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1 Introduction

The basic PDCCH transmission structure, which is one of the primary components of the LTE-Advanced (LTE-A) design and 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):
a) Separate PDCCH in each configured component carrier (CC)
a. Each PDCCH transmission is in the configured CC with respective PDSCH transmission

b. All PDCCH transmissions are in a single configured CC
c. Variants of the above two basic transmission options
b) Joint PDCCH over the configured CCs
a. PDCCH is transmitted over all configured CCs for PDSCH transmission
b. PDCCH is transmitted in a single configured CC
c. Variants of the above two basic transmission options
i. Including the transmission of a separate PDCCH to indicate the (variable) size of the PDCCH containing the scheduling assignment

In this contribution, we provide an overview of complexity and performance aspects for the above PDCCH design approaches. In addition, the suitability of each approach with other aspects of the communication system is also considered. To maintain backward compatibility to LTE in at least some of the configured CCs while avoiding increasing complexity, the CCE structure, the CCE interleaver, the PDCCH candidate search process, etc., for LTE UEs should not be affected and their use should to be extended for 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 CC as the transmission of these channels needs to be backwards compatible. Therefore, separate transmission of the common control channels is assumed (it is FFS whether LTE-A only CCs need to support transmission of all common control channels).
For the PCFICH, the same structure as for LTE UEs should also be maintained (that is, the PDCCH size may vary per CC and per sub-frame). Although LTE-A UEs configured PDCCH transmission in multiple CCs should be able to correctly decode all respective PCFICH, such UEs are highly unlikely to have the lowest DL SINRs and therefore, the BLER for the PCFICH reception in each CC 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 (variable PCFICH values) should be maintained by avoiding always having maximum PDCCH overhead (which also penalizes peak rate).

For PDCCH transmissions to LTE-A UEs configured PDSCH reception or PUSCH transmission in multiple CCs, the attributes of separately coded PDCCH and of jointly coded PDCCH are subsequently discussed. A basic illustration of the two considered PDCCH structures is given in Figure 1. For the separate PDCCH structure, it is assumed that each PDCCH is transmitted over only one configured CC to best reflect commonality with LTE. For the joint PDCCH structure, it is assumed that each PDCCH is transmitted over all UE-configured CCs to improve frequency diversity, balance the PDCCH load, and achieve interference randomization as one PDCCH provides information for multiple PDSCH/PUSCH transmissions.
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Figure 1: PDCCH Structures with Separate and Joint Coding.
Separate PDCCH for SA per Configured Component Carrier 
a) Commonality with Rel.8 DCI Formats
Separate PDCCH offers commonality with Rel.8 LTE DCI formats and is likely to minimize the introduction of new DCI formats. This is desirable as LTE-A UEs should be also able to operate as Rel. 8 LTE UEs (e.g. in one DL/UL CC) and the number of new DCI formats for LTE-A may be limited (e.g. for UL SU-MIMO, FFS for COMP, relays, etc.).
b) Payload Size
As PDCCH is separately transmitted in each configured CC, 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 PDCCH transmission per CC appears disadvantageous. However, if only a sub-set of configured CCs is used for a PDSCH transmission, as for example may be the case for HARQ re-transmissions, the RA field addresses only the necessarily CCs and the respective savings offset the redundancy of having multiple CRCs, etc. Although the payload size difference between separate and joint coding can only be considered on average and evaluated through simulations, it is not expected to be large or be a decisive factor.   

c) Number of Blind Decodings
Without imposing any restrictions, the number of blind decoding operations (BDs) should be scaled by the number of configured CCs for PDSCH/PUSCH. For 5 CCs, the maximum number of BDs for an LTE-A UE is about 5 times larger than the one for an LTE UE, implying approximately 220 BDs per sub-frame. This does not even consider that for LTE-A UEs additional DCI formats will be required. The higher processing capability LTE-A UEs will have is not an offsetting factor to the increased complexity of BDs, especially considering power consumption and that the BD complexity is likely to be one of the dominant components of the DBB complexity. Therefore, establishing mechanisms for reducing the maximum number of BDs is a key factor for supporting separate PDCCH coding in LTE-A.    
d) Performance
Failure to decode a PDCCH results to PDSCH/PUSCH loss only in the respective CC. However, the miss probability for one or more PDCCH increases as number of CCs increases. Therefore, compared to joint coding, PDCCH misses will be more frequent for separate 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 separate and joint coding approaches. 
e) PDCCH in Respective Component Carrier versus All SAs in One Component Carrier 
Having all PDCCH in one CC makes their transmission more susceptible to interference and destroys to a substantial extent the commonality with PDCCH transmission in LTE (e.g. for the UE search space). It also fails to balance the PDCCH load per sub-frame across CCs, even when the assignment of LTE-A UEs to respective primary CCs is balanced, making scheduler restrictions more likely (PDCCH blocking) and having an adverse impact on throughput. Additionally, with transmission of all PDCCH in one CC, it is likely that an index will always be required to map each PDCCH to the respective CC of PDSCH/PUSCH transmission. Therefore, for separate PDCCH transmission per CC, having each PDCCH transmitted in the respective CC is advantageous. 
Joint PDCCH over all Configured CCs 

