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1 Introduction

UE modem power consumption due to monitoring of DL control channels was discussed in RAN1#86bis and RAN1#87. In particular, as UE power consumption due to monitoring of DL control channel corresponds to a significant portion (55%-65% in some cases [1]) of the total UE modem power consumption, a material respective reduction is a key NR design metric and improvement over LTE. As one step towards reducing UE power consumption, the following were agreed.  

Agreements:
· At least for single carrier operation, NR should allow a UE to operate in a way where it receives at least downlink control information in a first RF bandwidth and where the UE is not expected to receive in a second RF bandwidth that is larger than the first RF bandwidth within less than X µs (FFS: value of X)

· FFS the first RF bandwidth is within the second RF bandwidth

· FFS the first RF bandwidth is at the center of the second RF bandwidth

· FFS the maximal ratio of the first RF bandwidth over the second RF bandwidth

· FFS detailed mechanism

· FFS RF bandwidth adaptation for RRM measurement

Agreements:
· NR supports at least same-slot and cross-slot scheduling for DL.
Agreements:
For the frequency-domain aspects:
· A UE monitors for downlink control information in one or more “control subband”

This contribution considers some additional aspects related to reducing UE modem power consumption associated with monitoring DL control channels. In general, a multi-component solution is necessary to achieve this goal particularly for sub-6 GHz operation (direct comparison to LTE) where a reduction in a BW for DL control channel monitoring is unlikely to be significant enough to offer material reduction in UE modem power consumption [2].
2 Mechanisms for Power Reduction
Components of a UE modem associated with power consumption for monitoring DL control channels include the ADC, the FFT, the buffering and processing blocks (e.g. channel estimation, demodulation, etc.), as well as the number of decoding operations a UE performs per slot. Further, when the slot duration in NR is reduced relative to the subframe duration in LTE (e.g. 0.5 msec vs. 1 msec), the ability of a UE for micro-sleep will be reduced/eliminated and this can contribute to further increases in UE power consumption due to PDCCH monitoring.   
Number of Decoding Operations

For sub-6 GHz carrier frequencies and BWs of LTE operation, the power savings from halving the reception BW are only 10%-20% while the power consumption associated with blind decoding operations is in the range of 50%. Moreover, for sub-6 GHz operation, it may not be possible to have meaningful reductions in the reception BW for DL control channels without substantially increasing the number of symbols where a UE needs to monitor DL control channels (thereby, negating potential power savings) [2]. It is therefore important to reduce the number of DL control channel decoding operations in NR relative to LTE. 

The number of decoding operations for DL control channels can be reduced both by reducing the maximum number of decoding operations and also reducing the average number of decoding operations that a UE performs per slot. For the maximum number, the mechanisms provided by LTE can also be used for NR. In particular, NR should enable configuration of the number of candidates per NR-CCE aggregation level in order for a NW to best adjust to the UE SINR conditions and the traffic in the cell. For example, there is no need for a UE communicating with a gNB in a small cell where very few UEs are scheduled per slot to perform a large number of decoding operations per NR-CCE aggregation level. For example, there is no need for a UE with low SINR to be performing the maximum number of decoding operations for the smallest NR-CCE aggregation level. Essentially, for the number of candidates per NR-CCE aggregation level, NR should adopt the mechanisms of LTE (in Rel-13 and Rel-14).
Proposal 1: The number of decoding candidates per NR-CCE aggregation level is configurable by UE-specific higher layer signaling. 

Configuration of the number of candidates per NR-CCE aggregation level cannot always reduce power consumption. For example, for operation in a macro-cell where there can be many DL assignments and UL grants transmitted per slot, the total number of configured candidates is likely to be same as the maximum number of candidates the UE can support (per cell or across all cells in case of CA) in order to minimize a blocking probability. In general, the average number of blind decoding operations per slot needs to be reduced. For example, when only one subband is used for transmissions of DL control channels in a slot, the UE should not perform decoding operations in other configured subbands (both to reduce power consumption and to reduce false-positives for such decoding operations). For example, the UE should not perform decoding operations for candidates with NR-CCEs located in symbols beyond the last symbol used for transmissions of DL control channels in a slot [2]. 

Proposal 2: NR enables a UE to avoid decoding DL control channel candidates that include NR-CCEs located in frequency resources or time resources not used for transmissions of DL control channels in the slot. 

Configuration of Monitoring Slots for DL Control Channels
Another mechanism to reduce UE power consumption is the configuration of monitoring slots for DL control channels. In LTE, such configuration was introduced for Rel-13 eMTC through the use of a UE-specific monitoring window configured by higher layer signaling. In this respect, configuration of subframes to Rel-13 eMTC UEs for monitoring of DL control channels is similar to DRX. This was sufficient for eMTC due to the latency tolerant nature of applications and the use of repetitions. 
Configuration of monitoring slots for DL control channels was also agreed for NR. However, unlike Rel-13 eMTC, configuration by higher layer signaling cannot capture the dynamic buffer variations for many applications, cannot provide low latency unless the monitoring is so frequent (e.g. every other slot) that is practically ineffective, and additional benefits relative to DRX are not evident. Dynamic configuration of monitoring slots for DL control channel transmissions provides dynamic adaptation to DL buffer status and UL buffer status (obtain by SR/BSR reports from a UE) and can adjust to latency requirements for a particular application (UE-specific configuration). Dynamic configuration of monitoring slots can also be UE-common, for example when a scheduler determines that a number of next slots will be UL-full slots or be used for a different vertical/application (e.g. MBMS).   

