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1 Introduction

The following agreements have been achieved in previous meetings on search space design. In RAN1 #88 meeting, 
· 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.
· Further study the following alternatives:
· Alt 1: For a given control resource set, there is only one CCE to REG mapping scheme

· Alt 2: For a given search space, there is only one CCE to REG mapping scheme

In RAN1 #88bis meeting,
· 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
In this contribution, we provide some further considerations on search space design.
2 Discussions

2.1 Definition of search space
It has been agreed that search space in NR includes at least aggregation levels, the number of decoding candidates (i.e. NR-PDCCH candidates) for each aggregation level, and the set of CCEs for each decoding candidate. As a result, the definition of search space in LTE still can be reused. A search space is defined by a set of NR-PDCCH candidates for an aggregation level L and each decoding candidate consists of a set of L CCEs. In addition to search space, other properties for NR-PDCCH also should be provided to decode one NR-PDCCH successfully including CORESET, transmission scheme, CCE-to-REG mapping, RS structure, REG bundle pattern, reception beam and even search space type (common or UE-specific) which will be partially discussed in our other companion contributions. So search space design can be discussed based on the association with other NR-PDCCH properties. 
Proposal 1: A search space is defined for an aggregation level with one or multiple decoding candidates.

2.2 Search space design
For a nested structure, the candidates for lower aggregation levels should be located within the resources of candidates for higher aggregation levels. That is, the locations of NR-CCEs corresponding to NR-PDCCH candidates for a search space with lower aggregation levels are restricted by those for a search space with higher aggregation level. Details on nested structure can be found in our companion contribution [1].
On the other hand, the locations of NR-CCEs corresponding to candidates for the search space with the largest aggregation level can ensure some degree of randomization for reducing blocking probability. 
In LTE PDCCH/EPDCCH, CCEs corresponding to candidates for UE-specific search space are determined by a function of UE ID (e.g., C-RNTI) and subframe index. The UE ID varies the search space locations among different UEs and reduces blocking among different UEs in one given subframe. The subframe index changes the search space location from subframe to subframe and reduces blocking for the same UE in consecutive subframes. 
For NR PDCCH, it is suggested to reuse a similar design principle but with some modifications. One is to use slot index instead of subframe index since slot-based scheduling is supported in NR. The other one comes from some potential considerations from multi-TRP distributed non-coherent JT so that a configurable UE-specific ID is preferred. Therefore, the function can be defined relative to at least slot index and a configurable UE-specific ID. 
Additionally, in LTE EPDCCH a set-specific random parameter Yp,k is used to determine the first ECCE of a candidate in each set. The reasons are as follows. In the case that the configured multiple search spaces for the same UE are of the same type and point to distinct CORESETs, the number of available REs for each NR-CCE is unbalanced among different CORESETs due to the differences of, e.g., bandwidth, demodulation RS density, etc. Thus, for DCI with high payload size, some potential candidates for low aggregation level may not be decodable. In order to increase the number of decodable candidates, the CORESET-specific randomization of candidates among the CORESETs is needed. At the same time, randomizing the location of NR-PDCCH candidates in different CORESETs can also reduce the blocking probability. Consequently, it would be beneficial to adopt the same principle. That is, to have different starting positions defined for multiple CORESETs.

Proposal 2: The CCEs corresponding to a PDCCH candidate of at least one UE-specific search space are determined by a function of at least slot index, a configurable UE-specific ID, and a CORESET-specific random parameter.
To achieve the robust transmission for NR-PDCCH, at least one property can be more than one instances to monitor one NR-PDCCH. This property can be search space type, transmission scheme, and CCE-to-REG mapping, etc. For the first example, some search spaces may aim for robust control channel transmission associated with transmit diversity whereas the others may aim for capacity enhancing schemes associated with precoding. Thus, a UE can be configured to monitor multiple search space types which can have the same or different CCE-to-REG mappings and/or transmission schemes. Another example is that a UE can be configured to monitor M ≥ 1 beam pair links simultaneously or on different PDCCH symbols. In this case, multiple search spaces can be configured with the resources related to each search space mapped to a beam pair link. For UE-specific search space, the DMRS port in each search space is spatially QCLed with a CSI-RS which is transmitted on a beam pair link. For common search space, implicit association between gNB Tx beams for common search space and SS block beams can be considered [2]. Note that whether MU-MIMO with orthogonal DMRS is supported for NR-PDCCH is still an FSS. If this transmission scheme is agreed, DMRS port should also be configured to a UE for monitoring a search space.
Proposal 3: A UE can be configured to monitor NR-PDCCH using multiple search space types (e.g., common or UE-specific) which can have the same or different CCE-to-REG mappings and/or DMRS initializations. 
Proposal 4: A CORESET can be configured with one or more beams, and different beams are related to different search spaces. 
· QCL association between DMRS port of UE-specific search space and CSI-RS should be signaled to a UE for monitoring the search space.

