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1. Introduction

The way forward on PDCCH design for LTE-A in [1] was agreed, with the support of cross carrier scheduling in LTE-A. In addition, limiting the number of PDCCH blind decodings is desirable for cases with and without cross carrier scheduling. With cross carrier scheduling and possible new DCI formats in support of UL non-consecutive resource allocation and UL SU-MIMO, the overall design of PDCCH in LTE-A is complicated as it involves many aspects. In this contribution, we show our views on PDCCH design in LTE-A.
2. Overview of PDCCH design in LTE-A
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Figure 1: PDCCH design in LTE-A

The design of PDCCH in LTE-A involves the following aspects:
· Number of PDCCH blind decodings

In Rel-8, a UE monitors two different DCI format sizes in both common and UE specific search space. The size of the UL grant DCI format 0 is same as the compact DL grant DCI format 1A. In LTE-A, with the support of non-consecutive resource allocation and UL SU-MIMO, the number of different DCI formats that a UE needs to monitor may be larger than two. In addition, with cross carrier scheduling, in case the DCI (either DL or UL) format sizes are different for different carriers, a UE needs to monitor additional DCI format sizes. Hence, it is likely that a Rel-10 UE needs to perform more PDCCH blind decodings per carrier than a Rel-8 UE.
· PDCCH false detection probability

PDCCH false detection probability depends on the number of PDCCH blind decodings, the PDCCH CRC length, as well as other factors such as the number of active UEs. Analysis on PDCCH false detection in LTE-A is provided in [2][3][11]. The PDCCH false detection shall be considered on a per carrier basis, as it effectively impacts system spectrum resource utilization. From the perspective of PDCCH false detection probability, the maximum number of PDCCH blind decoding per UE in LTE-A can be linear to the number of carriers [11].
· PDCCH blocking probability

PDCCH blocking probability is more prominent in case of cross scheduling. If the PDCCH detection performance on one carrier is not reliable, e.g. in Het networks due to strong interference, then cross carrier scheduling shall be employed. In such applications, the DCI formats for multiple DL/UL carriers need to be carried on a single DL carrier, hence increasing the PDCCH blocking probability.
· PDCCH capacity

Assuming UE needs to monitor additional UL DCI formats and the support of cross carrier scheduling, more DCI formats may need to transmitted on each DL carrier than in Rel-8, leading to possibly insufficient PDCCH capacity in LTE-A. The issue of PDCCH capacity is somewhat related to PDCCH blocking probability, as increasing the PDCCH capacity shall provide effectively decrease the PDCCH blocking probability.
Figure 1 shows our current understanding of the PDCCH design in LTE-A. In this contribution, we mainly focus on the number of PDCCH blind decodings in LTE-A.
3. Number of PDCCH blind decodings in LTE-A

3.1. Capability of UE blind decodings

In RAN1-59, it is agreed that there shall be an upper limit on the number of UE PDCCH blind decodings. Assuming that different UE categories are defined in Rel-10 with different UE capabilities in terms of carrier aggregation, it is reasonable to associate the UE PDCCH blind decoding capabilities with UE categories as well. For example, assuming M number of PDCCH blind decodings per CC without cross carrier scheduling, if the UE is capable of aggregating a maximum of N carriers, then the UE maximum PDCCH blind decodings is NxM. Hence, we have the following proposal:

Proposal 1: UE PDCCH blind decoding capability (i.e. the maximum number of PDCCH blind decodings within a subframe) shall be associated with the UE category. The maximum number of UE PDCCH blind decodings shall be NxM, where N is the maximum number of carriers that the UE can aggregate and M is the number of PDCCH blind decodings per CC without cross carrier scheduling.
3.2. New DCI format for UL grant 
LTE-A shall support non-contiguous resource allocation and SU-MIMO in uplink transmission, as stated in [4]. It is possible to use the same size of DCI format 0/1A for non-contiguous UL resource allocation [5]. Alternatively, a new DCI format of different size to DCI format 0/1A can be defined in LTE-A in support of non-contiguous UL resource allocation [6][7]. For UL SU-MIMO, if its corresponding DCI format size is made the same as the DL SU-MIMO DCI format [8], then UE does not need to perform additional blind decodings. This approach effectively bundles DL/UL MIMO together. Alternatively, a new DCI format size can be used in support of UL SU-MIMO. Table 1 lists the possibilities of new UL DCI format sizes in LTE-A. 
Table 1: Possibilities of new UL DCI format sizes in LTE-A
	Number of new DCI format sizes
	Support of non-contiguous UL RA
	Support of UL SU-MIMO

	0
	Same DCI format size as 0/1A
	Same DCI format size as 2/2A/2B, coupled with DL MIMO

	0
	Same DCI format size as 1/1B/1D, coupled with the DL transmission mode
	Same DCI format size as 2/2A/2B, coupled with DL MIMO

	1
	Same DCI format size as 0/1A
	New DCI format size

	1
	Same DCI format size as  1/1B/1D, coupled with the DL transmission mode
	New DCI format size

	1
	New DCI format size
	Same DCI format size as 2/2A/2B, coupled with DL MIMO

	2
	New DCI format size
	New DCI format size


Assuming the new DCI format(s) shall only exist in the UE specific PDCCH search space, each new DCI format shall increase the number of blind decodings by 16 with the Rel-8 design. To limit the number of PDCCH blind decodings in LTE-A, it is desirable that at most 16 additional PDCCH blind decodings shall be introduced in support of these two new UL functionalities, which is the assumption for the rest of the contribution.
3.3. PDCCH blind decoding in common search space

PDCCH blind decoding in common search space can be categories as follows:

· Alternative 1: UE monitors the common search space on all CCs within the PDCCH monitoring CC set

· CCE resource is compatible with LTE R8

· Alternative 2: UE only monitors the common search space on one anchor carrier.

· Less PDCCH blind decodings in common search space

· Less PDCCH candidate CCE resources, leading to increased PDCCH blocking probability
Alternative 1 is preferable due to less impact on PDCCH blocking probability. With Alternative 1, the PDCCH blind decoding attempts in common search space without cross carrier scheduling is the same as Rel-8. UE only monitors two DCI format sizes, i.e. DCI format 1C and 0/1A. In this case, DCI format 0/1A with C-RNTI can only indicate the PDSCH/PUSCH on the same/linked component carrier. The number of blind decoding in common search space is N*6*2, where N is the number of component carriers in the PDCCH monitoring CC set.
Proposal 2: UE shall monitor the common search space on all CCs within the PDCCH monitoring CC set
3.4. UE-specific search space in LTE-A

Without cross carrier scheduling, a DL carrier can only schedule PDSCH in the same DL carrier or PUSCH on a single linked UL carrier. The UE-specific search space can follow Rel-8 design with 16 candidate PDCCHs. 
With cross carrier scheduling, a DL carrier can schedule PDSCH on multiple DL carriers or PUSCH on multiple UL carriers, the UE-specific search space design can be categories as follows:

· Alternative 1: Single UE-specific search space in one component carrier
· PDCCHs for multiple DL/UL carriers are assigned in one UE-specific search space.
· Alternative 2: Multiple UE-specific search spaces in one component carrier
· PDCCH for each DL/UL carrier is assigned in a separate UE-specific search space. If a UE is scheduled in multiple DL/UL carriers, UE needs to monitor multiple UE-specific search spaces.
Note that the size of DCI format 0/1A does not vary much for different bandwidths. Hence, it is possible to reduce the number of PDCCH blind decodings for DCI format 0/1A by padding to the largest carrier bandwidth, in case of cross carrier scheduling with Alternative 1. On the other hand, with Alternative 2, PDCCH blind decodings for DCI format 0/1A need to be performed in each UE specific search space. Therefore, we currently have the following proposal:
Proposal 3: Single UE-specific search space per component carrier is preferred.
3.5. PDCCH blind decoding in UE-specific search space

