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1 Introduction

At the RAN1#88bis meeting, the following agreements were made regarding DL control monitoring and data transmission duration [1]:
· UE can be configured to “monitor DL control channel” in terms of slot or OFDM symbol with respect to the numerology of the DL control channel
· Specification supports occasion of “DL control channel monitoring” per 1 symbol with respect to the numerology of the DL control channel
· Note: This may not be applied to all type of the UEs and/or use-cases
· FFS whether or not total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per symbol can exceed the total number of blind decodings in a slot when a UE is configured with “DL control channel monitoring” per slot
· Data channel (PDSCH, PUSCH) duration and starting position
· Specification supports data channel having minimum duration of 1 OFDM symbol of the data and starting at any OFDM symbol to below-6GHz, in addition to above-6GHz
· Note: This may not be applied to all type of UEs and/or use-cases
· UE is not expected to blindly detect the presence of DMRS or PT-RS
· FFS: Whether a 1 symbol data puncturing can be indicated by preemption indication
· FFS: combinations of data duration and granularities of data position
· Specification supports data having frequency-selective assignment with any data duration
· FFS: relations between “DL control channel monitoring” occasions and data channel durations

· Note: this is addition to the agreements at RAN1#86.

· Note: 1-symbol case may be restricted depending on the BW.
At the RAN1#88 meeting, the following agreements were made regarding control resource set and control search space [2]:
· Multiple control resource sets can be overlapped in frequency and time for a UE.

· A search space in NR is associated with a single control resource set

· The search spaces in different control resources sets are defined independently.

· The max number of BD candidates for a UE is defined independently of the number of control resource sets and the number of search spaces. 
In this contribution, we present our view on blind decoding considerations for NR PDCCH.  

2 Discussion on number of blind decodings 
Split in the number of blind decodings

In LTE, search space is defined so as to allow UE to monitor a certain number of blind decoding candidates for each aggregation level in each subframe. More specifically, UE would perform multiple blind decodings within search space for potential DCI messages. For NR, similar concept can be considered for the design of search space. In particular, common and UE specific search space can be defined for NR, where DL control channel with common search space can be mainly used to schedule common control message and that with UE specific search space can be used to schedule unicast data.

With regard to the number of blind decoding, it can be defined on a per-slot basis or a per mini-slot basis. As illustrated in the Figure 1, UE can be configured with slot level control resource set (CORESET) or symbol level CORESET, which may depend on UE capability or service type, e.g., the support of eMBB and URLLC application. 
Note that it was agreed in RAN1 that max number of blind decoding candidates for a UE is defined independently of the number of control resource sets and the number of search spaces [2]. This indicates that split of the number of blind decodings among different CORESETs and search spaces should be supported for NR so as to keep the total number of blind decoding attempts within one slot roughly the same, which can help to avoid excessive UE power consumption. 
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Figure 1. Slot level and symbol level CORESET
In case when UE is only configured with slot level CORESET for DL control channel monitoring, the number of blind decodings can be split according to the number of common CORESETs and UE specific CORESETs which are configured for a given UE. As discussed on our companion contribution [3], UE specific search space can be defined in a common CORESET at least for random access. In this case, both common search space and UE specific search space can share the same common CORESET, which indicates that the number of blind decodings can be further split between these two types of search spaces within the same CORESET. 
Further, in case when UE is configured with symbol level CORESET for DL control channel monitoring, it is more desirable to uniformly distribute the number of blind decodings across DL control channel monitoring occasions within one slot. This may facilitate UE to perform pipeline processing for DL control channel decoding and thereby simplify UE implementation complexity. As discussed in our companion contribution [4], UE may be configured with symbol level CORESET with certain offset/periodicity in one slot for DL control channel monitoring occasions. Assuming that K DL control channel monitoring occasions are configured and the total number of blind decodings within one slot is N, then the number of blind decodings for each DL control channel monitoring occasion can be approximately N/K. 
Proposal 1
· For slot level CORESET, NR supports split of the number of blind decodings among different CORESETs and search spaces for a given UE.

