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1. Introduction

To support carrier aggregation a new PDCCH structure is needed to address up to 100 MHz of aggregated system bandwidth.  Two different approaches, separate PDCCH for each carrier and common PDCCH for multiple carriers, are under consideration.  This contribution investigates the merits and drawbacks of each proposal.  Based on the analysis, our initial preference is to support common PDCCH for multiple carriers for LTE-A carrier aggregation.
2. PDCCH Structure for Carrier Aggregation
The PDCCH structures under consideration for carrier aggregation are outlined below.  The available options are also illustrated in Figure 1.
· Separate PDCCH for each component carrier: Each PDCCH assigns only a single TB (in absence of spatial multiplexing), as done in Rel-8 (illustrated as option (i) in Figure 1). Existing DCI formats may be reused provided each separate PDCCH is sent on the same component carrier as the corresponding TB and the PDCCH-TB correspondence is implicitly implied. However, if the DL component carrier used for PDCCH transmission is allowed to be different from the DL component carriers occupied by the TB, additional bits to convey the PDCCH-TB correspondence will be needed, which may make it impossible to reuse the exact Rel-8 DCI formats.  Therefore, in such scenarios, PDCCH structures that exploit commonality between individual component carrier assignments are beneficial as they reduce signaling overhead.
· Common PDCCH for multiple component carriers: Resource assignment and MCS information for all TBs, corresponding to multiple component carriers, is signalled in a common PDCCH (illustrated as option (ii) in Figure 1). In [3-5], a slightly modified option (conceptually illustrated as option (iii) and (iv) in Figure 1) where one PDCCH that contains only common fields and another PDCCH containing a joint resource assignment was also proposed.
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Figure 1.  Separate and Common PDCCH.
Beam-forming of the PDCCH based on, for example, PMI feedback or dedicated pilots has been shown to significantly improve performance and coverage [8].  Beam-forming can be efficiently applied in both common and separate PDCCH, and should be considered as a potential PDCCH performance enhancement technique for LTE-A.
3. Comparison of PDCCH Structure
In this section, analytical comparison of the separate and common PDCCH control structure is provided based on the following criteria:
DCI Overhead: 
In LTE-A, each component carrier requires independent H-ARQ and TBS support.  Thus, from an overhead point of view, other than a few fields like, TPC command for PUCCH, and CRC most of the DCI fields are independent.  Note that the H-ARQ process number may still be independently transmitted for each carrier to provide maximum flexibility.  As a result, the biggest overhead reduction for joint coding comes from the fact that a single CRC is needed as opposed to N CRC with N being the number of component carriers. However, if only fixed size common PDCCH is supported, the size of the common PDCCH may be significantly larger on average since each DCI must contain scheduling information for all component carriers regardless of how many was actually scheduled.  This is illustrated in Figure 2 for a system with five aggregated component carriers.  Note that when UE is scheduled in only one carrier, Rel-8 DCI or a modified format in case of common PDCCH can be used.  From the figure, it is seen that common PDCCH with fixed size has a higher total control overhead unless the UE is being scheduled in most of the component carriers.  Some overhead reductions techniques for the common PDCCH have been proposed including –

