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1 Introduction

Blind decoding is a crucial issue that should be considered for PDCCH design. In the RAN1 #58 meeting, it was agreed that limiting the number of blind decodings (BDs) is desirable [1], and some possible solutions have been proposed in RAN1#59 meeting.
In this contribution, first we will define the upper limit on the total number of BDs which impacts on the designs of PDCCH such as new DCI formats development and PDCCH assignment. With the definition of BD upper limit in support of carrier aggregation, it is found that unlike Rel-8, the number of actual BDs in operation can be different from the upper limit, and thus some discussion is provided. Then our views on overall BD number control in case of cross carrier scheduling are given.
2 Upper limit on total number of blind decodes
Since the upper limit on the total number of BDs will have great impact on the designs of PDCCH such as new DCI format development and PDCCH assignment, it is a primary issue that should be nailed down. In RAN1#59 meeting, “Upper limit on total number of blind decodes = N x ?” was left FFS [2]. In this section, our views are given.
(1) Upper limit on total number of blind decodes = N
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D , where N is the maximum number of simultaneous aggregated component carriers (CC) that a UE’s baseband processor supports,  D is the maximum number of blind decodes per CC in the scenario of same-CC scheduling
Although the same-CC and cross-CC scheduling are supported for CA, both of them should correspond to the same blind decoding capability for a UE. Therefore, we suggest the same-CC scheduling as a reference when considering the maximum number of BDs.
In the same-CC scheduling scenario, it is straightforward to follow the Rel-8 BD approach for each CC and specify “upper limit on total number of BDs = N
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D”:
· “D” is the maximum number of blind decodes per CC, e.g. 44 as Rel-8 or possible larger value in considering of UL MIMO.
(2) The possibility to further reduce the upper limit is FFS
The large number of BDs will be a very big challenge for the UE implementation from the cost and power consumption viewpoint. Whether a Rel-10 UE can have the capability defined above needs further evaluation. 
In addition, the CRC false alarm problem may get worse along with the increased number of BDs in R10, especially when cross-CC scheduling is considered. Therefore, some efficient and reliable solutions to reduce the BDs could be further studied.
3 The maximum number of blind decodes in operation
In Rel-8, the actual maximum number of blind decodes in operation is exactly the upper limit, i.e., 44. However in LTE-A, the upper limit is linear to N as proposed in the above section, where N is the number of CCs that the UE is capable to aggregate. Since the number of aggregated CCs can be less than N, the setting of maximum BD number in operation may have different options as listed below, with analysis of corresponding performance and cost.
Option 1 Linear to the number of aggregated n CCs
In option 1, each CC corresponds to a fixed maximum number of BDs.  
With option 1, when PDCCH blocking happens to a UE, it cannot enlarge its search space (SS) size even if it does not reach the BD upper limit.
Option 2 Always equal to the BD upper limit
In option 2, the maximum number of blind decodes for n aggregated CCs is equal to the upper limit.  How to distribute the blind decodes attempts to the n CCs is FFS. 
Option 2 is beneficial for reducing PDCCH blocking probability, but may consume more power and increase the CRC false alarm probability (shown in Appendix A). For example, for detecting a DCI in the same-CC scheduling, a UE performs an exhaustive search among all PDCCH candidates until the CRC is correct or until the BD upper limit is reached. If the maximum number of BDs is large, the power consumption and CRC false alarm probability due to invalid BDs are increased, especially for those low-SINR UEs in active state (except for those in DRX sleep mode) but not scheduled because they have to try all the PDCCH blind decoding attempts.
Option 3 Configured by the eNB
In option 3, eNB configures the maximum BD number in operation according to the different situations, aiming to balance between the power consuming/false alarm and the PDCCH blocking.
For example, in a lightly loaded cell, PDCCH blocking is not crucial; the eNB could configure a smaller BD number, which is beneficial for saving power and reducing CRC false alarm probability. On the contrary, PDCCH blocking is serious in a heavy loaded cell. To reducing PDCCH blocking probability, expanding the SS is a straightforward and valid method, which requires increasing the number of BDs. 
In addition, from the views of UE, if the SINR of a UE is very low, the CRC false alarm is the primary issue to be focused on and the eNB could configure a smaller BD number for this UE, or else the blocking issue could be considered first.
In table 1, the comparison of the 3 options is summarized.
Table 1. Comparison of different options for the setting of BD number in operation
	
	Power consuming
	Blocking probability
	CRC False alarm

	Option 1
	Less 
	higher
	lower

	Option 2
	Higher
	lower
	higher

	Option 3
	Controlled by eNB
	Controlled by eNB
	Controlled by eNB


4 Linkage between PDSCH/PUSCH CC and PDCCH monitoring CC
For the same-CC scheduling, the linkage is obvious: PDCCH on a CC assigns PDSCH resources on the same CC and PUSCH resources on a single linked UL CC, but for the cross-CC scheduling, the linkage is still unclear and needs further discussion. In RAN1 #59b, two behaviours about the linkage between PDSCH/PUSCH CC and PDCCH monitoring CC are noted in Way Forward [3]. In this section, we will further analyze the linkage for cross-CC scheduling.

Considering the UE capability is irrespective to same-CC or cross-CC scheduling, we hold the following assumption:

Assumption: The maximum blind decoding number for cross-CC scheduling shall not be larger than that of same-CC scheduling.

The linkage should be configured by the higher layer signalling. There are two possibilities for the linkage configuration:
Mechanism 1: One-to-one linkage
As exampled in Figure 1 (a), For each PDSCH/PUSCH CC, higher layer can configure a single CC carrying the corresponding DL grant/UL grant.
· With this mechanism, it is simple to control the number of BDs for cross-CC scheduling to be the same as that for same-CC scheduling.

