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1 Introduction

The topic of HARQ-ACK signal transmissions using PUCCH format 1a/1b in response to EPDCCH detections was extensively discussed during RAN1#70bis. The main outstanding issues include:

a) Whether an A/N Resource Indicator (ARI) should be included in respective DCI formats for EPDCCH scheduling PDSCH.
b) The mapping between PUCCH resource and lowest ECCE index for FDD and TDD. 
This contribution considers the previous outstanding issues for FDD. TDD operation is considered in [2].
2 Dynamic Indication of PUCCH Resource
The use of an ARI depends on whether overlapping occurs for the PUCCH resources corresponding to PDCCH and to each EPDCCH set. 
No Overlapping of PUCCH Resources Corresponding to PDCCH and Each EPDCCH Set 
Without overlapping there is no impact on the scheduler operation (no blocking due to PUCCH resource collisions and no DL/UL throughput loss) and no need for ARI. However, this is at the expense of UL BW fragmentation as shown in Figure 1. 


[image: image1]
Figure 1: UL BW fragmentation due to semi-statically configured starting resources.
The UL BW fragmentation between PUCCH resources corresponding to PDCCH and a first EPDCCH set is because the PUCCH resource offset for the first EPDCCH set needs to account for the maximum number of OFDM symbols for PDCCH. Consider, for example, CA with 2 cells where the PCell (macro) uses PDCCH, the SCell (pico) uses EPDCCH and PUCCH is in the PCell. For a 10 MHz system BW, a maximum of 3 OFDM symbols for PDCCH, 2 CRS ports, 4 PHICH groups, PCFICH, and 
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, the UL BW fragmentation is about 2 PRBs when PDCCH is over 1 OFDM symbol and 1 PRB when PDCCH is over 2 OFDM symbols. Assuming that the use of 1, 2, or 3 OFDM symbols for PDCCH is equally probable, the average UL BW fragmentation is 1 PRB corresponding to 2% of UL resources. 

The UL BW fragmentation between PUCCH resources corresponding to the two EPDCCH sets is due to partial utilization of the first EPDCCH set. Although the second EPDCCH set may not be used if the first one is not fully utilized, this may frequently not be the case. In one example, the first and second EPDCCH sets may be assigned to different groups of UEs. In another example, the first set may be for distributed EPDCCH and the second set may be for localized EPDCCH. Then, due to the limitation in the total number of EPDCCH candidates and due to the need to have EPDCCH candidates in all/most PRB pairs configured for localized EPDCCH, large ECCE aggregation levels (ALs) may be used for fallback to distributed EPDCCH. However, such large ALs may not be supported in the remaining resources of the distributed EPDCCH set (e.g. an AL of 8/16 ECCEs requires 2/4 PRB pairs). 
The resource fragmentation can further increase if one or two localized EPDCCH sets are configured. This is because the ECCEs used may not be consecutive if EPDCCH BLER is to be optimized. For example, a first EPDCCH may be transmitted using ECCE #0 in a first PRB pair while a second EPDCCH may be transmitted using ECCE #15 in a fourth PRB pair. Alternatively, the EPDCCHs may be transmitted in PRB pairs with higher indexes leaving empty the PUCCH resources corresponding to PRB pairs with lower indexes. Although ECCEs for localized EPDCCH may first be indexed across PRB pairs and then within a PRB pair, this has implications on the search space design where ECCE indexes of an EPDCCH candidate will no longer be consecutive. Compression mechanisms can also be used for localized EPDCCH [4] but this cannot fully resolve the fundamental issue of PUCCH resource fragmentation that exists for localized EPDCCH in case of separate PUCCH resources per EPDCCH set. 
More fragmentation will occur in case different EPDCCH sets are configured to different UEs. For example, at 20 MHz, in order for distributed EPDCCH to have the same capacity as PDCCH, at least 32 PRB pairs are needed for EPDCCH. However, the maximum number of PRB pairs per set is 8 and the maximum number of EPDCCH sets per UE is 2. It is noted that there are 132 ECCEs over 32 PRB pairs which, for an optimistic ~4 dB worse BLER of distributed EPDCCH relative to PDCCH (due to link level performance and due to having less than 36 REs available per ECCE for EPDCCH transmission) correspond to 52 CCEs. As the PDCCH capacity at 20 MHz is about 87 CCEs, even with 32 PRB pairs EPDCCH can only offer only about 60% of PDCCH capacity and this only in subframes where the number of REs available to transmit EPDCCH per PRB pair is larger than Xthresh. Even more fragmentation will occur when some UEs are configured with 2 sets for distributed EPDCCH and some other UEs are configured with 1 set for distributed EPDCCH and 1 set for localized EPDCCH. 
Figure 2 illustrates the UL BW fragmentation when multiple EPDCCH sets are configured with non-overlapping PUCCH resources.


[image: image3]
Figure 2: UL BW fragmentation due to semi-statically configured starting resources – multiple EPDCCH sets.

Although the total UL BW fragmentation among PUCCH resources corresponding to multiple EPDCCH sets depends on detailed assumptions (e.g. number/size/type of EPDCCH sets), an optimistic lower bound can be assumed to be in the order of 3% of UL BW. Combined with a 2% UL BW fragmentation between PUCCH resources corresponding to PDCCH and the first EPDCCH set, as it was previously discussed, the total UL BW fragmentation is at least 5%. 