· Multiple DCI formats corresponding to the number of scheduled component carriers.  This approach results in DCI with dynamic size based on the number of scheduled carriers.  However, the number of required blind decoding with this method is very large and therefore DCI with dynamic size is generally not preferred.
· Primary and Secondary PDCCH [3,4,5].  With this approach, the overhead of the common PDCCH can scale with the number of scheduled component carriers while the number of blind decoding attempts is kept low.  From Figure 2, it is seen that this method can provide the lowest overhead with the largest saving when UEs are scheduled in most component carriers.   
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Figure 2.  Comparison of DCI size between separate and common PDCCH.
Based on the analysis, it may be observed that, on average, fixed size common PDCCH in general has slightly higher overhead compared to separate PDCCH.  With some optimization, common PDCCH can result in reduced overhead (up to 20% reduction).  However, as noted in [6], separate PDCCH allows for carrier-specific power control and CCE aggregation which could also result in some saving in control overhead. 
Number of Blind Decoding: 
One advantage of using common PDCCH tied to one component carrier is the reduction of PDCCH blind decoding attempts by the UE.  In general, without any restriction, the number of blind decoding attempts will scale linearly with the number of component carriers if separate PDCCH is used.  Since the allowed processing time is expected to remain the same as in Rel-8, this substantial increase in the number of blind decoding attempts may be problematic.  In this case, some restriction may be placed to reduce the number of blind decoding attempts by the UE at the expense of scheduling flexibility.
Scheduling Flexibility: 
The main advantage of using separate PDCCH lies in the scheduling flexibility at the eNB.  In this case, the eNB has the ability to –
· Schedule different DCI formats to the same UE in different component carriers in one subframe.  Due to different radio characteristics among the carriers (especially for non-contiguous carriers) as well as because of independent H-ARQ, the eNB should have the flexibility to select the most appropriate DCI format for the carrier.  In addition, the eNB will not be blocked from scheduling PDSCH in different carriers using different downlink DCI in the same subframe (e.g. due to re-transmission) if needed. 
· Perform dynamic PDCCH load balancing among the component carriers on a subframe basis.  This allows the eNB to dynamically manage the load and performance of the control channel on each carrier.   Load balancing (albeit at a slower rate) can also be achieved with common PDCCH tied to one component carrier (i.e. anchor carrier) by using  higher-layer signalling to switch UEs from monitoring one anchor carrier to another.  .
· Minimize inability to schedule the PDSCH due to PDCCH blocking or PDCCH space limitation.   Because the DCI with common PDCCH is significantly larger, the PDCCH blocking probability in the anchor carrier will increase substantially due to the large number of contiguous CCEs required.  For instance, with common PDCCH and effective coding rate of at least 1/2, eight contiguous CCEs will be required to schedule a UE in three component carriers. In addition, since the maximum size of the control region is fixed, the number of schedulable UEs in one subframe may be substantially less.  Thus, the eNB may be blocked from scheduling many UEs using the same anchor carrier due to PDCCH space limitation.
On the other hand using common PDDCH also extends the options available for scheduling. For example –
· The scheduler has the flexibility to assign resources for multiple the component carriers from the best component carrier (e.g., the component carrier with strongest CQI). This helps in improving control signaling efficiency and robustness.

· In a system where Rel8 compatible and Rel8 non-compatible carriers are aggregated,  PDCCH in the Rel8 carriers can be utilized to grant resources in non Rel8 compatible carriers (especially in a design where the non Rel8 compatible carrier has no PDCCH/no control signaling)

DCI Performance: 
From a link perspective, performance of the common PDCCH at the same effective coding rate is worse than that of the separate PDCCH due to the larger packet size.  This is illustrated in Figure 3 where performance loss of 0.6dB is observed at the 1% BLER.  .  However, performance difference is not expected to be a major factor in selecting a PDCCH structure.
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Figure 3.  Performance comparison between separate and common PDCCH.
From a system perspective, missed detection of a common PDCCH will result in the loss of all scheduled PDSCH in the subframe.  However, the overall missed detection rate is low (e.g. 1%).  With separate PDCCH, the probability of missing one or more PDCCH is substantially larger, but the effect of a missed PDCCH is not as severe. Therefore, it is expected that PDCCH errors under both methods will have similar effect on overall system performance.   
PUCCH Impact: 
The selection of a PDCCH scheme could have an impact on the uplink signalling. Specifically, it is claimed that using separate PDCCH will require significantly larger uplink feedback due to the need to report ACK/NACK/DTX per downlink carrier.   However, this is dependent on the PUCCH structure and as noted in [6, 7], several techniques such as reusing the Downlink Assignment Index are available to reduce uplink signalling.  Therefore, it is expected that both methods can be supported with comparable uplink signalling requirement.
Standardization Effort: 
From a standardization perspective, significantly less effort is required to support separate PDCCH since existing Rel-8 DCI formats with minor additions if needed could be used.  On the other hand, with common PDCCH, new DCI formats and if necessary larger aggregation level may need to be supported to ensure good coverage. 
4. Conclusion
Based on our analysis, it is seen that the common PDCCH structure can result in low number of blind decoding attempts and potentially large overhead reduction at the expense of some reduction in eNB scheduling flexibility.   The loss of scheduling flexibility, however, may be minimized by careful design of the common PDCCH structure.  Therefore, our initial preference is to support common PDCCH for multiple carriers for LTE-A carrier aggregation.
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