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1 Introduction

This contribution considers remaining aspects for the PDCCH search space design particularly in conjunction with cross-carrier scheduling. The search space design for CA should support operation both with and without cross-carrier scheduling and should be Rel-8 compatible. Although the discussions have so far focused entirely on the UE-specific search space (SSS) design, some aspects for the UE-common search space (CSS) design should also be considered. 

2 Search Space Design with Carrier Aggregation
The decisions in RAN1#60bis for the PDCCH design have already determined to a large extend the search space design with only some details remaining to be decided and only for the case of cross-carrier scheduling. In particular, the working assumption for having PDSCH/PUSCH scheduling from the PDCCH transmitted in a single CC in case of cross-carrier scheduling implies that the search space design without cross-carrier scheduling can be directly parallelized for the case of cross-carrier scheduling (e.g. independent search space for each component carrier (CC), possibly with an independent hashing function). Applying further optimizations for the case of cross-carrier scheduling should consider the trade-offs between the possible blocking probability improvements (and its impact on the system throughput) and the additional specification and implementation complexity. 

2.1 No Cross-Carrier Scheduling
For “normal” operation without cross-carrier scheduling, the PDCCH search space design is a simple parallelization of the Rel-8 DL one which is supported by the agreement in RAN1#60bis to linearly scale the number of blind decoding operations (BDOs) with the number of aggregated CCs regardless of each CC BW. Figure 1 illustrates the extension of Rel-8 operation where the PDCCH search space in each DL CC provides Scheduling Assignments (SAs) for PDSCH reception and Scheduling Grants (SGs) for PUSCH transmission. The UE-common search space (CSS) and the UE-specific search space (SSS) design are as in Rel-8 and this should be the baseline for the design in case of cross-carrier scheduling. 

[image: image1]
Figure 1: Parallel Rel-8 Operation for CA (no cross-carrier scheduling).
2.2 Cross-Carrier Scheduling
Figure 2 illustrates a typical case of cross-carrier scheduling corresponding to het-net operation with 2 DL/UL CCs. 

[image: image2]
 Figure 2: PDCCH in a single DL CC for (cross-carrier) Scheduling multiple PDSCH/PUSCH for a UE with CA.

UE-Common Search Space

If the PDCCH search space for a UE in a single DL CC addresses multiple DL/UL CCs, its CSS should also be able to accommodate DCI formats targeted to multiple DL/UL CCs. For example, in Figure 1 without cross-carrier scheduling, the CSS in each DL CC needs to include transmission for DCI formats 3/3A to provide power control for SRS transmissions and non-adaptive PUSCH retransmissions. 
If multiple CSS in respectively multiple DL CCs are combined in a single CSS, this CSS needs to expand as it may often be capacity limited even in Rel-8. For example, using the ITU target of 40-50 UEs per MHz for VoIP capacity at 20 MHz, then assuming 50% VAF and 20msec VoIP periodicity, this is equivalent to 20-25 UEs per sub-frame. Note that Rel-10 can significantly exceed the ITU target. The size of DCI format 3/3A (excluding the TPC-RNTI) at 20 MHz is 28 bits. Therefore, one (two) DCI format 3/3A is needed per sub-frame in the DL PCC to provide 1-bit (2-bit) TPC commands for PUSCH/PUCCH transmissions associated with SPS in the UL PCC. Therefore, even without cross-carrier scheduling, the CSS in most/all sub-frames will operate at full capacity. 

To achieve CSS expansion in a Rel-8 compatible manner, the first 16 CCEs (in the logical domain prior to interleaving) are used for the Rel-8 CSS and the next 
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 CCEs (per DL/UL CC pair or in total – FFS) can be used for CSS expansion (
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 can be provided by higher layer signaling). Obviously, this does not increase the requirement for the maximum number of BDOs.
Proposal: With cross-carrier scheduling, the UE-common search space consists of the first 
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 CCEs where 
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 is provided by higher layer signaling.

UE-Specific Search Space

Expansion of the SSS can be either by increasing the size of a single SSS (e.g. increase the number of candidates per CCE-aggregation level) or by having separate SSS for each DL CC or UL CC. The latter represents a direct parallelization of the case without cross-carrier scheduling and leads to a simple design without constraints on the number of cross-scheduled CCs or different treatment of different CCE aggregation levels. 

Proposal: With cross-carrier scheduling, the total UE-specific search space consists of individual UE-specific search spaces, each corresponding to each cross-scheduled DL/UL CC.
Several proposals exist (e.g. [1, 2]) for the definition of each SSS and the blocking probabilities for most have already been evaluated in [2-4]. Although some differences do exist, they are small and unlikely to have an impact on the system throughput or the UE experience. Therefore, the simplicity of implementation and testing and the commonality with the SSS definition for the case of no cross-carrier scheduling should also be among the design criteria. 
In this respect, any of the proposed options in [3] will be sufficient, i.e. 

[image: image7.wmf](

)

(

)

1

()mod

kk

YAYfID

-

=+

  (option 1),
or 
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  (option 2),
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  (option 3),
where 
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 is a function of the CIF. The SSS definition for option 3 in [2] effectively introduces an offset to the search space for each CC and it is also similar to the interleaving option in [3], it was shown to have the best blocking probability properties, and provides similar SSS definition as in the case of no cross-carrier scheduling. Therefore, 
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 (option 3) can be a candidate definition for the SSS design with cross-carrier scheduling. Alternatively, 
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 (option 1) also has good randomization properties, is also consistent with the SSS definition in case of no cross-carrier scheduling, and may also be considered.
Proposal: With cross-carrier scheduling, 
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 can be selected for each UE-specific search space, where 
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 is a function of the CIF.
Another issue is whether the multiple SSS for each UE can be shared in case the DCI formats for the corresponding DL/UL CCs have the same size. This is fundamentally the same concept as for “modified option 1” with the only difference being that the shared SSS are located in the same DL CC instead of different DL CCs. Therefore, the same arguments directly apply. 
Sharing of the SSS in case the DCI formats for different DL/UL CCs have the same size will reduce the blocking probability at the expense of increasing the false CRC pass probability and resulting to different UE behavior conditioned on the DCI format size. Moreover, this is an optimization that is not available in case of no cross-carrier scheduling or in case the DCI formats have different sizes. Given the no operational or performance problem has been identified (or is expected) for the baseline approach, the principle of re-using the SSS design as in the case of no cross-carrier scheduling can be again maintained without special treatment for the case that DCI formats for different DL/UL CCs have the same size. 
3 Conclusions

This contribution considered the search space design for Carrier Aggregation and proposes the following. 

Proposal: With cross-carrier scheduling, the UE-common search space consists of the first 
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 is provided by higher layer signaling.
Proposal: With cross-carrier scheduling, the total UE-specific search space consists of individual UE-specific search spaces, each corresponding to each cross-scheduled DL/UL CC.
Proposal: With cross-carrier scheduling, 
[image: image18.wmf](

)

{

}

()

CCE,

()mod/

L

kk

k

SLYmfINLi

êú

=×+++

ëû

 or 
[image: image19.wmf](

)

(

)

1

()mod

kk

YAYfID

-

=+

 can be selected for each UE-specific search space, where 
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