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Introduction
3GPP RAN approved a NR WI to specify functionalities for eMBB and URLLC based on the conclusions reached in the recently completed NR SI. The work plan includes normative work on low latency physical layer channels as set forth by the following objective in [1]:
· Physical layer channels for control and data based on associated waveform,  numerologies and frame structure in line with the conclusions of the study item, including mini-slot design;
This contribution considers specific design features of the NR-PDCCH targeting low latency communications including mini-slot design.
Discussion
The NR downlink control channel should be designed to support diverse use cases such as eMBB, URLLC and eventually mMTC within a common framework. Achieving the stringent latency requirements of URLLC would require timely scheduling of arriving URLLC packets. Towards this goal, mini-slot based control/data transmission is one enabling feature for low latency communications. 
At the RAN1 NR_AH1 meeting, the following mini-slot design principles were agreed,
· Take the following into account for designing slot-level channels/signals/procedures:
· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs
· At least one of DMRS format/structure/configuration for slot-level data channel is re-used for mini-slot-level data channel
· At least one of DL control channel format/structure/configuration for slot-level data scheduling is designed to be applicable to mini-slot-level data scheduling
· At least one of UL control channel format/structure/configuration for slot-level UCI feedback is designed to be applicable to mini-slot-level UCI feedback
· Take the following into account as starting point for designing mini-slot-level channels/signals/procedures:
· Possible occurrence of mini-slot/slot transmission(s) occupying resources scheduled for ongoing slot transmission(s) of a given carrier for the same/different UEs
· DMRS for mini-slot-level data channel is just a re-use of that for slot-level data channel
· DL control channel for mini-slot-level data scheduling is just a re-use of that for slot-level data scheduling
· UL control channel for mini-slot-level UCI feedback is just a re-use of that for slot-level UCI feedback
· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines for a slot
· Scheduling/HARQ timelines for a mini-slot can be based on scheduling/HARQ timelines shorter than those for a slot
· FFS: exact timelines
· FFS: One mini-slot does not contain symbols for different link directions (i.e., DL-only or UL-only)
In Figure 1 we compare and contrast the NR-PDCCH structures for both slot and mini-slot based DL scheduling assignments. In Figure 1(a), a UE is configured to monitor control channel candidates mapped to a control resource set with duration of 1 OFDM symbol. It can be observed that the PDSCH region may overlap in time with the control resource set (more details provided in a separate contribution [2]). Figure 1(b) depicts an example configuration, where separate control resource sets are configured for slot-based and mini-slot-based PDSCH transmissions. It can be seen that the mini-slot control resource set overlaps with the slot-based control resource set. The main difference between slot-based and mini-slot based scheduling is how control monitoring instances are configured in a slot. In Figure 1(b), a URLLC UE may be configured to monitor for a NR-PDCCH in symbols 0, 3 and 5 of the slot, while an eMBB UE may only be configured to monitor in symbol 0 of a slot. This approach thus provides more scheduling opportunities for URLLC traffic reducing end-to-end latency due to blocking. 
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[bookmark: _Ref477617802]Figure 1 Scheduling of (a) slot-based data and (b) Mini-slot-based data based on respective control resource sets

Proposal 1: a UE may be configured to monitor for NR-PDCCH in a control resource set at mini-slot-level granularity

Note that the configuration shown in Figure 1(b) is one manifestation of the agreed design principle that the DL control channel for mini-slot-level data scheduling is just a re-use of that for slot-level data scheduling. Indeed, if a UE can be configured for both mini-slot-level and slot-level data scheduling, the same control resource set can be configured to serve both cases but with different monitoring granularity.

For UL grants some restrictions may be needed on the mapping within the slot for a NR-PDCCH conveying an UL grant. For example, in Figure 1(b) an UL grant scheduled for the next slot should be transmitted earlier rather than later in the slot to allow sufficient time for processing the UL grant and preparing the PUSCH transmission. 

An unresolved question is whether the minimum periodicity for control channel monitoring is 1 or 2 symbols. In our view as long as a 1-symbol mini-slot is supported, the control channel could also be monitored in every symbol. The more fundamental questions are minimizing control signaling overhead and UE power consumption.

A UE may be configured with a duty cycle for monitoring the DL control channel that is not necessarily equal to the mini-slot granularity. This is illustrated in Figure 2, were there are three mini-slots within the slot duration but a UE is configured with only two monitoring occasions within the slot. This allows cross-scheduling of data transmission in a mini-slot from a control resource set in a previous mini-slot. 

Proposal 2: 
· The number of control channel monitoring instances can be a subset of the number of mini-slots within a slot or subframe interval
· A control channel candidate mapped to a mini-slot can schedule data in the same mini-slot, a future mini-slot or on multiple mini-slots
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[bookmark: _Ref477621824]Figure 2 Reduced set of NR-PDCCH monitoring instances for mini-slot based transmission in a slot

It may also be worth restricting the total number of control channel candidates that is monitored by a UE within a fixed time interval, e.g. a slot. Specifically, the total number of control channel candidates can be distributed across all monitoring instances in a slot. An added advantage of this approach is that it avoids the need for prioritization between monitoring slot-based and mini-slot based candidates.

Proposal 3: Consider restrictions on the maximum number of control channel candidates a UE is required to monitor within a specified time period.

NR design should ensure that blocking does not become a limiting factor in achieving the latency requirements prescribed for URLLC. Therefore, it should be possible to provision different numbers of control channel candidates for eMBB and URLLC UEs. 
Proposal 4: A UE may be semi-statically configured with the number of control channel candidates to be monitored in a slot period depending on the offered service.
Once the basic search space design is complete, the blocking probability can be evaluated for URLLC scheduling to see if further optimizations to the search space mechanism are warranted. Other implementation-based mechanisms may ensure a lower blocking probability for latency-critical applications compared to latency-tolerant applications. For instance, the scheduler can prioritize DL assignments or UL grants for URLLC over eMBB.
Conclusion
This contribution discussed enhancements to NR-PDCCH design targeting low latency communications. It is observed that these enhancements are mainly on mini-slot-based control resources. We have the following proposals
· A UE may be configured to monitor for NR-PDCCH in a control resource set at mini-slot-level granularity
· The number of control channel monitoring instances can be a subset of the number of mini-slots within a slot or subframe interval
· A control channel candidate mapped to a mini-slot can schedule data in the same mini-slot, a future mini-slot or on multiple mini-slots
· Consider restrictions on the maximum number of control channel candidates a UE is required to monitor within a specified time period.
· A UE may be semi-statically configured with the number of control channel candidates to be monitored in a slot duration depending on the offered service
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