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1. Introduction

In the email discussion after RAN1#87 meeting, most of companies suggested to consider the following use cases for mini-slot:

· For multi-beam transmission above 6GHz;
· For low-latency URLLC transmission;
· For immediate LBT transmission for unlicensed spectrum (treated in NR SI Phase 2).
It should be noticed that, however, the three use cases lead to different technical requirements to the mini-slot/slot design. The mini-slot/slot design may need to be optimized separately for the three use cases. This contribution focuses on the first use case ---- How to design a mini-slot/slot to enable an effective “multi-beam” operation?
It seems that some relevant agreements were reached in RAN1#87, e.g. about mini-slot lengths and mini-slot/slot-based DCI monitoring [1]. 
Agreements:
· Mini-slots have the following lengths

· At least above 6 GHz, mini-slot with length 1 symbol supported

· FFS below 6 GHz including unlicensed band

· FFS for URLLC use case regardless frequency band

· FFS whether DL control can be supported within one mini-slot of length 1 

· Lengths from 2 to slot length -1

· FFS on restrictions of mini-slot length based on restrictions on starting position 

· For URLLC, 2 is supported, FFS other values 

· Note: Some UEs targeting certain use cases may not support all mini-slot lengths and all starting positions

· Can start at any OFDM symbol, at least above 6 GHz

· FFS below 6 GHz including unlicensed band

· FFS for URLLC use case regardless frequency band

· A mini-slot contains DMRS at position(s) relative to the start of the mini-slot 

Agreements:
· NR-PDCCH monitoring at least for single-stage DCI design,

· NR supports the following minimum granularity of the DCI monitoring occasion: 

· For slots: once per slot

· When  mini-slots are used: FFS if every symbol or every second symbol

· FFS with respect to which numerology if slot and mini-slot have different numerology (e.g. SCS, CP overhead)

· Note: slot/mini-slot alignment is not assumed here 

However the agreements on DCI monitoring do not specifically address the “multi-beam” scenario. This contribution focuses on the NR-PDCCH structure for mmWave above 6GHz, in which various structures are analyzed.
2. Requirements to beam-specific PDCCH for >6GHz
The agreements on minimum granularity of the DCI monitoring occasion in RAN1#87 are:
· For slots: once per slot

· When  mini-slots are used: FFS if every symbol or every second symbol

The multi-beam operation above 6GHz may be based on slot and/or mini-slot structure. No matter whether mini-slot structure is supported, the following requirements to DL control structure for multi-beam transmission above 6GHz should be considered:
· Flexible load balancing between beam blocks:
Similar to “SS block” concept in initial access design, we can define the time-domain unit containing PDSCH and PDCCH for a group of beams as “beam block”. A DL transmission period consists of multiple beam blocks, at depicted in Figure 1. Since different groups of beams may cover different numbers of UEs and different service load, the time duration of each beam block may change from one DL Tx period to the next. The beam-specific PDCCH structure should be able to support the flexible load balancing between beam blocks, i.e. to enable flexible starting point and duration of each beam block.
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Figure 1: Multi-beam control/data transmission with flexible “beam blocks”
· Coverage performance:
The coverage performance of a beam-specific PDCCH should also be at least as good as corresponding beam-specific PDSCH. Hence the beam-specific PDCCH must be able to take the advantage of beamforming. A single-beam PDCCH may become a bottle neck in coverage of a multi-beam system.
· UE complexity:

Meanwhile the starting point and duration of each beam block are set flexibly, the complexity of a UE for PDCCH blind detection and PDSCH reception should not be substantially increased. 
Proposal 1: The design of PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance and UE complexity, etc.
3. Candidate multi-beam PDCCH structures for >6GHz
Three structures can be considered for multi-beam PDCCH >6GHz:
Structure 1: In-block PDCCH for each beam block
As shown in Figure 2, the structure of each beam block is similar to the slot structure for single-beam system. PDCCH is placed in the first several symbols in the beam block (no matter the beam block is fit into a mini-slot, slot or a set of aggregated mini-slots/slots).
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Figure 2: Structure 2: In-block PDCCH for each beam block
The merit of this structure is that the same beamforming gain as PDSCH can be obtained. However, if the flexible starting point of each beam block is supported, the time-domain position of a UE search space is uncertain. A UE needs to monitor PDCCH in every possible symbol, which results in the high complexity and power consumption. It may be reasonable to require a URLLC UE to perform the per-symbol time-domain blind detection of PDCCH because the complexity and power consumption can be trade off to guarantee the low-latency requirement. However it is not reasonable to require an eMBB UE to suffer from high complexity and power consumption due to per-symbol blind detection.
A RRC signaling carrying possible density/periodicity of a beam-specific PDCCH may be helpful to reduce the complexity to some extent. However the semi-static RRC signaling cannot adapt to the dynamically-changed beam block allocation.
Structure 2: Front-loaded PDCCH shared by all beam groups
As shown in Figure 3, PDCCHs for all beam blocks are transmitted together at the beginning of a DL Tx period. Different multiplexing schemes between beam-specific PDCCHs can be considered, among which only TDM can support multi-beam operation, and obtain beamforming gain. However, TDM-based multi-beam PDCCH may be low efficient due to frequent symbol-level beam switching. In case of FDM or CDM, the analog beamforming cannot be used for each beam group, and thus lose the beamforming gain for coverage performance. 
Another problem of the multi-beam-shared PDCCH is: The PDCCH transmitted in advance of corresponding PDSCH may limit the up-to-date scheduling flexibility. 
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Figure 3: Structure 2: Front-loaded PDCCH shared by all beam groups
Structure 3: In-block PDCCH for each beam block + DCI for search space indication

The combination of above two structures is shown in Figure 4. The beam-specific PDCCH is transmitted in each beam block, while also transmitting a dynamic DCI at the beginning of the DL Tx period to indicate the time-domain positions of the in-block PDCCH search spaces. This approach enables the up-to-date scheduling flexibility thanks to the PDCCH sent together with PDSCH, meanwhile avoiding the complex per-symbol blind detection for UEs. 
Similar scheme is being considered in LTE sTTI WI referred as “2-level DCI”, in which PDCCH (slow DCI) indicates the sPDCCH (fast DCI) search spaces. Different from that, the search-space-indication DCI for multi-beam system should be designed to obtain the beamforming gain in order to provide same coverage as beam-specific PDCCH. Detailed solution is FFS. A possible way is to transmit the search-space-indication DCI together with previous beam-specific PDCCH.
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Figure 4: Structure 3: In-block PDCCH for each beam block + Front-loaded DCI for search space indication (similar to 2-level DCI for LTE sTTI)
Proposal 2: The design of PDCCH for multi-beam system >6GHz should strive to obtain beamforming gain meanwhile avoiding per-symbol blind detection for time-domain search space.
4. Conclusions
Proposal 1: The design of PDCCH for multi-beam system >6GHz should take the consideration of flexible load balancing between beam blocks, coverage performance and UE complexity, etc.
Proposal 2: The design of PDCCH for multi-beam system >6GHz should strive to obtain beamforming gain meanwhile avoiding per-symbol blind detection for time-domain search space.
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