Full Overlapping of PUCCH Resources Corresponding to PDCCH and Each EPDCCH Set
Figure 3 illustrates a simple case for full overlapping of PUCCH resources. The obvious problem is the PUCCH resource collisions and, in order to avoid them, the significant scheduler restrictions and increase in EPDCCH blocking probability (and decrease in EPDCCH resource utilization). This has been extensively evaluated in [5] for various levels of PUCCH resource overlap considering 2 EPDCCH sets. It is shown that for full overlap, the increase in blocking probability increases by at least 100%. An even larger increase is expected if multiple EPDCCH sets and PDCCH are considered. This increase in blocking probability is completely avoided with a 2-bit ARI having values {-2, -1, 0, 1}. In TDD, restrictions is scheduling using multiple EPDCCH sets and PDCCH need to extend over multiple subframes in the bundling window and will likely lead to severe throughput losses and substantially increase scheduling complexity. Also, SORTD would further increase scheduler restrictions and PDCCH/EPDCCH blocking probability as CCEs and ECCEs with index n and n+1 cannot be used to schedule PDSCH in the same subframe. 
Partial overlapping of PUCCH Format 1a/1b resources corresponding to PDCCH and multiple EPDCCH sets incur both the scheduling restrictions of full overlapping and the UL BW fragmentation of no overlapping but to a lesser extent. 

[image: image4]
Figure 3: Full overlapping of PUCCH Format 1a/1b resources corresponding to PDCCH and 2 EPDCCH sets. 
Tradeoff Analysis with ARI (full PUCCH resource overlapping) and without ARI (no PUCCH resource overlapping)
Considering a total of 16 PRB pairs corresponding to 64 ECCEs for multiple EPDCCH sets at 10 MHz, a full overlap of PUCCH format 1a/1b resources corresponding to PDCCH and EPDCCH sets can reduce UL overhead by about 4 PRBs for 
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. this corresponds to UL BW savings of 8%. About 5%-6% of these savings can be attributed to avoidance of UL BW fragmentation, as previously described, and the remaining 2%-3% can be attributed to PUCCH Format 1a/1b resource compression. It is noted that similar to PHICH or PUCCH Format 3 operation, the use of ARI can enable compression of PUCCH format 1a/1b resources which are currently substantially underutilized (e.g. utilization is only about 12% for 87 CCEs and 10 PDSCH transmissions per subframe – 20 MHz). 

Inclusion of a 2-bit ARI in DL DCI formats represents an increase of about 4% in additional EPDCCH overhead at 10 MHz system BW (DCI format 0/1A size of 43 bits, DCI format 2C size of 58 bits – FDD). For 16 PRB pairs configured for multiple EPDCCH sets (32% of resources at 10 MHz) and 80% of the respective resources used to transmit EPDCCH (20% used for PDCCH/CRS/DMRS), the total additional DL overhead is about 1%. 

Therefore, the tradeoff of using ARI is an additional 1% DL overhead for savings of about 8% in UL BW. The UL BW savings will further increase in TDD systems as PUCCH in a single UL subframe needs to convey HARQ-ACK for multiple DL subframes. For full overlapping, the values of the 2-bit ARI can be {-2, -1, 0, 1}. 
Proposal 1: A DCI format scheduling a PDSCH can be configured to include a 2-bit ARI field for indexing a respective PUCCH Format 1a/1b resource. 

3 PUCCH Resource Mapping from Lowest ECCE Index
For the determination of a PUCCH format 1a/1b resource, 
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, in response to an EPDCCH detection, the variation of the supportable ECCE ALs per subframe (to account for the varying number of available REs per ECCE), should be considered to reduce the respective overhead. When an AL of 1 ECCE can be used in a subframe to transmit an EPDCCH, the lowest ECCE index, 
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, can be used as an implicit index for 
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 as in Rel-10. However, when the minimum AL is 2 ECCEs, determining 
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 will result to unnecessary UL overhead (in the order of 50% of PUCCH format 1a/1b resources or about 3%-5% of UL BW) as at least every other PUCCH resource will be unused. Instead, without considering use of ARI, 
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 can be determined as
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where 
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 is the EPDCCH set specific offset. 

Therefore, with the inclusion of ARI field in DCI formats scheduling PDSCH, 
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for DL subframes with minimum AL of 1 ECCE, and
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for DL subframes with minimum AL of 2 ECCEs.
Proposal 2: The PUCCH Format 1a/1b resource, 
[image: image17.wmf]E

PUCCH

n

, in response to an EPDCCH detection is determined as
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in response to an EPDCCH detection in DL subframes with minimum AL of 1 ECCE and as
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in response to an EPDCCH detection in DL subframes with minimum AL of 2 ECCEs.

4 Conclusions

This contribution considered the determination of a PUCCH resource for a UE to transmit an HARQ-ACK signal in response to respective ePDCCH detection. In particular, the following are proposed. 

Proposal 1: A DCI format scheduling a PDSCH can be configured to include a 2-bit ARI field for indexing a respective PUCCH Format 1a/1b resource. 

Proposal 2: The PUCCH Format 1a/1b resource, 
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in response to an EPDCCH detection in DL subframes with minimum AL of 1 ECCE and as
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in response to an EPDCCH detection in DL subframes with minimum AL of 2 ECCEs.
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