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1. Introduction

A framework for EPDCCH-based TDD dynamic PUCCH resource allocation was agreed at RAN1 #71. The TDD resource allocation shall be based on the FDD resource allocation, with a further modification that dimensions the PUCCH region for HARQ-ACK reporting of multiple DL subframes in a single feedback instance. Further details of TDD resource allocation where discussed by email following the RAN1 #72 meeting but, partly due to time constraints, it was not possible to reach a consensus. These issues include:

1. The definition of HARQ-ACK resource offset (ARO) values for TDD – are the values defined for FDD sufficient, or is there a need to have e.g. larger offset values?

2. Usage of ARO when DAI > 1 and the UE is configured with format 3.
3. Resource allocation for the case where a UE is configured not to monitor EPDCCH in some of the subframes within the same bundling window – is there a need to define additional resource allocation rules for this case?

This contribution focuses on these open questions and provides recommendations on finalizing TDD resource allocation for EPDCCH.

.
2. TDD PUCCH Resource Allocation for EPDCCH
Based on the RAN1 #71 agreements and using the notation in [1], the PUCCH resource for antenna port 
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corresponding to the detection of an EPDCCH in EPDCCH PRB set q of subframe i can be expressed as 
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(1)
Where the first term depends on the EPDCCH format (localized or distributed) and
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is derived from the antenna port used for EPDCCH transmission. In addition, 
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is the PUCCH resource starting offset, and 
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is the number of ECCEs contained in EPDCCH PRB set q in subframe 
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and the set 
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is defined in Table 10.1.3.1-1 of [1]. Given this general expression we now consider the open issues.
2.1. Definition of ARO values

It can be seen from the resource allocation expression of (1) that PUCCH resources are sequentially reserved for each DL subframe in the bundling window. This may incur significant PUCCH overhead for lightly loaded systems e.g. in TDD UL-DL configurations #2 and #5, where the PUCCH region is dimensioned for 4 or 9 DL subframes respectively. As such, it was proposed to use the ARO field for resource compression in addition to resource collision avoidance. 

The need for larger offset values is evaluated based on the resulting blocking probability and PUCCH overhead. Towards this end we consider three options for subframe i of a bundling window

1. Option 1: 
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2. Option 2:  
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3. Option 3:

a. 
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b. 
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c. 
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Options 1 and 2 are similar with a slight change in the last two offset values. For all three options, the FDD ARO set is used for subframe 
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as there is no need for resource compression. Option 3 takes advantage of the fact that prior to compression, the PUCCH region is incrementally reserved for each subframe of the bundling window. 
Figures 1 and 2 compare the blocking probability (left sub-figure) and PUCCH utilization (right sub-figure) for a lightly loaded and heavily loaded system respectively in TDD UL-DL configuration #2. As a baseline for comparison, the figures also include results with no ARO signaling and using the FDD ARO set. Other simulation assumptions are described in the Appendix.

[image: image15.emf]1 2 3 4

0

0.005

0.01

0.015

0.02

0.025

0.03

subframe number

Blocking Probability

2 EPDCCH sets,4 UEs, UL-DL Config 2

 

 

No ARO

FDD-ARO

Option 1

Option 2

Option 3

[image: image16.emf]1 2 3 4

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

PUCCH sub-region

PUCCH utilization

2 EPDCCH sets, 4 UEs, UL-DL Config 2

 

 

No ARO

FDD-ARO

Option 1

Option 2

Option 3


Figure 1 Comparison of blocking probability/PUCCH utilization for light load (4 UEs) and 2 sets
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Figure 2 Comparison of blocking probability/PUCCH utilization for heavy load (14 UEs) and 2 sets
The blocking probability is shown for each scheduled DL subframe assuming all UEs are scheduled in each subframe of the bundling window. Likewise, the PUCCH utilization is shown, where each PUCCH sub-region corresponds to a scheduled DL subframe. 
The observations can be summarized as follows:

1. For a lightly loaded system (Figure 1), all ARO options (including the FDD ARO set) achieve the intended goal of reducing the blocking probability compared to the case of no ARO signaling.
a. One PUCCH sub-region can be saved for all three options for combining resource compression with collision avoidance. Options 1 and 2 achieve the best PUCCH utilization. For 16 ECCEs in an EPDCCH set, this translates to roughly 1 PRB (assuming 18 Format 1a/1b resources in 1 PRB). 