· DMRS port should also be configured if MU-MIMO with orthogonal DMRS is supported for NR-PDCCH.

2.3 DCI blind detection
It is agreed that the maximum number of blind detections is irrespective to the number of CORESETs and the number of search spaces. Therefore, when more than one CORESETs are configured for a UE for a single carrier operation, a splitting of decoding candidates needs to be defined in the specification either through splitting rules or by using a tabulated split for each possible NR-PDCCH allocation. Some general design rules are then considered. Firstly, CORESETs with the same REG bundle pattern [3], transmission type (i.e., distributed or localized transmission), and the same number of CCEs should have the same split of blind decodes as these CORESETs are equivalent. Secondly, more decoding candidates are allocated to larger CORESETs than to smaller CORESETs. This is natural as a larger CORESET has more CCEs and could support more non-colliding blind decoding candidates. Last but not least, in the case with both distributed and localized sets are configured, the localized set has more blind decodes for low aggregation levels and the distributed one has more blind decodes for higher aggregation levels. This is because the distributed set is to some extent used as fallback for the localized set. This implies that larger aggregation levels are prioritized for the distributed set while the localized set is prioritized for smaller aggregation levels.
Proposal 5: In the case of K≥2 CORESETs, define the decoding candidates splitting among CORESETs with the consideration of all combinations of the number, the size and the type of CORESETs.

· CORESETs with the same REG bundle pattern, transmission type (i.e., distributed or localized transmission), and the same number of CCEs should have the same split of blind decodes.
· More decoding candidates are allocated to larger CORESETs than to smaller CORESETs
· The localized set has more blind decodes for low aggregation levels and the distributed one has more blind decodes for higher aggregation levels.
It is worth noticing that the splitting on the number of candidates will somehow affect resource flexibility of control channel and thus increase blocking probability. A careful design is thus needed by taking into account tradeoff between decoding complexity and blocking probability. It is suggested that NR should define the maximum number of CORESETs that a UE can be configured to monitor simultaneously.
Proposal 6: NR should define the maximum number of CORESETs that a UE can be configured to monitor simultaneously.

When mini-slots are used, NR supports either every symbol or every second symbol as the minimum granularity of DCI monitoring occasion. Whether the maximum number of blind detections for a mini-slot based scheduled UE can exceed the total number of blind detections for a slot based scheduled UE depends on the needs of mobile manufacturers. However, it seems to be highly beneficial to allow gNB to configure the total number of blind detections based on, e.g., UE capability. For example, for a UE requiring energy saving, a subset of aggregation levels and/or a set of scaling factors for candidate reduction can be configured using high layer signaling. A UE thus only searches in its configured subset of aggregation levels and blind detection candidates. In the case that multiple dedicated DL/UL grants are supported in non-coherent joint transmission, NR may also support the UE-specific configuration of a subset of aggregation levels and/or candidates by high layer signaling to reduce the number of blind detections. Furthermore, for the UEs with single cell transmission and other UEs with non-coherent joint transmission, the maximum number of NR-PDCCHs which need to be detected is different. If UE don't know how many NR-PDCCHs it would receive, the UE need to detect all the candidates until reach the maximum number of blind detections. In order to reduce the number of blind decoding, the maximum number of NR-PDCCHs can be configured to UE. When the maximum number of NR-PDCCH is achieved, the UE can stop detect.
Proposal 7: A subset of aggregation levels and/or candidates can be configured for a UE through high layer signaling.
3 Conclusions
Based on the discussions above, our proposals in this contribution are summarized as follows.

Proposal 1: A search space is defined for an aggregation level with one or multiple decoding candidates.

Proposal 2: The CCEs corresponding to a PDCCH candidate of at least one UE-specific search space are determined by a function of at least slot index, a configurable UE-specific ID, and a CORESET-specific random parameter.

Proposal 3: A UE can be configured to monitor NR-PDCCH using multiple search space types (e.g., common or UE-specific) which can have the same or different CCE-to-REG mappings and/or DMRS initializations.
Proposal 4: A CORESET can be configured with one or more beams, and different beams are related to different search spaces.
· QCL association between DMRS port of UE-specific search space and CSI-RS should be signaled to a UE for monitoring the search space.

· DMRS port should also be configured if MU-MIMO with orthogonal DMRS is supported for NR-PDCCH.

Proposal 5: In the case of K≥2 CORESETs, define the decoding candidates splitting among CORESETs with the consideration of all combinations of the number, the size and the type of CORESETs.

· CORESETs with the same REG bundle pattern, transmission type (i.e., distributed or localized transmission), and the same number of CCEs should have the same split of blind decodes.
· More decoding candidates are allocated to larger CORESETs than to smaller CORESETs.
· The localized set has more blind decodes for low aggregation levels and the distributed one has more blind decodes for higher aggregation levels.
Proposal 6: NR should define the maximum number of CORESETs that a UE can be configured to monitor simultaneously.
Proposal 7: A subset of aggregation levels and/or candidates can be configured for a UE through high layer signaling.
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