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1 Introduction

The PDCCH design to support PDSCH transmissions over multiple component carriers [1] was briefly discussed in previous meetings but the basic PDCCH transmission structure, which is one of the primary components of the LTE-A design that should be specified at an early stage, remains largely undefined. 
There are two fundamental approaches for the PDCCH structure (with some variants regarding the PDCCH signal transmission to an LTE-A UE) [2]:
a) Separate PDCCH per component carriers

a. Each PDCCH transmission is in the component carrier with respective PDSCH transmission

b. All PDCCH transmissions are in a single component carrier

c. Variants of the above two approaches

b) Joint PDCCH over (configured) component carriers

a. PDCCH may be transmitted over all configured component carriers for PDSCH transmission
b. All PDCCH transmissions are in a single component carrier

c. Variants of the above two approaches
In this contribution, we provide an overview of complexity and performance aspects for the above design options in order to progress the PDCCH design for LTE-A. Backward compatibility to LTE is assumed for all component carriers. This implies, among others, that the CCE structure, the CCE interleaver, the PDCCH candidate search process, etc., for LTE UEs are not affected and their use is extended to LTE-A UEs.
2 PDCCH Structure for Carrier Aggregation
For the common control channels (BCH, RACH response, paging), the same structure as for LTE UEs needs to be maintained in each component carrier as the transmission of these channels needs to be backwards compatible.
For the PCFICH, the same structure as for LTE UEs should also be maintained (that is, the PDCCH size may vary per component carrier). Although LTE-A UEs configured PDSCH/PDCCH transmission in multiple carriers should be able to correctly decode all respective PCFICH, such LTE-A UEs are highly unlikely to have the lowest DL SINRs and therefore, the BLER for the PCFICH reception in each configured component carrier will be much lower than the typical 1% BLER targeted for the reception of a scheduling assignment (SA). Therefore, the efficiency of the PDCCH design should be maintained by avoiding always having maximum PDCCH overhead (which also penalizes peak rate).

For the SA transmissions to LTE-A UEs configured PDSCH reception over multiple component carriers, the attributes of separately coded SA in each configured component carrier and of jointly coded SA over the configured component carriers are subsequently discussed.   
Separate SA per Configured Component Carrier 

a) Commonality with Rel.8 DCI Formats
Although having a separate SA per component carrier at first appears to offer commonality with Rel.8 DCI formats, this will not be the case as new, semi-statically assigned, DCI formats will be needed for LTE-A (new UL transmission method (including N x SC-FDMA), UL SU-MIMO, DL higher order or collaborative MIMO, relays, etc.).
b) Payload Size
As the SA is separately transmitted in each configured component carrier, fields such as the CRC, the TPC bits for PUCCH power control, and the RA headers need to be repeated. Signaling optimization of other fields is also not possible. Therefore, for the purpose of minimizing PDCCH overhead, separate SA transmission per configured component carrier is problematic.  

c) Number of Blind Decodings
Without imposing any restrictions, the number of blind decoding operations to determine candidate SAs should be scaled by the number of component carriers configured for PDSCH transmission to an LTE-A UE. For a 5 x 20 MHz configuration, the maximum number of blind decoding operations for an LTE-A UE is about 5 times larger than the one for an LTE UE, implying approximately 200 blind decoding operations per sub-frame. Restrictions on the location of candidate SAs can be applied (for example, the locations of CCEs for candidate SAs are the same in all component carriers and an SA is always transmitted in a “primary” component carrier) to reduce the number of blind decoding operations. However, this will likely require that the CCE aggregation level is the same in all configured component carriers and is determined by the largest CCE aggregation level in one component carrier. Also, failure to detect the SA in the primary component carrier will lead, if there are SA transmissions, to respective failures in the remaining component carriers.    
d) Performance
Failure to decode an SA results to PDSCH loss only in the respective component carrier. However, the miss probability for one or more SAs increases as number of component carriers increases. Therefore, compared to joint SA coding, SA misses will be more frequent for separate SA coding but they may have a smaller impact. Without considering other factors, the net effect on system throughput is not expected to be materially different between the two approaches. Additionally, interference randomization and frequency diversity for each SA are limited to the ones achievable within a single component carrier. 
e) SA in Respective Component Carrier versus All SAs in One Component Carrier 
Having all SAs in one component carrier makes their transmission more susceptible to interference. It also fails to balance the PDCCH load per sub-frame across component carriers, even when the assignment of LTE-A UEs to respective primary component carriers is balanced, making scheduler restrictions more likely and having an adverse impact on throughput. Additionally, it is likely that an index would be required to map each SA to the respective component carrier. Therefore, for separate SA transmission per component carrier, having each SA transmitted in the respective component carrier is advantageous. 
Joint SA for All Configured Component Carriers 