2. For a heavily loaded system (Figure 2), although PUCCH utilization approaches 100% in the first sub-region, there is still appreciable PUCCH utilization in the last sub-region i.e. no PUCCH sub-region can be saved compared to using the FDD ARO set.

a. Furthermore, from a system perspective there may not be significant gain in minimizing PUCCH overhead for a fully loaded system. It may be argued that if higher aggregation levels are more likely to be transmitted then the PUCCH resource utilization per DL subframe is low (this is also true for PDCCH-based PUCCH resource allocation). However, it is not necessarily desirable to increase packing efficiency per PUCCH PRB because of the resulting higher intra-cell interference due to loss of orthogonality between CAZAC sequences at the PUCCH receiver. 
b. Figure 2 also shows that the blocking probability is higher for Option 3 – and is comparable to no ARO signaling – because for each DL subframe, more degrees of freedom are used for resource compression to the detriment of collision avoidance. In contrast, Options 1 and 2 efficiently utilize the degrees of freedom to provide both resource compression and collision avoidance capabilities.
3. The case of a single EPDCCH set and heavy load is shown in Figure 3 of the Appendix, where, for a fair comparison, the same total number of ECCEs is simulated. It can be seen that there is no improvement in blocking probability using ARO. This is expected since the ARO is used to avoid collision between EPDCCH sets and/or PDCCH. However, there is still appreciable gain in PUCCH resource compression compared to the FDD ARO set.
Based on these observations we note that Option 2 gives the best trade-off between blocking probability and PUCCH utilization.
Proposal 1: If resource compression is critical to minimize PUCCH overhead, we recommend
· 
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2.2. Signaling of transmit power control commands on EPDCCH 
It was agreed at RAN1 #71 that for EPDCCH transmitted on a SCell, the ARO field is set to all zeros as ARO is not necessary since PUCCH is only transmitted on the PCell. As such, an all-zero ARO field can serve as a virtual CRC for improving EPDCCH detection on a SCell. However, it should be recalled that the primary motivation for still adding an ARO field for EPDCCH transmitted on a SCell, was to reduce the number of test cases for EPDCCH-based PUCCH resource allocation. Hence, there is no need for two test cases, one with ARO and the other without ARO for DCI formats transmitted on the EPDCCH. In contrast, the PCell at least requires ARO indication when DAI = 1 in the detected DCI format. Therefore, any incremental benefit of virtual CRC when DAI>1 is, at best, negligible. 
On the other hand, the ARO field for DAI > 1 can be used as a HARQ-ACK resource indicator (ARI) to indicate a PUCCH Format 3 resource [2], [3]. This has a clear benefit in restoring an important Rel-8/9 UL power control feature i.e. signaling TPC commands for accumulative power control. This feature is partly lost when PUCCH Format 3 is configured because the TPC field is re-used for ARI when DAI > 1 as there was strong opposition, during Rel-10 standardization, against increasing the DCI format payload to support a separate ARI field. This decision was made taking into account other factors e.g. it was only applicable to UEs configured for carrier aggregation. Following the initial ARI agreement, PUCCH Format 3 transmission was also agreed for TDD UEs configured for single cell PDSCH reception. For TDD UL-DL configuration #5 up to 9 DL subframes may be acknowledged in a single subframe and, clearly, accumulative power control may have a stronger impact on system performance.

Proposal: For a UE configured for PUCCH Format 3 transmission and TDD UL-DL configurations 1-6, if either an EPDCCH corresponding to a PDSCH or an EPDCCH indicating downlink SPS release on the primary cell is detected within subframe(s) 
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, the ARO field in the EPDCCH with the DAI value greater than ‘1’ shall be used to determine the PUCCH resource value from one of the four resource values configured by higher layers, with the mapping defined in Table 10.1.2.2.2-1 of [1]. 

