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1 Introduction

RAN1#86 has agreed to study the impacts of UE DL reception energy consumption mainly focusing on DoU [1]. Other UE power reduction techniques should also be considered.

This contribution introduces the UE DL reception behaviors in LTE and gives some suggestions for the channel design in NR to save UE reception power consumption. 

2 Discussions on LTE UE DL reception behaviors 
2.1 UE power saving 
There are at least two sleep modes in UE, normal sleep mode and micro sleep mode. When there is no reception for more than 1 millisecond, UE may shut down most of its reception circuits. UE may or may not maintain the timing and synchronization during sleeping. Sleep mode can save UE energy significantly. In case of no significantly decrease on QoS, the design that can make UE sleep more is preferred.
To further reduce the UE power consumption, micro-sleep is introduced, where UE may shut down some of its reception circuits during the rest of the subframe once no grant to is found after PDCCH decoding. Micro-sleep mode is not widely used for several reasons. If there is not much time left for sleeping after PDCCH decoding, the power saving gain from micro-sleep is not significant. And the interruption of reception may decrease the performance of channel estimation. For ePDCCH, since there is no time left for sleep, hence micro-sleep cannot be used.
In additional to save power by sleeping, for a UE in active state, reducing the reception bandwidth provides a reduction in power consumption due to the lower baseband processing requirements in some of the components, possibly including ADC/DAC, FFT, buffering and DL/UL processing blocks [2].For example, narrowband reception can be used for cell search.
2.2 UE receptions in connected mode
The LTE UE in RRC_CONNECTED state will monitor the PDCCH to get the radio resource for UE to receive data on PDSCH or transmit data on PUSCH. To save the UE power, DRX function is configured. A DRX cycle consists of an ‘On Duration’ and a ‘DRX period’. During “On Duration’, UE should monitor the PDCCH. During ‘DRX period’, UE can go into the sleep mode to save power. UE keeps monitoring the PDCCH until the timer ‘Inactivity Timer’ expires or is stopped by a MAC command. Two DRX cycles are introduced in LTE to balance the power saving and low latency requirement as shown in Figure 1.
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Figure 1. DRX procedure

UE power consumption can be reduced using shorter “On Duration”. While according to observation in [1], legacy connected mode DRX design and typical parameter settings result in large percentage of power spent on the PDCCH monitoring. 
In addition, LTE UE in RRC_CONNECTED state needs to monitor the neighbor cells to maintain UE mobility performance. UE needs to find the neighbor cells by cell search and get the signal quality of neighbor cells from the RSs of the neighbour. 
2.3 UE receptions in idle mode
A UE in idle mode performs cell selection and reselection, monitors a paging channel, and acquires the system information etc. 
2.3.1 Cell selection and reselection
In LTE, UE needs to select a cell to camp on and reselect another cell when the signal quality of serving cell is below a threshold. During the cell selection/reselection, UE needs to detect the synchronization signal to find a cell and receive the system information for camping. To save UE power on cell search, denser synchronization signal and MIB/SIB1 are preferable. But frequent monitoring of the periodic SIB1 will increase UE power consumption. Denser synchronization signal will also increase the system overhead and network power consumption. 
2.3.2 Reception of paging

UE needs to monitor the PDCCH at certain UE-specific subframe periodically to receive the paging information. During other time, UE may go to sleep mode to save power. To save UE energy, longer paging cycle is preferred. 
2.3.3 Reception of system information

When the UE camps on a cell, it needs to receive the system information on the camping cell. Some system information messages are fixed, such as MIB and SIB1, while the time domain scheduling of other system information messages is dynamic and flexible. UE needs to monitor the PDCCH in the SI-window to find the subframe transmitting SI when the SI message is changed. When UE receives the SI messages, it can stop PDCCH monitoring provided that there is no other reason to monitor it. So from UE power saving point of view, smaller SI window and the earlier SI message transmission are the better. Smaller SI window means more SI transmissions, which increases the signaling overhead. 
For the periodic MIB/SIB reception, the longer cycle allows the UE to sleep longer. But longer cycle will increase the cell selection/reselection time.
3 Design considerations on low power consumption reception 
3.1 Downlink signaling 