a) Commonality with Rel.8 DCI Formats
New DCI formats need to be introduced which will require a substantial increase in the number of DCI formats an LTE-A UE is required to monitor. Moreover, for PDCCH transmission in one CC, joint support of LTE and LTE-A UEs may become very complex, particularly considering that the design for LTE cannot be changed, that support of larger than 8 CCE aggregations within a CC is likely to be needed, the blocking probability in the search space will increase, and the limit of the total PDCCH size may often create scheduling restrictions.
b) Payload Size
Repetition of several PDCCH information fields (CRC, TPC bits, RA header) is avoided and further optimizations to reduce signaling may be possible for some other fields. However, as the number of CCs a UE is to receive PDSCH can vary substantially between sub-frames, as the packet data size can have large variations ranging from small TCP ACK/NAKs to large files or HARQ retransmissions may be only in a sub-set of the original CCs, the savings offered by joint coding are questionable and may not even exist. A suggested remedy of having a variable PDCCH size will only increase the complexity and the number of formats for BDs, is likely to often lead to false CRC passes, and does not avoid other shortcomings with joint coding. Another suggested remedy of having an additional PDCCH indicating the size of the scheduling PDCCH (two-step PDCCH decoding) is unlikely to offer less overhead than separate PDCCH transmission, especially considering the higher reliability requirement for each such PDCCH. 
c) Number of Blind Decodings
As a single PDCCH with fixed size is transmitted, the number of BDs need not increase relative to the ones required for a Rel. 8 LTE UE. This is obviously the case if the PDCCH is transmitted within one (primary) CC but it can also apply if the PDCCH is transmitted over multiple CCs if the CCE locations are linked among the multiple CCs.
d) Performance
A PDCCH miss obviously leads to the entire PDSCH/PUSCH transmission being lost. However, for the same BLER, a PDCCH miss with joint coding happens less frequently than one with separate coding. Also, due to the larger combined payload, joint coding offers some (small) coding gains over separate coding. For transmission in one CC, joint coding may result to worse performance than separate coding, considering that more than 8 CCEs may often be required, the limitation in the total PDCCH size, and the blocking probability in the UE search space.
e) PDCCH in Configured Component Carrier versus in One (Primary) Component Carrier 
Unlike separate PDCCH coding, it is preferable to utilize all configured CCs in case of PDCCH joint coding because the larger CCE aggregations will benefit more from interference randomization, the PDCCH load will be balanced across CCs and some additional frequency diversity will be obtained, particularly for indoor channels. Assuming that PDSCH reception occurs in the same sub-frame as PDCCH reception, as in Rel.8 LTE, the UE RF needs to anyway monitor all configured CCs, and the power savings from having PDCCH transmission in one CC are limited to the DBB and are not significant. Table 1 summarizes the attributes for separate PDCCH coding and joint PDCCH coding. 
Table 1: Attributes of Joint PDCCH Coding and Separate PDCCH Coding.
	Design Aspect
	Joint PDCCH Coding
	Separate SA Coding 

	Commonality with Rel.8 DCI Formats
	DCI formats need to be redesigned – overall structure different than in LTE
	Overall structure same as in LTE

	Average Payload Size
	Similar
	Similar

	Blind Decodings
	Comparable to LTE
	Can be made comparable to LTE

	Performance
	Coding gain, less frequent PDCCH miss -more severe impact of PDCCH miss
	Less severe impact of PDCCH miss - more frequent PDCCH miss.


3 Conclusions
This contribution considered the PDCCH structure for LTE-A in terms of joint coding or separate coding. 
For the common control channels, it is suggested that separate coding applies in order to maintain backward compatibility with LTE. Regarding the PCFICH functionality, it is suggested that the LTE one is maintained to efficiently manage the PDCCH overhead and allow peak rate targets to be achieved. Moreover, the performance for LTE-A UEs having multiple DL configured CCs is unlikely to be impacted from decoding the PCFICH in each CCC.
For separate versus joint PDCCH coding, separate coding is advantageous for maintaining the same overall PDCCH structure as in LTE and minimizing design complexity. Methods to reduce BD complexity should be examined. 
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