2.3. PUCCH dimensioning for PDCCH/EPDCCH monitoring

A Rel-11 UE shall be configured with a set of subframes where it shall monitor the UE-specific search space on the EPDCCH. Otherwise, for subframes that are not part of the EPDCCH monitoring set the UE shall monitor the UE-specific search space on the PDCCH. The motivations for introducing an EPDCCH-monitoring set include 

· PMCH and PRS subframes

· E-ICIC, wherein the use of protected subframes could potentially mean different monitoring sets for the UEs in a cell

It was pointed out in [3] that PUCCH resource reservation is unclear when the UE monitors PDCCH and EPDCCH within the same bundling window. Two options are:
1. Option 1: PUCCH resource reservation for EPDCCH only takes into account the EPDCCH monitoring set 

2. Option 2: PUCCH resources for EPDCCH are reserved for the entire bundling window regardless of the EPDCCH monitoring set.

The benefit of Option 1 is a reduction in PUCCH overhead since resource reservation is limited to subframes where the UE monitors the EPDCCH. The justification for Option 2 is based on whether the EPDCCH-monitoring set can be considered as cell-specific from an operational perspective. PMCH and PRS are cell-specific and do not warrant different monitoring sets. On the other hand, it is unclear whether e-ICIC use cases may result in different monitoring sets in a cell. 

If the same monitoring set cannot be assumed, resource collisions may occur between UEs due to different PUCCH resource reservation regions. Resolving such collisions may not be adequately handled by the ARO as it was primarily designed to avoid resource collisions between EDPCCH sets and/or PDCCH. 

Observation

· If EPDCCH monitoring set is UE-specific in operation (i.e. different monitoring sets in a cell), it is preferable to reserve PUCCH resources for the entire bundling window.
· Otherwise, if the EPDCCH monitoring set can be assumed to be common for all UEs configured for EPDCCH, PUCCH resources should only be reserved for the EPDCCH monitoring set.
3. Conclusion

This contribution addressed the remaining details of TDD EPDCCH-based PUCCH resource allocation. Our recommendations are:
1) If resource compression is critical to minimize PUCCH overhead

a. 
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b. 
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2) For a UE configured for PUCCH Format 3 transmission and TDD UL-DL configurations 1-6, if either an EPDCCH corresponding to a PDSCH or an EPDCCH indicating downlink SPS release on the primary cell is detected within subframe(s) 
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, the ARO field in the EPDCCH with the DAI value greater than ‘1’ shall be used to determine the PUCCH resource value from one of the four resource values configured by higher layers, with the mapping defined in Table 10.1.2.2.2-1 of [1]. 

3) For mixed EPDCCH/PDCCH within the same bundling window

a. If EPDCCH monitoring set is UE-specific in operation (i.e. different monitoring sets in a cell), it is preferable to reserve PUCCH resources for the entire bundling window.

b. Otherwise, if the EPDCCH monitoring set can be assumed to be common for all UEs configured for EPDCCH, PUCCH resources should only be reserved for the EPDCCH monitoring set.
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Appendix

Table 1 Simulation Assumptions

	Parameter
	Assumption

	Number of EPDCCH sets
	1, 2

	Number of PRB pairs per EPDCCH set
	4 (8) for 2(1) EPDCCH sets

	Total number of NECCE
	32

	Aggregation Level (AL)
	{1,2,4,8}

	Number of candidates per AL
	{6, 6, 2, 2}split equally between sets

	Search space randomization
	Rel-8 search space function

	UE distribution according to AL
	{0.3, 0.5, 0.15,0.05}

	Percentage overlap between PUCCH regions
	Full overlap
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Figure 3 Comparison of blocking probability/PUCCH utilization for heavy load (4 UEs) and 1 set
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