Proposal 3: NR enables UE-specific and UE-common dynamic configuration of slots for reception of DL control channels. 

Scheduling of Wideband DL Data Channels
When a UE is configured to monitor DL control channels in one or more frequency regions of a DL system BW and is scheduled a DL data channel transmission over a BW that is not a sub-set of the BW for the frequency regions, the UE needs to retune its RF to the BW of the DL data channel transmission. This poses a problem as the UE cannot receive the DL data channel transmission immediately after the DL control channel transmission. 
To solve this problem, support for cross-slot scheduling was agreed in RAN1#86bis. Although this is an effective solution in accommodating a retuning delay, it is also associated with some drawbacks including an increase in the number of required HARQ processes and in UE buffering requirements. For example, HARQ-ACK feedback reporting delay of one slot, two HARQ processes are needed for same-slot scheduling while for four HARQ processes are needed for cross-slot scheduling (for one slot delayed DL data channel transmission). For improving statistical HARQ buffer management, but also in cases where a network wants to avoid an additional scheduling latency (e.g. the next slot(s) may not be available for the service), same slot scheduling should also be supported. 
To address the RF retuning delay for same slot scheduling, [3] proposes use of a scaled numerology for the DL control channels as in Figure 1 (from [3]). Several disadvantages exist with such an approach including: (a) potential for worse BLER due to reduced CP length at least for small NR-CCE aggregation levels (high SINR), (b) worse BLER particularly for per-symbol transmission of DL control channels due to the shorter transmission duration – to overcome the BLER loss, the transmission BW of DL control channels needs to increase (e.g. by 4x for SCS scaling by 4x) which, if at all possible, largely negates the reason for introducing reduced BW for monitoring for DL control channels and, further, coverage is always reduced (e.g. by 6 dB for 4x SCS), (c) inefficient resource utilization as one symbol (symbol 1) is lost (a DL data channel should not be transmitted with different numerology in that symbol relative to the remaining symbols of the slot), (d) possible inability to use UE-shared DMRS with large SCS that is associated with transmission of DL control channels for purposes related to reception of DL data channels (including potentially for channel estimation and for tracking loops than need to provide sufficient estimation accuracy for data reception with low SCS).  
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Figure 1 (from [3]): Use of scaled numerology for transmission of DL control channels

Using Figure 1 as reference, an observation is that since one symbol (symbol 1) is lost, it can be used for RF retuning. For the DL data channel transmission BW that overlaps with the associated DL control channel transmission BW, the UE can still receive the DL data channel. Therefore, unlike the setup in Figure 1, at least the DL system BW that is used for DL control channel transmissions can be used for DL data channel transmissions in the first symbol of the DL data channel transmission. The only requirement is for the RE mapping where the gNB and the UE need to have the same understanding that in the first symbol of the DL data channel transmission, the DL data channel is transmitted only in the allocated RBs that are also RBs in the BW of the DL control channel transmission. This essentially means that, regardless of a DL data channel transmission BW, a DL data channel transmission in the first symbol is always only in allocated RBs that are within the BW of an associated DL control channel transmission.   
Proposal 4: A DL data channel transmission in the first symbol is only in allocated RBs that are within the BW of an associated DL control channel transmission. 

For hybrid slots, transmission of UL control channels can be placed after the transmission of DL control channels instead of at the end of the slot. This can also provide sufficient time for retuning and is also associated with a number of additional advantages as discussed in RAN1#86bis and RAN1#87 [4]. 

Proposal 5: For hybrid slots, the location of UL control channels can be configured to be either after the transmission of DL control channels or at the end of the slot.
3 Conclusions

This contribution considered configuration aspects for UE modem power reduction associated with monitoring of DL control channels in NR. In particular, the following are proposed. 
Proposal 1: The number of decoding candidates per NR-CCE aggregation level is configurable by UE-specific higher layer signaling. 

Proposal 2: NR enables a UE to avoid decoding DL control channel candidates that include NR-CCEs located in frequency resources or time resources not used for transmissions of DL control channels in the slot. 

Proposal 3: NR enables UE-specific and UE-common dynamic configuration of slots for reception of DL control channels. 

Proposal 4: A DL data channel transmission in the first symbol is only in allocated RBs that are within the BW of an associated DL control channel transmission. 

Proposal 5: For hybrid slots, the location of UL control channels can be configured to be either after the transmission of DL control channels or at the end of the slot.
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