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1 Introduction
In RAN1 #60bis meeting, the followings were noted for the starting point of the e-mail discussion about search space (SS) until RAN 1 #61 [1];

· In case of cross-carrier scheduling

· Total search space size is extended beyond Rel-8 size

· For a given UE, search spaces located on a PDCCH CC are individually defined per aggregation level for each PDSCH/PUSCH CC linked to the PDCCH CC 

· The search spaces on the PDCCH CC could be overlapped, consecutive or separate 

· “Overlapped” includes cases where the search spaces can sometimes fully overlap due to the randomization of PDCCH

· FFS whether a UE’s search spaces can be shared in case of same DCI size 

· Other details of how to define the search spaces are FFS

For the case of no cross-carrier scheduling, it is clear that the UE should have a single UE-specific search space per component carrier. However, in case of cross-carrier scheduling, some design considerations need to be taken in order to provide more PDCCH search spaces on a PDCCH CC. In this contribution, we discuss per-CC UE-specific search space design approaches and analyze each UE-specific search space design method. 
2 Per-CC UE-specific search space design
In the Rel-8 UE-specific search space (SS), PDCCH candidates of {6, 6, 2, 2} are defined for each CCE aggregation level of {1, 2, 4, 8}, respectively. If the same SS size of Rel-8 is kept without any increase on the PDCCH CC enabling cross-carrier scheduling for an UE, the UE may not have enough PDCCH candidates addressing multiple PDSCH/PUSCH CCs, and the PDCCH blocking probability is increased especially for the large number of PDSCH/PUSCH CCs are scheduled from a PDCCH CC. Thus, the PDCCH SS size for a cross-carrier scheduling UE should be extended beyond the Rel-8 size.
In principle, there are two kinds of approaches for per-CC UE-specific SS design in case of the cross-carrier scheduling. 
Approach 1: Single UE-specific search space which is extended in size depending on the number of scheduled CCs with a single Rel-8 hashing function
In this approach, the starting CCE index of the UE-specific SS for a reference CC should be configured by the Rel-8 hashing function, and SSs of other CCs in a PDCCH CC can be configured with detailed methods described below. A reference CC can be the self-scheduling CC or one of the scheduled CCs, and further discussion is needed for the reference CC definition.
· Consecutive UE-specific SS configuration

Figure 1 shows the consecutive UE-specific SS configuration. With the consecutive SS configuration, the Rel-8 UE-specific SS design can be reused because this method requires single starting CCE index which can be derived from the Rel-8 hashing function. The consecutive SS structure is simple, but the PDCCH blocking probability caused by overlapped SS between UEs may be increased due to the larger SS area of each UE. In case of the small number of CCEs available for PDCCH transmission, the overlapped SS within a UE may be concentrated on specific CC(s). These PDCCH blocking caused by overlapped SS can be alleviated with offset, interleaving, or SS order permutation.
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Figure 1. Example of consecutive UE-specific SS configuration

· Offset based UE-specific SS configuration
For more flexible SS construction and SS randomization, a search space offset between CCs can be introduced for cross-scheduled CCs’ SS configuration. Figure 2 shows an example of the offset-based UE-specific SS configuration. This method can also reuse Rel-8 UE-specific SS equations. The starting CCE indices for cross-scheduled CCs can be specified from the offset. Disjoint/consecutive/overlapped SS structure can be supported according to the offset definition, and the SS overlapping between UEs may be reduced depending on the offset value. The necessity of introducing offset should be studied considering the trade off between flexibility, SS randomization and the additional manipulation overhead. Details of offset definition are FFS.
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Figure 2. Example of offset based UE-specific SS configuration

· Overlapped (full or partial) UE-specific SS configuration
Figure 3 shows another SS configuration which can be called overlapped UE-specific SS configuration. The Rel-8 UE-specific SS design can be reused in this method. As seen in figure 3, SS regions are always fully or partially overlapped, thus PDCCH blocking probability within a UE could be increased. Further, the number of scheduled CCs from a PDCCH CC could be restricted, e.g. in the full overlap case, only max 2 scheduled CCs can be scheduled from a PDCCH CC for CCE aggregation levels of 4 and 8. Therefore, the benefits on intentional overlapping of a UE’s SSs should be investigated more under the assumption of per-CC UE-specific SS design
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Figure 3. Example of overlapped UE-specific SS configuration
· Interleaved UE-specific SS configuration
Figure 4 show an interleaved SS structure. In this method, by interleaving multiple CCs’ SSs with granularity of one or multiple PDCCH candidate(s), the PDCCH blocking in case of SS overlap can be distributed over CCs. This method can also reuse Rel-8 hashing equation for the UE-specific SS starting CCE index calculation. Depending on the interleaving granularity, this interleaved SS structure may be different from the Rel-8 UE-specific SS structure with consecutive PDCCH candidates for each CC in case of the cross-carrier scheduling. The necessity of introducing SS interleaving should be studied considering the trade off between benefits and the additional manipulation overhead. Details of SS interleaving are FFS.
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Figure 4. Example of interleaved UE-specific SS configuration
Approach 2: Multiple UE-specific search spaces, i.e. per-CC UE-specific SS with multiple hashing functions
· Carrier-specific parameter for multiple hashing function

In approach 2, per-CC UE-specific SS are configured by CC-specific hashing function as shown in figure 5, thus the modification of Rel-8 UE-specific SS design is required. New hashing function should be designed for SS randomization between UEs and CCs. The PDCCH blocking probability within a UE may be increased due to unintentional SS overlapping by independent hashing per CC. Details of CC-specific hashing function are FFS.
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Figure 5. Example of multiple hashing based SS configuration
3 Summary
In this contribution, we discussed about per-CC UE-specific SS configuration method for cross-carrier scheduling with two possible approaches in principle. Approach 1 is the single starting CCE index based SS expansion method, and approach 2 is the multiple starting CCE index based per-CC SS configuration method. In approach 1, UE-specific SS for a reference CC should be configured by Rel-8 hashing function, and other CC’s UE-specific SS in a PDCCH CC can be configured with detailed methods described in section 2. On the other hand, SSs for multiple CCs are configured by multiple starting points in approach 2. Details of per-CC UE-specific SS design should be further studied considering design complexity, PDCCH blocking between UEs or between CCs, and etc.
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