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1 Introduction

Control channel design is one important open issue when introducing carrier aggregation in LTE-A. With carrier aggregation, there will be multiple PDSCH and/or PUSCH for each UE and therefore also multiple
 PDCCH and/or PUCCH. For PDCCH, there are mainly two issues, the encoding issue and mapping issue and these will be discussed in the following sections. 
These solutions are the most reasonable candidates for the multiple PDCCH transmission, as shown in Fig. 1:
· Basic solution: Each PDCCH related to a PDSCH in a component carrier is separately encoded and transmitted in the control symbols of the component carriers of the corresponding multiple PDSCH.
· Alternative solution 1: Multiple PDCCHs related to the multiple PDSCH are jointly encoded and distributed in the control symbols of the component carriers of the corresponding multiple PDSCH.

· Alternative solution 2: Multiple PDCCHs related to the multiple PDSCH are jointly encoded and transmitted in the control symbols of one UE specific component carrier (i.e. the anchor carrier).

· Alternative solution 3: Each PDCCH related to a PDSCH in a component carrier is separately encoded and transmitted in the control symbols of one UE specific component carrier (i.e. the anchor carrier).
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Fig. 1 candidates for multiple PDCCH transmission
The baseline assumption for carrier aggregation in RAN1 includes using one transport block and one HARQ entity per component carrier, in case of no spatial multiplexing. For PDCCH design with carrier aggregation, the most natural and basic solution is then to have one separately encoded PDCCH per component carrier and to map each PDCCH on the same component carrier as the corresponding PDSCH. In this so-called “basic solution”, support for bandwidth scalability becomes straightforward, because each component carrier has their own PDCCH. Additionally, this approach requires the least standardization effort and only minor modifications to Rel.8 control channel structure are necessary. 
Many companies have shared their views on these topics, as seen in [1-4] and it has been pointed out that the basic solution may have a big overhead, a large number of blind detections and low frequency diversity. Therefore, some alternative solutions are listed above. Alternative solution 1, the joint PDCCH encoding approach, was suggested in [4] and it has the possibility to reduce some drawbacks of the basic solution. It is anticipated that better coding gain could be achieved with a joint approach. 
The purpose of this contribution is to give some further arguments to aid the PDCCH scheme selection by comparing the straightforward basic solution with the alternative solutions and to identify problems and possible solutions related to the alternative solutions.
2 PDCCH encoding issues for carrier aggregation
Aspects related to the separate and joint encoding approaches for multiple PDCCH are further discussed in this section, and the mapping issue is discussed in Section 3.
2.1 Blind PDCCH detection

In the basic solution, the number of blind detection will scale linearly with the number of the component carriers to keep the flexibility of the separate coding scheme. If needed, several methods can be used to reduce the number of blind detections, for example: 
· Similar CCE aggregation level can be adopted among multiple component carriers.

· A fixed relation can be used for the PDCCH location on multiple component carriers. 
But these will bring up some restrictions and reduce the scheduling flexibility and the blind detection may highly depend on the firstly detected PDCCH on one of the component carriers. The use of an anchor carrier to trigger a search of PDCCH on additional component carriers may also result in less blind detections, as a UE is not required to monitor multiple PDCCHs continuously, but the signaling reliability on the anchor carrier needs further study. 
A key issue for the blind detection of the joint encoding scheme is the determining of the multiple transmission formats. Since multiple PDCCHs are combined which may have different DCI formats and thus payload sizes, the number of possible sizes of the joint PDCCH needs to be considered. There are thus two possibilities for the joint PDCCH payload size, namely a dynamic size and constraining it to have a fixed size:
· Dynamic size joint PDCCH: Each aggregated DCI payload size in the joint PDCCH keeps the same length as that in LTE Rel-8 to consider the overhead issue, which results in the multiple payload sizes for the joint PDCCH.
· The number of blind detection is large, especially when a large number of aggregated component carriers are used. On the other hand, the overhead is minimal compared to the fixed size joint PDCCH stated below.
· Fixed size joint PDCCH: The joint PDCCH has a fixed size regardless of the number of aggregated component carriers, or the payload size of the joint PDCCH is informed by the semi-static signaling according to the number of aggregated carriers. 
· The number of blind detection can obviously be reduced compared to the dynamic size joint PDCCH scheme but a large overhead is usually needed to match the fixed size of the joint PDCCH.

Concluded for the joint encoding PDCCH scheme, a tradeoff maybe needs to be made between the number of blind detection and the overhead, and the overhead issue will be analyzed in Section 2.2.
2.2 PDCCH overhead 

For the separately encoded PDCCHs, to keep the compatibility with LTE Rel-8, the CRC bits have to be transmitted in each PDCCH, which may be a big PDCCH overhead for the LTE-A UEs. Other bits such as MCS, TPC and resource allocation format must be kept independent among multiple component carriers, in order to provide maximum scheduling flexibility. 
For the joint encoding PDCCH scheme, the PDCCH overhead can be smaller if the dynamic size joint PDCCH is adopted, of course, at the expenses of the increase number of the blind detection. On the other hand, the overhead of the fixed size joint PDCCH may be larger. Some possible methods to reduce the overhead for the joint encoding PDCCH are stated below:
· The granularity of the resource allocation can be made larger, however, it is unclear how much the impacts would be on the system and user throughput.
· Multiplexing of different control signals in the joint PDCCH can be done, such as DL and UL grant, which can also provide some flexibility, and reduce the signaling overhead in some cases.

