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1. Introduction 
In RAN1-57, it was agreed to use separate coding as a baseline for the PDCCH design for carrier aggregation.  

· Separate coding of DL assignments and UL grants for each component carrier based on DCI format(s) for single carrier with an additional carrier indicator field of 0-3 bits

· In case of 0 bits, no carrier indicator

A carrier indicator is needed for the case when the PDCCH of one carrier can point to a PDSCH/PUSCH on more than one carrier as depicted in Figure 1 [1].  The scenario has been designated as option 1B in previous PDCCH discussions [2].
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Figure 1.  PDCCH Structure
In this paper, we outline a few alternatives which could be used to allow the functionality depicted in Figure 1.

2. Carrier Indicator
In this section, we will present a few options for allowing the PDCCH of one carrier to point to the PDSCH/PUSCH on more than one carrier.  Note that the number of symbols dedicated to the PDCCH (as defined in Rel-8) is subject to the Rel-8 PCFICH design if Rel-8 UEs are using the carrier for either PDCCH or PDSCH.  This may impose a limitation on the number of carriers for which a single PDCCH can allocate resources.  For example, in practice, a single PDCCH may only be able to allocate resources for two carriers due to the size restrictions on the PDCCH.
2.1. Option 1B-0
In option 1B-0, the existing DCI formats are modified to include a carrier indicator field (1-3 bits).  The carrier indicator field indexes the carriers currently assigned to the UE.  For example, if the carrier indicator field is 3 bits, then a single PDCCH can point to up to 8 carriers.  In this case, the carrier indicator in the PDCCH maps directly to the carrier containing the PDSCH/PUSCH.
This option is straight-forward, but does result in a minor increase in control channel overhead, while requiring modifications to the existing DCI formats.

2.2. Option 1B-1
In option 1B-1, distinct PDCCH search spaces are used as an implicit carrier indicator field (i.e., 0 bits) as depicted logically in Figures 2-3.  The existing DCI formats are not modified.  
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Figure 2.  PDCCH Structure for Carrier Aggregation

In Figure 2, the entire space PDCCH (green + magenta) is signaled to Rel-8 UEs using the PCFICH, and the CCEs for f1 (green) and the CCEs for f2 (magenta) are signaled as two entities to Rel-10 UEs using new signaling.  In this case, grants for Rel-8 UEs can span the entire PDCCH space, while grants for Rel-10 UEs are located in either the CCEs corresponding to f1 or the CCEs corresponding to f2. 
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 Figure 3.  Illustrative PDCCH Candidates
In Figure 3, if a Rel-10 UE finds a valid DCI format in the space designated for carrier f1, the UE concludes that the grant corresponds to carrier f1, and if a UE finds a valid DCI format in the space designated for carrier f2, the UE concludes that the grant corresponds to carrier f2.  This solution is transparent to Rel-8 UEs, since they use the same PDCCH search procedure as currently defined, and the eNB ensures that a particular grant is located in the proper place for each UE. 
The main advantage of this option is that the existing DCI formats do not have to be changed.  However, this option does not allow trunking between the PDCCH spaces for carrier f1 and carrier f2 for Rel-10 grants, and therefore results in a higher blocking rate compared to a completely common PDCCH space.    

2.3. Option 1B-2
In option 1B-2, a single PDCCH search space is shared among multiple carriers, and each carrier is associated with a particular set of PDCCH candidates as depicted in Figures 4-5.
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Figure 4.  PDCCH Structure for Carrier Aggregation

In Figure 4, the PDCCH is shared among the following:  Rel-8 UEs with PDSCH/PUSCH on f1, Rel-10 with PDSCH/PUSCH on f1, and Rel-10 UEs with PDSCH/PUSCH on f2.  The PCFICH is used to signal the size of the PDCCH to both Rel-8 UEs and Rel-10 UEs.
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Figure 5.  Illustrative PDCCH Candidates
To differentiate carriers, in Figure 5, the PDCCH candidates for aggregation level 1 for carrier f2 are shifted relative to carrier f1.  This process is repeated for each aggregation level (AL).  For AL4 and AL8, if the carrier that carries the PDCCH also has a common search space, only the UE specific search space for one of the carriers can overlap with the common search space.  If the UE finds a valid DCI format for a particular aggregation level, the UE concludes that the grant is valid for the carrier corresponding to the PDCCH candidate.

2.4. PDCCH Blind Decoding
Blind decoding has been identified as an issue which needs to be addressed for carrier aggregation [3]-[5]. While options 1B-1/1B-2 clearly illustrate the increased blind decoding for carrier aggregation, option 1B-0 is also subject to an increase in blind decoding. For the same UE blind decoding requirements, option 1B-0 has a lower blocking rate, since each PDCCH candidate can be used for any carrier. Option 1B-2 has lower blocking rate than option 1B-1, since from the eNB perspective, the PDCCH search space is shared among carriers.
3. Conclusions
In this paper, we presented three options for indicating a carrier in the carrier aggregation scenario.  Option 1B-0 is perhaps the simplest, but requires changes to the existing DCI formats, while options 1B-1 and 1B-2 provide an implicit indication of the carrier without changing the existing DCI formats.  RAN1 should discuss these options further.  If the goal is to maintain the existing DCI formats, option 1B-2 is recommended, since the existing PCFICH and DCI formats can be maintained, while providing comparable blind decoding/blocking performance. 
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