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1 Introduction
Carrier aggregation is widely discussed as a potential technology to support wider bandwidth (up to 100MHz) in LTE-Advanced. In the previous RAN WG1 #55b meetings, many options for the downlink control signalling have been introduced and studied [1][2][3], which are listed as follows:
PDCCH Design Options

	
	Joint encoding
	Transmitted on one component carrier

	Option 1
	Y
	Y

	Option 2
	Y
	N

	Option 3
	N
	Y

	Option 4
	N
	N
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Figure 1 PDCCH Design Options

In option 1, the PDCCH is for joint scheduling. Typically, two formats can be utilized: fixed format and flexible format. In fixed size format, DCI is set according to the maximum number of component carriers, which can decrease the number of blind decoding attempts, at the cost of increasing the overhead. In flexible format, DCI varies with the number of component carriers, which is useful to reduce the overhead, but increase the number of blind decoding. In both formats, new aggregation levels may be needed to support larger DCI sizes, which will increase the number of blind decoding attempts.

The difference between option 1 and option 2 is that the PDCCH in option 2 is mapped to multiple component carriers to achieve the frequency diversity gain, where new CCE interleaver is required, which may introduce additional complexity and pose backward compatibility problem because of breaking the CCE interleaver of Rel-8. 
In option 3, all the PDCCHs of a UE are transmitted on one component carrier. However, the associated component carrier with each PDCCH needs to be indicated.

In option 4, the PDCCH is transmitted on its associated component carrier, where the DCI format is the same with Rel-8. This option has less specification impact and maintains good backward compatibility, although it is considered as requiring larger overhead and more blind decoding attempts. However, new methods may be designed to improve the performance of this option.
Generally, the overhead, number of blind decoding, new design requirement of DCI and CCE structure are considered as key factors to evaluate the PDCCH design, which are summarized as follows:

	
	Option 1
	Option 3
	Option 4

	
	Fixed
	Flexible
	
	

	Overhead
	 Large
	Small
	Middle
	Middle

	New DCI design
	Yes
	Yes
	Possible
	No

	New CCE aggregation level
	Yes
	No
	Yes
	No
	No
	No

	Number of blind decoding
	Middle
	Small
	Large
	Middle
	Middle
	Middle


In this contribution, we introduce three resource allocation strategies and analyze the preferred PDCCH design options under each strategy. It is proposed to decide on the preferred resource allocation strategy for the way forward on the PDCCH design issues.
2
Resource Allocation Strategies
Strategy 1: UE semi-statically scheduled on as few component carriers as possible
The UEs are scheduled to receive/transmit data on as few component carriers as possible, and they stay in the allocated component carriers for a period of time until being reassigned to other component carriers due to, for example, load balancing reasons. By “as few component carriers as possible”, we mean that if a UE is allocated N RBs and each component carrier contains M RBs, the resources allocated to the UE should reside on 
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 component carriers, instead of being distributed onto all the component carriers. In this option, a UE will configure its component carriers with no current data transmission to SLEEP/IDLE mode. But when more component carriers are needed or different component carriers are chosen, the UE will be informed by the higher-layer signaling, and therefore it shall take sometime for a UE to switch its data reception/transmission from one component carrier to another.
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Figure 2 Resource Allocation Strategy 1

pros:

· Monitor and CQI report on as few component carriers as possible per UE;
· Save the PDCCH overhead under most PDCCH design options by restricting the resource allocation indication to as few component carriers as possible. This is important if the number of UEs is large, especially when larger than that usually supported by the LTE system. For example, consider there are 30 UEs in the system with two component carriers. By resource allocation (RA) strategy 1, each UE is scheduled to only one component carrier. The PDCCH overhead reduction is discussed under different PDCCH options as follows:
· Under PDCCH option 3 and 4 where joint encoding is not applied, 15 PDCCHs for downlink resource assignment on average need to be transmitted per component carrier. However, if each UE is scheduled on both component carriers, 30 PDCCHs for downlink resource assignment need to be transmitted per component carrier. 
· Under PDCCH option 1 with joint encoding, the number of PDCCHs for downlink resource assignment is 15 on average, irrespective of the resource allocation strategies. However, under flexible format, the PDCCH sizes maybe larger even compression and optimization is introduced if the UEs are scheduled on both component carriers. The only scenario where RA strategy 1 cannot save PDCCH overhead is when the PDCCH option 1 with fixed DCI format is applied. 
· Decrease the PDCCH blind decoding attempts under most PDCCH design options, since the UEs are aware of the set of component carriers for data reception.

