after UE declares a finished data session. With enhanced UE intelligence, it is also possible to optimize the DRX setting and balance UE PDCCH monitoring power consumption and gNodeB scheduling flexibility in an interactive way. Therefore, we have:
Proposal 3: DRX optimization exploiting UE knowledge and intelligence should be investigated in RAN2 to realize the best balance between reduced UE PDCCH monitoring power consumption and gNodeB scheduling flexibility.

2.2 Data delivering power overhead 

While NR data transmission spectral efficiency is close to channel capacity and can be regarded power efficient, there is certain power overhead in receiver side. For example, a UE can be required to receive 100 MHz channel bandwidth and apply 4 RX chains for only a low data rate service, e.g., VoIP or OTT service. If a legacy data service can already be delivered in LTE with 20 MHz channel bandwidth and 2 RX chains, it is not reasonable that NR UE needs to apply a much power consuming setting without any evident benefit. Consequently, it is natural to suggest:

Proposal 4: For lower data rate services, NR should guarantee comparable to better UE power consumption than LTE; otherwise legacy applications cannot perceive better performance, only an undesirable power increase.
For delivering larger data, it is important gNodeB can realize most power efficient transmission with effective beamforming and MCS settings. On the other hand, there is power overhead for UE to perform beam management procedure and to provide high resolution channel state information. In this regard, one can have:

Proposal 5: For delivering larger data, the power and time overhead due to NR beam management and CSI procedures should be minimized for realizing better power efficiency than LTE.

3 Idle-mode UE power consumption

A smart phone typically spends around 21 hours in idle mode, and the synchronization power consumption dominates the idle mode battery life. In LTE, there is CRS available anytime, and UE can wake up just once before a paging occasion. In NR, there are only limited and distributive SSB resources available for idle-mode UEs, and multiple wake-ups are required for NR UE to exploit the same resource amount as a typical LTE wake-up for paging monitoring. Due to the power overhead for each UE wake-up and re-sleep, as shown in Figure 1, our evaluation somehow indicates:

Observation 2: NR UE idle mode power consumption can be 2 times of a LTE idle mode UE since NR synchronization resources are limited and distributive and UE needs to wake up multiple times for the same synchronization quality as one LTE wake-up utilizing consecutive CRS. This issue can significantly reduce the idle time of a NR UE.

Proposal 6: NR Rel-16 should investigate paging enhancement that can allow UE to minimize the wake-up number for the synchronization before monitoring a paging occasion. In particular, longer idle time than LTE should be targeted.
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Figure 1. NR idle-mode power consumption issue due to limited and distributive SSB resources

4 Summary
NR can realize much better system performance than LTE by virtue of high data rate, short latency and reduced cell-specific RS interference. On the other hand, the above benefits also pose fundamental challenges for NR UE to realize satisfying power consumption and user experience. For NR Rel-16, it is critical to start in-depth study on UE power saving to resolve the power consumption issues and to realize even longer battery life than LTE. In this way, operators can convince user of the transition from LTE to NR with promising user experience in all aspects. Toward this goal, the following are provided/suggested in this contribution:

Observation 1: NR PDCCH monitoring can exhibit 2.5 times of power consumption w.r.t. LTE PDCCH monitoring due to the fundamental changes from LTE to NR, including wide-bandwidth operation, 4-RX operation, increased DCI processing complexity and short latency requirement.

Proposal 1: NR Rel-16 power saving SI should investigate effective power saving designs to reduce NR PDCCH-only power consumption due to the fundamental changes from LTE to NR. To realize better user experience, lower PDCCH-only power consumption than LTE should be targeted.
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Proposal 3: DRX optimization exploiting UE knowledge and intelligence should be investigated in RAN2 to realize the best balance between reduced UE PDCCH monitoring power consumption and gNodeB scheduling flexibility.


Proposal 4: For lower data rate services, NR should guarantee comparable to better UE power consumption than LTE; otherwise legacy applications cannot perceive better performance, only an undesirable power increase.


Proposal 5: For delivering larger data, the power and time overhead due to NR beam management and CSI procedures should be minimized for realizing better power efficiency than LTE.
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