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1 Introduction

Limiting the number of Blind Decoding Operations (BDOs) in Rel-10 using Carrier Aggregation (CA) has been recognized as an important part of the PDCCH design while maintaining backward compatibility to Rel-8 and prioritizing the re-use of Rel-8 PDCCH transmission principles. Moreover, Rel-10 introduces the distinct features of cross-carrier scheduling and probably of extension carriers (TBD) which necessitate some deviations from the Rel-8 design which targeted a single conventional DL/UL Component Carrier (CC) pair.
This contribution reviews possible PDCCH transmission methods to avoid linearly increasing the number of BDOs with the number of DL CCs a Rel-10 UE receives PDCCH from.
2 Limiting BDOs in Rel-10
2.1 General Guidelines and Baseline
When discussing the number of BDOs, there are two distinct issues that should be considered. The first is the maximum number of BDOs which directly affects UE HW complexity. The second is the average number of CRC tests which directly affects the false CRC pass probability and the overall quality and reliability of the communication system [1]. 

It is desirable that methods reducing the number of BDOs (for example, relative to a linear increase in the Rel-8 BDOs with the number of DL CCs a Rel-10 UE is configured to receive PDCCH from), address both the maximum number of BDOs and the average number of CRC tests a Rel-10 UE will need to perform. Moreover, it is desirable that these methods are applicable both with and without cross-carrier scheduling.
The baseline number of BDOs a Rel-10 UE needs to perform in one CC can be immediately derived from the number of BDOs required for Rel-8 baseline operation and the additional number of BDOs required to support Rel-10 features, namely UL SU-MIMO and non-contiguous Resource Allocation (RA). Denoting the DCI format for clustered PUSCH transmission as DCI format 0A and the DCI format for UL SU-MIMO as DCI format 0B (one DCI format assumed for both contiguous and non-contiguous RA for SU-MIMO) and assuming that DCI format 0A has the same size as DCI format 0, the additional number of BDOs is only due to SU-MIMO while the additional number of CRC tests is due to both non-contiguous RA and SU-MIMO, if dynamic switching between contiguous and non-contiguous RA is allowed.
In Rel-8, there are 12 BDOs in the UE-common search space as the number of candidates is (0, 0, 6, 6) for CCE aggregation levels (1, 2, 4, 8) and there are 32 BDOs in the UE-specific search space as the number of candidates is 2x(6, 6, 2, 2) for CCE aggregation levels (1, 2, 4, 8). The number of CRC tests in the UE-common search space may be somewhat larger than 12 as, in addition to the C-RNTI for DCI formats 0/1A, CRC testing with the TPC/RA/SI/P-RNTI is also needed. However, this is limited only in few sub-frames (TPC/SI/P-RNTI) or occurs only once (RA-RNTI). 
Assuming that a Rel-10 UE monitors DCI format 0/0A/1A, a DCI format for the RRC-configured DL transmission mode, and DCI format 0B in the UL, in case of SU-MIMO as the UL transmission mode, the number of BDOs increases by 16 (DCI format 0B only in the UE-specific search space). 

Therefore, for the baseline operation without CA for a Rel-10 UE capable of PUSCH transmissions with non-contiguous RA and SU-MIMO, the number of BDOs is 60. 
2.2 Candidate BDO Reduction Methods
From the baseline of 60 BDOs, a direct linear increase with the number of DL CCs or UL CCs will result a maximum of 300 BDOs for a maximum of 5 DL/UL pairs. This is about 7 times larger than the maximum number of BDOs in Rel-8. Candidate reduction methods for the number of BDOs are outlined below.

Restrict UE-common search space only in DL PCC [2]
Similar to the UL, where the UCI is transmitted in a UE-specific UL Primary CC (UL PCC), UE-common DCI is transmitted in a UE-specific DL Primary CC (DL PCC). For 5 DL CCs, this saves 4 x 12 = 48 BDOs for the DL Secondary CCs (DL SCCs) and the maximum number of BDOs becomes 300 – 48 = 252. Note that operation with UE-common DCI only in the DL PCC will have to be anyway supported in many cases of cross-carrier scheduling.
Although this method does not provide adequate reduction in the number of maximum and average BDOs a UE needs to perform, it does provide a useful reduction and from a RAN1 perspective it does not appear to have any serious drawbacks (it may even result to some UE power savings) other than eliminating the flexibility for scheduling DCI format 0/1A in the UE-common search space of DL SCCs. It is therefore proposed to consider restricting the UE-common search space only in the DL PCC.

Proposal: Consider restricting UE-common search space only in DL PCC.

Link CCE locations and/or CCE aggregation levels for DL SCCs to ones for DL PCC [2, 3]
This approach can provide a very powerful tool for reducing the number of BDOs at the expense of 2 restrictions:

a) PDSCH or PUSCH scheduling occurs in the DL PCC before occurring in the DL SCCs (this restriction is not needed in case of cross-carrier scheduling).
b) Increased blocking probability. 