· Under PDCCH option 4, the UE only need to search the ACTIVE component carriers instead of all the component carriers.

· Under PDCCH option 3, the search space per UE only need to increase N times, where N is the number of ACTIVE component carriers instead of all the component carriers.
· Under PDCCH option 1 with flexible format, the UE only needs to search those DCI formats whose corresponding component carrier number is equal to the number of ACTIVE component carriers instead of all the component carriers. However, under PDCCH option 1 with fixed size format, the blind decoding attempts are not decreased, since the DCI format size does not depend on the number of scheduled component carriers. 
cons:

· The system-level performance is impacted due to both less frequency-selective scheduling gain and trunking efficiency. The loss in trunking efficiency is because of the delay in switching a UE from one component carrier to another, which may cause some component carriers standing idle, while there are still data waiting to be transmitted on other component carriers. The exact amount of performance loss depends on the length of the switching delay period.
Preferred PDCCH design:

Under RA strategy 1, the overhead increase caused by PDCCH option 1 with fixed size format is more obvious since the UEs are scheduled to as few component carriers as possible. Therefore, PDCCH option 1 with flexible DCI format, PDCCH option 3 and 4 are the eligible candidates under this strategy. Since this strategy can save both PDCCH overhead and blind decoding attempts, the disadvantages of PDCCH option 4 may not be so important under it. Therefore, the PDCCH option 4 which has the least specification impact seems to be the most suitable PDCCH option here. However, whether PDCCH option 1 with flexible DCI format is needed cannot be decided until further evaluation is performed to determine whether PDCCH overhead shall become the bottleneck metric under this strategy.
Strategy 2: UE dynamically scheduled on as few component carriers as possible
Similar to RA strategy 1, the data reception/transmission per UE is also scheduled to as few component carriers as possible. However, the allocated component carriers for a UE can change at TTI level. Different from the previous strategy, the component carriers with no current data transmission for a UE need to stay in the ACTIVE mode to support the quick switching between component carriers at TTI level.
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Figure 3 Resource Allocation Strategy 2

pros:

· Less PDCCH overhead as discussed under RA strategy 1.
cons:

· Monitor and CQI report on all component carriers are needed;
· More PDCCH blind decoding attempts since the UEs cannot determine on which component carriers to expect data transmission.

· The system-level performance is mainly impacted due to less frequency-selective scheduling gain. The trunking efficiency is improved compared to resource allocation strategy 1, since there is no switching delay.
Preferred PDCCH design:
Under RA strategy 2, PDCCH option 1 with fixed DCI format is still not preferred for the same reason as under RA strategy 1. Similar to RA strategy 1, the advantage of PDCCH option 1 may not be so important since the PDCCH overhead can also be reduced by RA strategy 2. Since more blind decoding attempts are needed as compared to RA strategy 1, PDCCH option 3 gets score by providing the possibility of reducing blind decoding attempts. However, further evaluation is needed to determine whether PDCCH overhead, blind decoding or both shall become the bottleneck metric under this strategy, which means that PDCCH option 1 with flexible format should not be precluded until then.
Strategy 3: UE scheduled on all component carriers flexibly
The resource blocks on all the component carriers are allocated to the UEs as one large resource pool. The UEs can be scheduled to its best resources irrespective of whether these resources are within the same one or multiple component carrier(s) or not.
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Figure 4 Resource Allocation Strategy 3
pros:

· Achieves the best system-level performance by flexibly managing the resource blocks on all component carriers.
cons:

· Monitor and CQI report on all component carriers are needed;
· PDCCH overhead are larger due to the indication of resource allocation on all the component carriers;
· More blind decoding attempts since the UEs cannot determine on which component carriers to expect data transmission.
Preferred PDCCH design:
Under this strategy, both the overhead and blind decoding number are large. However, since different PDCCH options achieve different tradeoff between the two metrics. Therefore, the preferred PDCCH option is FFS.
3
Conclusion

We have introduced the different resource allocation strategies and the preferred PDCCH design options under each strategy. From PDCCH overhead, blind decoding, and CQI report perspective, resource allocation strategy 1 is most efficient while strategy 3 is most complex. However, the system-level performance of strategy 3 is the best due to full frequency-selective scheduling gain and trunking efficiency. Considering the PDCCH capacity limitation and the small frequency-selective scheduling gain in wider bandwidth, the strategy 3 is not preferred from our point of view. Therefore, it is proposed to agree on the most likely resource allocation strategy and the corresponding key metrics of PDCCH design in carrier aggregation, such as overhead, number of blind decoding etc, so that the preferred PDCCH design options can be chosen accordingly.
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