· DCIs with the same payload size can share their SSs [7].
In Rel-8, SS was defined as the set of PDCCH candidates to monitor [8]. To detect any DCI, a UE will blind decode the PDCCHs in the corresponding SS. Monitoring additional DCI(s) with the same payload size in the same SS doesn’t increase the blind decoding number. 
Although one-to-one linkage is configured, it is natural and beneficial to allow DCIs with the same payload size share their SSs, i.e., the DCIs of the same payload size can be transmitted through any PDCCH candidates within the shared SSs. As exampled in Figure 2, before SS sharing, DCI format 0/1A and 1 for CC1 are monitored in SS1, DCI format 0/1A and 1B for CC2 are monitored in SS2 and DCI format 0/1A and 1D for CC3 are monitored in SS3. Assuming CC1, CC2 and CC3 have the same bandwidth, DCI format 0/1As for these three CCs have the same payload size,  so their SSs are shared, i.e. DCI format 0/1A for any CC will be monitored in SS1, SS2 and SS3. DCI format 1B for CC2 and DCI format 1D for CC3 have the same payload size,  so their SSs are shared, whereas DCI format 1 has the different payload size from others, so it is only scheduled in SS1.
The logic of SS sharing is similar to what has been captured in Rel-8, where DCI format 1A/0 scrambled by C-RNTI/SPS C-RNTI has the same payload size as that for DCI format 3/3A, so DCI format 1A/0 scrambled by C-RNTI/SPS C-RNTI is allowed in common SS to decrease the blocking probability without increasing the blind decoding number. 
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Figure 1 Two options for linkage configuration between PDSCH/PUSCH CC and PDCCH monitoring CC
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Figure 2 DCIs with the same payload size can share their search spaces
Mechanism 2: One-to-multiple linkage

As shown in Figure 1 (b), for each PDSCH/PUSCH CC, higher layer can configure multiple CCs carrying the corresponding DL grant/UL grant.
· The number of BDs may exceed that of same-CC scheduling when different payload sizes are used for different scheduled CCs due to different transmission modes and/or different CC bandwidths, which can violate the above mentioned assumption.

· To satisfy the assumption, one-to-multiple linkage requires further standard and implementation efforts to maintain same blind decodes number, such as bit padding and/or compressing for DCI alignment.
From the above analyses, we prefer that the higher layer configures a one-to-one linkage from PDSCH/PUSCH to a CC carrying the corresponding DL/UL grant, and DCIs with the same payload size can share their search spaces.
5 Search space design on one carrier for cross-CC scheduling 
For same-CC scheduling, SS per CC could keep the same design as in Rel-8, but for cross-CC scheduling, DCIs corresponding to multiple PDSCH/PUSCH CC can be scheduled on one carrier. And there are two options for SS design which need further study. 
Option 1: Joint search space for multiple PDSCH/PUSCH CCs
In this case, PDCCH blocking probability may be a concern [4-6]. For example, two PDCCH candidates are monitored in each SS with aggregation level 4 as in Rel-8. When three PDCCHs with aggregation level 4 are needed to schedule three PDSCH/PDCCH CCs, PDCCH blocking happens. 
Option 2: Separate search spaces for multiple PDSCH/PUSCH CCs [4-6]
Each PDSCH/PUSCH CC has its own SS. From the view of blocking, the grants to schedule different CCs are then treated the same as the grants for different UEs. And thus all the grants will have equal opportunities.

These SSs could be differentiated by predefined rules like introducing CI  bits to SS determination [5-6].
What’s more, the SS sharing [7] can also be applied here for the same reason. i.e., if two DCIs are with the same payload size, they can share their search spaces.

6 Conclusions
In this contribution, we analyze the upper limit on total number of BDs, the maximum number of blind decodes in operation, and the SS design, and conclude with the following proposals:

For upper limit of BD,

· Upper limit on total number of blind decodes = N
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D , where N is the maximum number of simultaneous aggregated CCs that a UE’s baseband processor supports,  D is the maximum number of blind decodes per CC in the scenario of same-CC scheduling.
· The possibility to further reduce the upper limit is FFS.
· The maximum number of blind decodes in operation could be configured by the eNB.

For linkage configuration in the case of cross-CC scheduling,
· For each PDSCH/PUSCH CC, higher layer can configure a single CC carrying the corresponding DL grant/UL grant.
For search space design on one carrier in the case of cross-CC scheduling
· Separate search spaces for multiple PDSCH/PUSCH CCs are proposed. 
DCIs with the same payload size can share their SSs, no matter the search spaces are on the same CC or on the different CCs.
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Appendix A.
Assuming that the bit error probability is 
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 for low-SINR UEs and the number of CRC bits is 16, so the probability of the false CRC pass probability for a single UE and a single BD is
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The average time between false positive PDCCH will be 
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(s), where M is the number of maximum BDs in one subframe.

The comparison of CRC false alarm is shown in Table 2. Here, we assume the maximum number of BDs per CC is 44.

Table 2. Comparison of CRC false alarm

	The number of aggregated CCs
	1 CC
	2 CCs
	3 CCs
	4 CCs
	5 CCs

	The max. number of BDs in operation
	44
	88
	132
	176
	220

	T (s)
	1.49
	0.745
	0.496
	0.372
	0.298


From the values, we can see that for low-SINR UE, if it is always equal to the BD upper limit (option 2 in section 3), the average time between false positive PDCCH will be short.
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