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1. Introduction 
In RAN1 #58 meeting, regarding PDCCH transmission in carrier aggregation, the following was agreed [1]. 

· PDCCH on a component carrier assigns PDSCH resources on the same component carrier and PUSCH resources on a single linked UL component carrier

· No carrier indicator field : i.e. Rel-8 PDCCH structure (same coding, same CCE-based resource mapping) and DCI formats

· PDCCH on a component carrier can assign PDSCH or PUSCH resources in one of multiple component carriers using the carrier indicator field
· Rel-8 DCI formats extended with 1 – 3 bit carrier indicator field : Reusing Rel-8 PDCCH structure (same coding, same CCE-based resource mapping) 

· Solutions to PCFICH detection errors on the component carrier carrying PDSCH to be studied

· In both cases, limiting the number of blind decodings is desirable

As the agreement suggests, we should consider ways of limiting the amount of blind decoding.  If the Rel-8 blind decoding approach is used for carrier aggregation in Rel-10, the blind decoding requirements would scale linearly with the number of carriers.  For example, for 5 component carriers, 220 blind decodes would be required.  Blind decoding impacts processing requirements and battery life, both of which are important design elements for LTE-A.  Several papers have highlighted the issue of increased blind decoding and discussed potential solutions [2]-[5].  In this paper, we discuss some high level schemes for managing the blind decoding in Rel-10. 
2. Rel-8 Blind Decoding
In Rel-8, the PDCCH search space is split into a UE specific search space and a common search space.  In the UE specific search space, the UE searches aggregation levels 1, 2, 4 and 8.  In the common search space, the UE searches aggregation levels 4 and 8.  At each aggregation level, the UE performs blind decoding for 2 different DCI lengths on the specified number of PDCCH candidates as illustrated in Figure 1, which results in 44 blind decodes.  
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Figure 1.  Aggregation Levels
3. Rel-10 Blind Decoding
In this section, we will present several options for managing the blind decoding in Rel-10.  The solutions generally assume that the UE has been assigned an anchor carrier.
3.1. Option 1

In option 1, the number of PDCCH candidates is simply distributed among the component carriers.  For Rel-10, the total number of PDCCH candidates should be larger than what is currently defined in Rel-8, so in this option, these candidates are evenly distributed among the carriers.  In other words, the number of blind decodes does not change as the number of carriers changes.  This option is the simplest, but the corresponding blocking rate may not be tolerable as the number of carriers increases.  
3.2. Option 2
In option 2, the existing PDCCH is modified in order to assist the UE with the blind decoding process.  The main disadvantage of this option is that, by definition, changes are required to the Rel-8 PDCCH design, which results in some level of standardization effort and there is a corresponding performance impact which must be understood.  There are several candidate designs that can be categorized as option 2:
A. The PDCCH of carrier N can be modified in order to reduce the blind decoding of carrier N.  For example, in [1], the authors propose a separately coded format indicator, which allows the UE to know the DCI format before actually decoding a PDCCH candidate.  This reduces the blind decoding by the number of DCI formats per PDCCH candidate (2 in Rel-8) at the expense of a new PHY channel.  The new PHY channel should be as reliable as the PDCCH.
B. The PDCCH of carrier N can be modified in order to reduce the blind decoding of one or more of the remaining carriers.  
a. For example, a new field can be added to the DCI formats of the PDCCH of carrier N to indicate which aggregation levels the UE should decode on one or more of the remaining carriers.  This solution has two disadvantages.  First, if the UE is unable to decode a grant on carrier N, then it does not have the information the eNB intended for it to have, and therefore may not be able to decode the PDCCH on one or more of the remaining carriers.  Second, if the eNB does not need (or wish) to grant resources using the PDCCH of carrier N, but it does need to grant resources using the PDCCH of one or more of the remaining carriers, the eNB has no way of providing the UE with the information it needs.
b. Alternatively, a new field can be added to the DCI format of the PDCCH of carrier N to indicate which other carriers contain a grant for the UE as described in [5].  In this case, the UE must be capable of decoding the PDCCH on each carrier which potentially contains a PDCCH grant.  In the event that the UE does not decode the PDCCH on carrier N (which covers the case that the eNB does not need to grant resource using the PDCCH of carrier N), the UE can simply decode the PDCCH on each carrier which potentially contains a PDCCH grant.  While this scheme may not reduce the blind decoding requirements at the UE, it does reduce the average number of blind decodes performed by the UE.  

3.3. Option 3
In option 3, the eNB limits the blind decoding explicitly through RRC signalling or a MAC control element.  For example, as part of carrier assignment, the eNB could instruct the UE which aggregation levels to monitor.  Alternatively, the eNB could instruct the UE on how many PDCCH candidates to monitor for each aggregation level.  This scheme could be applied to all carriers or may be limited to only the non-anchor carriers. 
In this option, the existing PDCCH is not modified for the purpose of reducing blind decoding, which is desirable from a standardization perspective.  However, the new signalling to configure the PDCCH decoding results in additional control channel overhead.  Additionally, this option does not offer the eNB with the same flexibility provided in Rel-8 in terms of tracking channel variation, PDCCH scheduling, etc.

3.4. Option 4
In option 4, the PDCCH of carrier N is used implicitly to reduce the blind decoding of one or more of the remaining carriers.  For example, if the UE detects a grant at a particular aggregation level on carrier N, then the UE narrows its search on the one or more of the remaining carriers based on this aggregation level.    For example, the UE could search the anchor carrier for all aggregation levels.  Upon detection of a valid PDCCH, the UE could then search the remaining carriers using the aggregation level found on the anchor carrier and the next most robust aggregation level.  This is illustrated in Figure 4, where the UE finds a valid grant at aggregation level 2 on the anchor carrier and therefore only searched the non-anchor carriers at aggregation levels 2 and 4.  In this option, the existing PDCCH is not modified for the purpose of reducing blind decoding, which is desirable from a standardization perspective.  However, this option has similar disadvantages as Option 2B.
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Figure 1.  Example PDCCH Decoding for Option 4
4. Conclusions
In this paper, we presented the following four options for managing the blind decoding for carrier aggregation in LTE Rel-10.  
· Option 1:  Define a single number of blind decodes for multi-carrier operation regardless of the number of carriers.

· Option 2A: Modify the PDCCH of carrier N to reduce the blind decoding of carrier N.

· Option 2B: Modify the PDCCH of carrier N to reduce the blind decoding of another carrier.

· Option 3:  Limit the amount of blind decoding through RRC signalling or MAC control element

· Option 4: The PDCCH of carrier N is used implicitly to limit the blind decoding of another carrier.

At this point in the Rel-10 development process, there is not a clear way forward, since each option provides an important advantage while providing a disadvantage which needs to be understood better.  Therefore, we suggest studying these options in more detail in order to understand the implications better. 
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