· For symbol level CORESET, NR supports a uniform distribution of the number of blind decoding among DL control channel monitoring occasions. 
Maximum number of blind decodings

In LTE Rel-8/9, UE needs to carry out a maximum of 44 blind decoding attempts in any subframe, with 32 in UE specific search space and 12 in common search space. In order to reduce UE power consumption and implementation complexity, maximum number of blind decodings for NR DL control channel should be minimized as much as possible. It should be noted that maximum number of blind decoding, e.g., 44 as defined in LTE Rel-8/9 can be considered as a starting point per component carrier for NR, regardless of whether UE is configured with slot level or symbol level CORESET for DL control channel. 
As discussed in our companion contribution [5], two DCI format sizes are preferable for NR, where one small-size grant can be used for paging, RAR and system information and one large-size grant is defined to support other remaining purposes. The mechanisms can help in achieving an appropriate trade-off between signaling overhead, performance and blind decoding reduction.  
Proposal 2
· Maximum number of blind decodings for NR DL control channel should be minimized as much as possible to reduce UE power consumption and implementation complexity.

UE specific search space configuration
As mentioned above, slot or symbol level CORESET can be configured for DL control channel monitoring. To minimize specification and implementation effort, it is more beneficial to define a unified search space regardless of slot or symbol level CORESET, including the supported aggregation levels, and the number of blind decoding in each aggregation level. 

For the split of the number of blind decoding attempts among slot or symbol level CORESET, a subset of UE specific search space can be configured for UE to monitor potential DCI messages. More specifically, gNB may configure a smaller number of candidates per aggregation level or configure a subset of aggregation levels. In the latter case, gNB may determine appropriate aggregation levels according to specific application/service or UE channel condition, and configure proper UE specific search space via RRC signaling. 
For URLLC, it is highly beneficial to allow gNB to dynamically reconfigure UE specific search space. As discussed in [6], in one example, orthogonal UE specific search space can be configured for active UEs to eliminate the block probability and improve robustness of control channel. To enable dynamic configuration/reconfiguration of UE specific search space, MAC CE based approach may be defined. Alternatively, in case of multi-stage DCI, first-stage DCI may carry the information about dynamically changed search space of the second-stage DCI. 
Proposal 3
· It is preferable to define a unified search space regardless of slot or symbol level CORESET to minimize specification and implementation effort.

· A subset of UE specific search space can be configured for the split of the number of blind decodings.

· For URLLC, NR supports dynamic gNB-based (re)configurability of UE specific search spaces.

3 Discussion on blocking probability reduction

In LTE, CCE or ECCE locations of each PDCCH or EPDCCH candidates are determined by a hashing function. For UE specific search space, this hashing function is defined as a function of UE ID and subframe index, which provides time varying UE specific search space in each subframe so as to help in resolving blocking probability among different UEs. Moreover, for LTE EPDCCH, different sets of ECCEs for DCI message monitoring or UE specific search space is defined in different EPDCCH sets.   
For NR, different control resource sets can include different sets of NR CCEs for DL control channel candidates or UE specific search spaces, similar to LTE EPDCCH. More specifically, different initialization values using a same hashing function or different hashing functions can be employed to randomize the search space in different control resource sets and slots, which can help to resolve blocking probability among different UEs in case when the same group of control resource sets are configured to these UEs. 
Note that similar design principle can apply for control search space for URLLC, where hashing function can be defined as a function of the symbol-index within a slot. In this regard, UE specific search space can vary in each PDCCH monitoring occasion that may be configured with periodicity less than a slot duration in order to avoid DL control channel for multiple UEs from continuously colliding in every mini-slot, as illustrated in Figure 2. Such a reduction in blocking probability is extremely important for URLLC as gNB may be able to schedule URLLC data transmission immediately so as to achieve ultra-low latency. 
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Figure 2. UE specific search space in CORESETs in different mini-slots
Proposal 4
· PDCCH candidates in a UE specific search space are randomized across CORESETs.
· The hashing function used for the randomization may include either slot-index or symbol-index.

4 Conclusions

In this contribution, we shared our view on general design aspects for search space in NR. Based on the discussion, we summarize our views through the following proposals:
Proposal 1
· For slot level CORESET, NR supports split of the number of blind decodings among different CORESETs and search spaces for a given UE.

· For symbol level CORESET, NR supports a uniform distribution of the number of blind decoding among DL control channel monitoring occasions. 

Proposal 2
· Maximum number of blind decodings for NR DL control channel should be minimized as much as possible to reduce UE power consumption and implementation complexity.

Proposal 3
· It is preferable to define a unified search space regardless of slot or symbol level CORESET to minimize specification and implementation effort.

· A subset of UE specific search space can be configured for the split of the number of blind decodings. 

· For URLLC, NR supports dynamic gNB-based (re)configurability of UE specific search spaces.

Proposal 4
· PDCCH candidates in a UE specific search space are randomized across CORESETs.
· The hashing function used for the randomization may include either slot-index or symbol-index.
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