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1 Introduction
In the RAN1#86 meeting, it was agreed that the impact of UE DL reception energy consumption should be studied, e.g., UE decoding power consumption for DL control blind decoding in lack of grant [1]. And in the RAN1 NR Ad-Hoc#1 meeting, design of NR-PDCCH to reduce the number of blind decodings has been discussed and agreed on some aspects as follow [2]:
	Agreement: (RAN1#86)
· Impact of UE DL reception energy consumption should be studied also considering the total power consumption mainly focusing on DoU
· e.g., UE decoding power consumption in the physical layer DL control blind decoding in lack of grant
· e.g., UE decoding power consumption in the slot with the data
· e.g., UE decoding power consumption in the data reception process
· e.g., UE decoding power consumption in the measurement
· e.g., UE decoding power consumption in the SS
· UE power reduction techniques also should be studied 
Agreements: (RAN1 Ad-Hoc #1)
· NR supports at least following functionalities
· At least for eMBB, in one OFDM symbol, multiple CCEs cannot be transmitted on the same PRB except for spatial multiplexing to different UEs (MU-MIMO)
· A PDCCH candidate consists of a set of CCEs. A CCE consists of a set of REGs. A REG is one RB during one OFDM symbol.
· For one UE, the channel estimate obtained for one RE should be reusable across multiple blind decodings involving that RE in at least the same control resource set and type of search space (common or UE-specific).
· At least for DL data scheduled for a slot, the DL data DMRS location in time is not dynamically varying relative to the start of slot
Agreements: (RAN1 Ad-Hoc #1)
· The UE will have the possibility to determine whether some blind decodings can be skipped based on information on a ‘group common PDCCH’ (if present).
· FFS: if the data starting position is signaled on the group common PDCCH, the UE may exploit this information to skip some blind decodings
· FFS: if the end of the control resource set is signaled on the ‘group common PDCCH’, the UE may exploit this information to skip some blind decodings
· FFS: how to handle the case when there is no ‘group common PDCCH’ in a slot
· When monitoring for a PDCCH, the UE should be able to process a detected PDCCH irrespective of whether the ‘group common PDCCH’ is received or not
Agreements: (RAN1 Ad-Hoc #1)
· To ensure the reliability requirement of NR-PDCCH for URLLC, at least the following aspects should be supported
· Defining a compact DCI format targeting low BLER operation 
· The highest aggregation level should target a BLER of Y for this compact DCI format
· FFS Y, Y<1% 
· FFS highest aggregation levels, e.g., 16,32
· FFS other enhancements