In Rel-8, a UE needs to monitor two DCI sizes in the UE specific search space, i.e. DCI 0/1A and DCI Y, where DCI Y is associated with the downlink transmission mode. In LTE-A, considering the new DCI format(s) for UL, a UE may need to monitor additional DCI sizes in the UE specific search space, as discussed in section 3.2. 
Assuming 16 more blind decodings in support of the new UL functionalities in LTE-A, without cross carrier scheduling, the number of PDCCH blind decoding attempts in the UE specific search space is N*16*3, where N is the number of CCs in the PDCCH monitoring set or UE DL CC set. The overall number of PDCCH blind decoding is N*6*2(common search space)+ N*16*3(UE-specific search space)= N*60.
With cross carrier scheduling, PDCCH in one CC can indicate scheduling information for multiple CCs in the UE DL/UL CC set. Due to the possibly different bandwidths and/or transmission modes on different component carriers, the number of DCI format sizes that a UE needs to monitor may increase. Hence, the number of blind decoding attempts with cross carrier scheduling can be larger than without cross carrier scheduling. Methods to reduce the number of PDCCH blind decoding attempts shall be further considered.
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Figure 2: the linkage between PDSCH/PUSCH CC and PDCCH CC
Currently there are two alternatives for the linkage between PDCCH and PDSCH [15]:
· Alternative 1: Each PDSCH/PUSCH CC can be scheduled only from a single DL CC, i.e. the UE only monitors PDCCH on one DL CC for each PDSCH/PUSCH CC. An example is shown in Figure 2-a), where UE 1 monitors PDCCH on CC 2 for PDSCH on CC 2 and CC 3.
· Alternative 2: Support scheduling a PDSCH/PUSCH CC from more than one DL CC. An example is shown in Figure 2-b), where UE 2’s PDSCH on CC 2 can be scheduled either from PDCCH on CC 1 or CC 2.

The main benefit of Alternative 1 is that the number of PDCCH blind decodings can be the same for the cases with and without cross carrier scheduling. However, Alternative 1 does not allow dynamic PDCCH load balancing among multiple PDCCH CCs. On the other hand, Alternative 2, as shown in Figure 2-b), allows dynamic PDCCH load balancing among PDCCH CC 1 and CC 2 for UE 2, which can reduce the PDCCH blocking probability. Note that Alternative 2 does not necessarily increase the number of PDCCH blind decodings, e.g. in case the DCI formats on different carriers are of the same size. In addition, UE shall have a single C-RNTI if operating on multiple carriers. Therefore, Alternative 2 does not necessarily increase PDCCH false detection probability either. Given that the linkage between PDCCH CCs and PDSCH CCs is configured by higher layers, eNB shall have the flexibility to configure a UE with either Alternative 1 or Alternative 2. Hence, we currently have the following proposal:
Proposal 4: Scheduling a PDSCH/PUSCH CC from more than one DL CC shall be supported in LTE-A.
4. Conclusions
In this contribution, we discuss the design of PDCCH in LTE-A, focusing on the number of PDCCH blind decodings. We have the following proposals for RAN1 consideration:
Proposal 1: UE PDCCH blind decoding capability (i.e. the maximum number of PDCCH blind decodings within a subframe) shall be associated with the UE category. The maximum number of UE PDCCH blind decodings shall be NxM, where N is the maximum number of carriers that the UE can aggregate and M is the number of PDCCH blind decodings per CC without cross carrier scheduling.

Proposal 2: UE shall monitor the common search space on all CCs within the PDCCH monitoring CC set
Proposal 3: Single UE-specific search space per component carrier is preferred.
Proposal 4: Scheduling a PDSCH/PUSCH CC from more than one DL CC shall be supported in LTE-A.
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