As a UE will need CA to accommodate increased traffic, it is not a significant restriction to consider that it will be scheduled PDSCH reception and/or PUSCH transmission in the (UE-specific) DL/UL PCCs before it is scheduled ones in the DL/UL SCCs. In case of cross-carrier scheduling, this restriction is not necessary.
The impact on the blocking probability will be trivial as only a small number of UEs are expected to be scheduled with CA per sub-frame. Moreover, any impact will depend on the level of the restriction (the stricter the restriction the larger the reduction in the number of BDOs).
Therefore, linking the CCE locations and/or CCE aggregation levels used in DL non-anchor CCs to those used in the DL anchor CC is a viable alternative that should be further considered.
The maximum number of BDOs becomes 60 (in DL PCC) plus 3x(a, b, c, d) in each of the DL SCCs (UE-common search space only in DL PCC is assumed) where (a, b, c, d) are the candidates for CCE aggregation levels (1, 2, 4, 8) in the DL SCCs. For example:

a) Both location of CCEs and CCE aggregation level are same ( only 12 additional BDOs for a total of only 72 BDOs (this represents the maximum level of restrictions and leads to maximum BDO reductions).
b) Only location of CCEs is same, no restriction on CCE aggregation levels ( 48 additional BDOs for a total of 108 BDOs.

c) Only CCE-aggregation level is same, no restriction on location of CCEs ( 72 (CCE aggregation level 1 or 2) or 24 (CCE aggregation level 4 or 8) additional BDOs for a maximum total of 144 BDOs.
Proposal: Consider linking CCE locations and/or CCE aggregation levels for scheduling in DL/UL SCCs to ones for scheduling in DL/UL PCC.
Reduce number of candidates per CCE aggregation level for DL PCCs [4] 

RRC signaling can inform the UEs of the number of candidates per CCE aggregation level for DL SCCs. With CA, the UE typically operates in good SINR conditions and the full flexibility of the Rel-8 CCE aggregation levels for each DL/UL CC is not necessary. 

Which CCE aggregation levels are reduced and by how much they are reduced can be an implementation aspect. What needs to be specified is the total number of CCE aggregation levels in the UE-specific search space of the DL SCCs. For example, if for DCI format 0/1A (small size) the candidates for the CCE aggregation levels in DL SCCs are reduced from (6, 6, 2, 2) to (4, 4, 0, 0), the number of BDOs is reduced from 252 to 220 (UE-common search space only in DL PCC is assumed). The savings can be increased by applying similar reductions in the number of candidates for the CCE aggregation levels for the DCI formats (other than DCI format 0/1A) corresponding to the DL/UL transmission modes. 
Proposal: Consider reducing number of candidates per CCE aggregation level, at least for DL SCCs.
DCI Format size adjustment through padding [5] 

This method introduces padding bits to the smaller of the DCI formats for the DL transmission mode or the UL transmission mode, other than the DCI formats 0/1A, in order to obtain the same DCI format size for the DCI formats of the DL/UL transmission modes. The DCI format (DL or UL) is then distinguished by a DCI format differentiation flag. Then, the UE monitors 2, instead of 3, DCI format sizes per DL/UL CC pair. The drawbacks of this method include:

a) Additional overhead. 
b) Number of CRC tests is not reduced (only the number of BDOs is reduced).
c) For asymmetric DL/UL aggregations, it forces the same transmission mode in multiple DL CCs or UL CCs.

d) Rel-8 DCI formats may not be re-used and introduction of new DCI formats is required. Moreover, many padding combinations may exist depending on the BWs.

Because of the above drawbacks, this method is less advantageous compared to other methods (for the reduction in both the number of BDOs and number of CRC tests).
DCI Format Indicator [6, 7] 

This method provides a DCI Format Indicator Field (FIF) in each DCI format which is separately encoded than the remaining of the DCI format. The UE first decodes the FIF and, based on its value, it subsequently decodes the DCI format. The number of BDOs in the UE-specific search space is therefore reduced to be equal to the total number of candidates for the CCE aggregation levels. The advantage of this method is that it reduces both the number of BDOs and the number of CRC tests. Also, the additional decoding latency is trivial. The disadvantages of this method include:

a) Increased PDCCH overhead due to the FIF (for example, for 2-bit FIF and 8-CCE aggregation level, PCFICH-like reliability is needed implying 16 RE overhead for each FIF and possibly some power boosting).
b) Stricter individual BLER targets as both the FIF and the DCI format need to be correctly decoded. Even under favorable operating conditions (full Tx/Rx diversity, frequency selective channel), an additional 1.0 – 1.5 dB is required to achieve the same reliability as for Rel-8 – this represents an additional 30%-40% overhead. 
c) Different Node B transmitter and UE receiver design for the PDCCH transmission than in Rel-8.
Therefore, the FIF can significantly reduce the number of BDOs but this is achieved at the expense of considerable drawbacks. The most important one is the need for increased PDCCH resources due to the FIF and due to the need for improved reception reliability of the combined FIF and DCI format. Considering the already limited PDCCH capacity, this requirement for additional PDCCH resources is not feasible [8]. Moreover, since a Rel-10 UE should be able to operate as a Rel-8 one (in a Rel-8 network), reducing the number of BDOs below the ones in Rel-8 is not useful.
3 Conclusions

This contribution considered methods for reducing the maximum number of BDOs and average number of CRC tests in Rel-10, both with and without cross-carrier scheduling, and proposes that the following methods are further considered:
a) Restrict UE-common search space only in DL PCC.
b) Link CCE locations and/or CCE aggregation levels for scheduling in DL/UL SCCs to ones for scheduling in DL/UL CC.  
c) Reduce number of candidates per CCE aggregation level, at least for DL SCCs.
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