As stated in section 2.2, continuously monitoring PDCCH without receiving any grant significantly consume UE power. RAN1 should consider methods to reduce the possibility of PDCCH monitoring and stop the continuous PDCCH monitoring as soon as possible. For example, some ultra-low power terminals might not need to monitor the PDCCH for paging. RAN1 should consider that possibility. The network can send a dynamic signaling to the UE to stop the continuous PDCCH monitoring when there is no traffic to the UE. For example, a stop indicator is attached in the last grant.
Proposal 1: RAN1 should consider the methods to reduce PDCCH monitoring time, including reducing the possibility of PDCCH monitoring and stopping continuous PDCCH monitoring as soon as possible.
To enable the possibility for micro-sleep, the time consumed by downlink signalling reception should be small.  The following are some possible methods to save the PDCCH decoding time: 

· PDCCH and RS for PDCCH demodulation placed at the beginning of schedule interval 

· Frequency-first-time-second PDCCH mapping 

· Low complexity PDCCH with less number of blind decoding

· Configurable time and frequency resource[3]
Note that these power reduction techniques may decrease the PDCCH performance. If the scheduling interval is too small, the time left after downlink signalling decoding is too short to enable micro-sleep occasions. In this case, it may not be a good choice to be in micro-sleep mode, especially considering the possible performance loss by the interrupt of reception. RAN1 should identify the use cases of UE power reduction PDCCH design. RAN1 should evaluate the power saving gain and performance loss of such design.
Proposal 2:  RAN1 should identify the use cases of UE power reduction PDCCH design. RAN1 should evaluate the power saving gain and performance loss of such design.
Note that although these methods may not be used for the purpose of micro-sleep and power reduction, the methods may be adopted in NR for other reasons, such as reduction of processing time for URLLC [4].
3.2 Downlink synchronization 

Design of downlink synchronization should consider many factors, such as acquisition time, detection probability, false alarm rate and synchronization accuracy, etc. A short acquisition time could imply less signal processing and/or less time in an active state for the UE, which is beneficial for UE power saving. Thus it is beneficial to transmit synchronization signals frequently for better power saving in the UE. However, this is a trade-off since it introduces large overhead and is less beneficial for the power saving opportunity in the base station.
Narrow band reception can save UE power. NR is supposedly assumed to support large bandwidths but could use a smaller transmission bandwidth of synchronization signals than other channels on the carrier, provided the bandwidth reduction does not cause synchronization performance loss and does not increase the cell search time. 
3.3 Downlink RS

If DL-based RRM is used in NR, to save UE power consumption on measurement, downlink RS for measurement should be denser in time domain. However, the dense RS means large overhead. The design of RS for measurement should consider the means to reduce the measurement time without decreasing the measurement performance and with no significant overhead. Meanwhile, if only UL-based RRM is used in NR, it is not necessary to introduce the measurement-only RS[5]
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[6]. 
3.4 Downlink data channel
UE gets the broadcast data and UE-specific data on downlink data channel. The transmission on broadcast information such as MIB/SIB messages and paging messages can be designed in a power efficient way. From UE power saving side, longer reception cycle is preferred. NR should consider the methods to reduce the time on reception of system information and paging messages to save UE power, for example, merging the MIB and SIB1 in one packet, increasing the MIB reception duration and reducing the probability of SI message changes. These methods may increase the overhead and cell search time. RAN1 should consider these methods and evaluation their influence on performance.
For some massive IoT scenarios, the longer paging cycle can be used. In some uses cases, it is not necessary to page the UE.  RAN1 can increase the paging reception duration or even no paging to UE to save UE power for some use cases. NR should enable this possibility.  

Proposal 3: RAN1 should consider the design with less reception time on broadcast messages, such as MIB, SIB1, SIBx and paging messages. 
Providing no increase on the UE cost and reception time, for some services, reducing the maximum bandwidth of reception can save UE power.
4 Conclusions
This contribution analyzes the UE reception behaviors. Based on the analysis, following proposals are given for RAN1 consideration:

Proposal 1: RAN1 should consider the methods to reduce PDCCH monitoring time, including reducing the possibility of PDCCH monitoring and stopping continuous PDCCH monitoring as soon as possible.
Proposal 2:  RAN1 should identify the use cases of UE power reduction PDCCH design. RAN1 should evaluate the power saving gain and performance loss of such design.

Proposal 3: RAN1 should consider the design with less reception time on broadcast messages, such as MIB, SIB1, SIBx and paging messages. 
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