a) Commonality with Rel.8 DCI Formats
New DCI formats need to be introduced but this is not a differentiating factor as it applies regardless of the SA transmission approach. Moreover, it is straightforward to signal MCS, HARQ, and precoding information separately per component carrier, although having separate SAs is a more fitting approach for those information fields.

b) Payload Size
Redundant information (CRC, TPC bits, RA header) is avoided and further optimizations to reduce signaling may be possible for some other SA fields.

c) Number of Blind Decodings
As a single SA is transmitted, the number of blind decoding operations need not increase relative to the ones required for an LTE UE. This is obviously the case if the SA is transmitted within one (primary) component carrier but it is also the case if the SA is transmitted over multiple component carriers if the CCE locations for a candidate SA are uniquely determined from the ones in the primary component carrier.
d) Performance
An SA miss obviously leads to the entire PDSCH transmission being lost. However, for the same BLER, an SA miss with joint coding happens less frequently than an SA miss with separate coding and respective transmission over each configured component carrier. Additionally, joint coding offers some coding gains and, for transmission over multiple component carriers, offers better interference randomization and some additional frequency diversity (primarily for the indoor/hot-spot setups LTE-A targets). Consequently, although not thoroughly evaluated through link and system simulations, joint coding may be advantageous relative to separate coding in terms of performance.
e) SA in Configured Component Carrier versus in One (Primary) Component Carrier 
For essentially the same reasons as for the case of separate SAs, it is preferable to utilize all configured component carriers for the SA transmission, particularly for the larger CCE aggregations benefiting the most from interference randomization, PDCCH balancing across component carriers, and some additional frequency diversity. 

Table 1 summarizes the attributes for separate SA coding and joint SA coding. In terms of total payload size and ability to maintain a low number of blind decoding operations, joint SA coding appears advantageous. High level analysis also indicates that joint SA coding may be advantageous in terms of performance despite the more severe impact of an SA miss relative to separate SA coding.
Table 1: Attributes of Joint SA Coding and Separate SA Coding for Various Design Aspects.
	Design Aspect
	Joint SA Coding

(Tx over assigned component carriers)
	Separate SA Coding 

(SA Tx in respective assigned component carrier)

	Commonality with Rel.8 DCI Formats
	New format needed
	New formats needed

	Total Payload Size
	Smaller
	Larger

	Blind Decodings
	Can be similar to Rel.8 LTE
	Can be similar to Rel.8 LTE 
(but with more restrictions on CCE locations)

	Performance
	Better interference randomization, 
PDCCH load balancing, coding gain, frequency diversity, less frequent SA miss, more severe impact of SA miss
	Less severe impact of SA miss but more frequent SA miss. Frequency diversity limited within one component carrier, no interference randomization


3 Conclusions
This contribution focused on the PDCCH structure for LTE-A UEs configured PDSCH transmission over multiple component carriers. 
It is suggested that the PCFICH functionality of Rel.8 is maintained to efficiently manage the PDCCH overhead as an LTE-A UE configured PDSCH transmission in multiple component carriers will be able to decode the PCFICH in each component carrier with substantially lower BLER than the target 1% SA BLER.
The tradeoffs between separate SA coding and joint SA coding for PDSCH transmission in multiple configured component carriers were also examined. In terms of overhead and decoding complexity, joint SA coding is advantageous and the same is likely true in terms of system performance.
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