The conclusion is similar to Section 2.1 that further detailed analysis and simulations are needed to tradeoff the number of blind detection and the PDCCH overhead.
2.3 Uplink ACK/NACK feedback 
For the separate PDCCH scheme, one or several PDCCHs may be missed and the multiple states related to DTX when ACK/NACK multiplexing is adopted needs further study. For the joint PDCCH scheme, the number of DTX states is reduced (there is only one DTX state), regardless of the dynamic size or fixed size joint PDCCH. In addition, the DAI bits will not need to deal with DL grant missing or can be applied for other usages.
3 PDCCH mapping issues for carrier aggregation
In this section the PDCCH mapping issues is further analyzed. Both separate and joint coding PDCCH schemes are confronted with the common issue whether the PDCCHs related to the PDSCHs should be located on one specific component carrier, e.g. the anchor carrier, or if all assigned component carriers shall be used.  
3.1 CFI identification
For the PDCCHs spread over multiple component carriers, the PDCCH detection can be used for the identification of PCFICH detection. In this case, if PCFICH detection error occurs, it will lead to PDCCH CRC detection error, and then UE will regard it as DTX, which reduces the UE throughput slightly, but will save the power of the UE, and not interfere to other cells. 

Conversely, in the case of transmitting PDCCHs on one UE specific component carrier, if PCFICH detection error occurs on those component carriers which don’t have a PDCCH transmission, UE will not detect the correct start OFDM symbol of PDSCH in one subframe, and thus PDSCH may not be exactly demodulated. As a result, UE will feedback NACK to eNodeB, which may bring some further errors to the subsequent HARQ combination.
3.2 ACK/NACK mapping 
For the PDCCH(s) transmitted on multiple component carriers, as for basic solution and alternative solution 1, the ACK/NACK channels have to be mapped to the PDCCH(s) on multiple component carriers, which maybe bring a big overhead for the ACK/NACK channel mapping, especially for the case of UE-specific asymmetric carrier aggregation, because maybe each uplink component carrier has to reserve the ACK/NACK channels according to the PDCCH(s) on multiple component carriers. On the other hand, transmitting the PDCCH(s) on one UE specific component carrier, as for alternative solution 2 and 3, may be beneficial to the ACK/NACK resource mapping, because the ACK/NACK mapping is only according to the PDCCH(s) on the specific component carrier.
3.3 CCE allocation 
The scheme in which the PDCCH(s) transmitted on multiple component carriers corresponding to the multiple PDSCH/PUSCH(s) seems to be the straightforward one, as for basic solution and alternative solution 1, but the ACK/NACK mapping issue may be more complex, as stated in above section 3.2.

For the PDCCH(s) transmitted on one UE specific component carrier, this may need a larger number of CCEs for the PDCCH(s) (maybe larger than 8) which will put restriction on the scheduler to avoid collisions in the PDCCH candidates from different UEs. For another case in which some UEs reside in cell edge, it means many sub-carriers may need large transmit power for these UEs. As a result, if the total transmitter power is constant on that specific CC, there may remain low available power for other PDCCHs transmission on that specific CC and it also leads to the power imbalance among multiple component carriers. On the other hand, a potential benefit for the separate encoding PDCCH transmitted on one specific component carrier is that the search space may not scale linearly with the number of component carriers. For example, if two separate PDCCHs each with aggregation level equal to one CCE (the search space for one CCE is 6CCEs) are transmitted on one component carrier, we can flexibly adjust the total search space to a acceptable value (less than 2*6=12CCEs). As a result, the number of blind detection may be reduced. 
3.4 Power saving 
For both joint and separate encoded PDCCH transmitted on one UE specific component carrier, e.g.  the so-called anchor carrier, battery power consumption in the UE is minimized. On the other hand, for both joint and separate encoded PDCCH using multiple component carriers, the currently aggregated component carriers can be informed in a semi-static way so not all component carriers needs to be monitored, which will give some power consumption reduction.
4 Conclusion
In conclusion, this contribution focuses on the PDCCH design issues for carrier aggregation.  In this contribution, some new problems with the alternative solutions are discussed, and the brief comparison about the encoding and mapping issues are listed as Table 1 and Table 2. Whether these can be resolved or if the basic solution shall be adopted needs further considerations. 
Table. 1  Attributes comparison of the candidate approaches with the encoding issue

	Attributes:
	Separate coding PDCCH
	Joint coding PDCCH

	Standardization effort
	Small
	Large

	Blind PDCCH detection
	Large
	Fixed size
	Dynamic size

	
	
	Small
	Large

	Overhead 
	Large
	Fixed size
	Dynamic size

	
	
	Large
	Small

	UL ACK/NACK feedback
	Multiple DTXs
	One DTX


Table. 2  Attributes comparison of the candidate approaches with the mapping issue

	Attributes:
	PDCCH(s) on multiple component carriers
	PDCCH(s) on one specific component carrier

	CFI identification
	Yes 
	No 

	ACK/NACK mapping 
	Difficult 
	Easy
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� We slightly abuse notation here to simplify the discussion, by assuming that a UE may have multiple PDCCH, PDSCH etc, i.e. one per component carrier. 






_1292769038.vsd
�

Basic solution


Alternative solution 1


Alternative solution 2


Alternative solution 3