In this contribution, we discuss the search space design aspect and its blind decoding complexity of DL control channel and propose a method to reduce UE decoding power consumption for NR.
2 Discussion on Blind Decoding of DL Control Channel for NR
For a DL control channel for NR, it needs to further consider UE power consumption reduction as agreed at the RAN1#86 meeting. The LTE UE should perform the blind decoding to detect its DL/UL scheduling information in every TTI. The unscheduled UEs should also perform the blind decoding to detect paging information in every DTX duration. Since NR targets to reduce the TTI for supporting URLLC service below 6GHz and for supporting TDMed multi-user transmission above 6GHz, it is necessary to further reduce the blind decoding complexity for NR supporting low power consumption. 
It was agreed in RAN1 NR Ad-Hoc#1 meeting that the UE will have the possibility to determine whether some blind decodings can be skipped based on information on a ‘group common PDCCH’ (if present). For example, if the group common PDCCH indicates whether the current slot type is DL-centric or UL-centric, the UE performs the blind decoding according to its buffer state and the current slot type, i.e., if the UE has no UL data packet, it can skip some of blind decodings in the UL-centric slot. However, this approach is only applicable to some cases and there are still a large blind decoding processing burdens in many scenarios. Hence, NR should further consider a method to reduce the number blind decodings of NR-PDCCH.
In order to reduce the number of the blind decodings, one approach is to limit the number of DCI payload sizes as small as possible [3],[4]. If some limited sizes of DCI payload are considered in NR, the blind decoding for NR-PDCCH can be significantly reduced. As a method for the limited DCI payload sizes, for example, for two DCI formats, the length of the short DCI format is extended to that of the long DCI format by attaching more information or applying channel coding. Also, the length of the long DCI format is reduced to that of the short DCI format by dropping some bits. 
In addition to the limited DCI payload sizes, for further reduction of the blind decoding of NR-PDCCH, it would be quite helpful for a UE to recognize which NR-CCE candidate is allocated before blind decoding for NR-PDCCH. As a method to implicitly indicate NR-CCE candidate, we propose to use different mask sequence on DM-RS(s) within NR-CCE(s) depending NR-CCE aggregation level and/or NR-CCE allocation. The UE can identify implicitly one-bit indication per a NR-CCE if one of the two mask sequences is used for a NR-CCE candidate. According to NR-CCE aggregation level, it can mask a sequence on the NR-CCE candidate. For example, mask [A] for NR-CCE aggregation level 1, [A A] for NR-CCE aggregation level 2, [A B B A] for NR-CCE aggregation level 4, and [A B B B B B B A] for NR-CCE aggregation level 8 can be used as shown in figure 1, where A and B are two different masks for each NR-CCE. Before blind decoding for NR-PDCCH, the UE#1 can identify the detected mask pattern [A B B A x x A B] on the NR-CCEs within its search space, where x means that there is no mask. The decoding order among all of possible NR-CCE candidates can be determined by the hard or soft Hamming distance measure between the detected mask patterns. Thus, the UE#1 decodes firstly NR-CCE candidate {NR-CCE 0, NR-CCE 1, NR-CCE 2, NR-CCE 3} and then the UE#1 can proceed to decode {NR-CCE 0}, {NR-CCE 3}, {NR-CCE 6} and the remaining NR-CCE candidates until a valid RNTI is checked.
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Fig 1. Use of different mask sequence per a NR-CCE candidate
The average number of the blind decoding of NR-PDCCH depends only on the accuracy of such an indication. If there are 15 NR-CCE candidates on hierarchical structure considering up to aggregation level 8, the average number of blind decoding is 8 when selecting NR-CCE candidates randomly. The average number of blind decoding by using proposed method is given by



where  denotes the conditional probability that a mask pattern r is detected at a UE when NR-CCE candidate y is transmitted and  denotes the number of blind decoding when a mask pattern r is detected and NR-CCE candidate y is transmitted and it depends on how to select the most reliable NR-CCE candidate among the NR-CCE candidates. The UE searches the most reliable NR-CCE candidate firstly and then proceeds to search for the next reliable NR-CCE candidates until a valid RNTI is checked. As shown in Figure 2, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation-specific DM-RS per a NR-CCE is successfully detected with 90% reliability. 
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Figure 2. Average number of blind detection trials
· Observation 1: On the hierarchical search space structure, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation-specific DM-RS per a NR-CCE is successfully detected with 90% reliability.
· Proposal 1: NR should further consider a mechanism to reduce decoding complexity for a DL control channel. 
Search Space Design Aspect
The complexity of the DM-RS detection depends on design of search space and DM-RS RE configuration. Firstly, for the hierarchical search space in Figure 3-(a), it seems beneficial for a DL control channel that this hierarchical structure can share DM-RS and reuses channel estimates over among NR-CCE candidates with different aggregation levels and simplify search space design. Secondly, in order to indicate NR-CCE aggregation level by using the DM-RS, NR-CCE should be a self-contained structure, i.e., each NR-CCE should contain own DM-RS as shown in Figure 3-(b) and at least one PRB containing DM-RS REs is grouped into each NR-CCE without impact on performance and complexity.
· Proposal 2: The search space of NR-PDCCH should support the hierarchical structure and self-contained NR-CCE structure.
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Figure 3. Search space design aspects

3 Conclusion
In this contribution, we discussed the search space design aspect and its impact on NR-PDCCH blind decoding. Our views are summarized as follows:
· Observation 1: On the hierarchical search space structure, the average number of blind decoding trials with the DM-RS detection can be reduced to 2 when the UE-specific and NR-CCE allocation specific DM-RS per a NR-CCE is successfully detected with 90% reliability.
· Proposal 1: NR should further consider a mechanism to reduce decoding complexity for a DL control channel. 
· Proposal 2: The search space of NR-PDCCH should support the hierarchical structure and self-contained NR-CCE structure.
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