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1 Introduction

In RAN#71, the introduction of an ARO field was agreed to indicate the PUCCH resource for HARQ-ACK transmission in response to an EPDCCH detection scheduling a PDSCH or an SPS release. For FDD, all aspects for such HARQ-ACK transmission are essentially defined. For TDD, when UE is configured to monitor EPDCCH in all subframes within a bundling window, the PUCCH resource in subframe m also depends on 
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 is the number of ECCEs in subframe i in EPDCCH set j configured for that UE and m is the DL subframe index within the bundling window. For TDD, the following three aspects remain to be resolved:
a) The interpretation of the four values of the ARO field consisting of 2 bits.
b) Whether PUCCH resource allocation assumes the 
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 accumulation to include subframes where the UE does not monitor EPDCCH. 
c) The values of the ARO bits in DCI formats with DAI > 1 when a UE is configured PUCCH Format 3.
This contribution considers the above outstanding aspects for TDD.
2 HARQ-ACK Resource Determination in TDD
Interpretation of the four ARO values
Several possibilities were discussed in RAN1#71 and in subsequent email reflector discussions for the interpretation of the four ARO values in subframe i and EPDCCH set j (e.g. [1]), including:

a) Alternative 1: {-2, -1, 0, 2} – same as for FDD
b) Alternative 2: {0, 2, 
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 when two EPDCCH sets are fully non-overlapping and use 
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 when two EPDCCH sets are fully overlapping (e.g. [2])
c) Alternative 3: {0, 2, 
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} – this alternative seems not applicable as subframe-specific 
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 is not configured 
d) Alternative 4: {0, 
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} – this alternative intends to adjust the term 
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 to remove additional PUCCH resources when not needed
e) Alternative 5: {subframe 0: {-2, -1, 0, 2}, subframe 1 (if it exists): {-2, -1, 0, 
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} – this alternative was suggested in the email reflector and intends to adjust the term 
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 according to the subframe index 
“Alternative 3” seems not possible to support without additional RRC configuration. “Alternative 2” does not address the PUCCH overhead expansion for TDD and mainly introduces different treatment between FDD and TDD (depending on whether the EPDCCH sets are overlapping or not); it is noted that the rationale for the second alternative is the same for FDD and TDD but for FDD it has not been adopted. Also, there is little benefit from “Alternative 2” when a single EPDCCH set is used in a subframe and there is a penalty in the blocking probability as the ARO values for avoiding collisions are reduced from 4 to 2. Moreover, “Alternative 2” is even less appropriate for TDD (than for FDD) as it does not address the expansion of PUCCH resources in the time dimension. “Alternative 4” effectively removes the ARO functionality (as it is used for FDD), even for M=1, and is worse (although less complex) than “Alternative 5”.
To achieve the intended functionality of ARO, 4 values are needed while using 2 values (with one being 0) fails to avoid increasing the blocking probability when reducing PUCCH overhead [3]. For a bundling window size of M=3 or M=4, “Alternative 5” effectively removes the FDD functionality of ARO for compressing PUCCH resources corresponding to different EPDCCH sets (and possibly to PDCCH) and instead utilizes the ARO for compressing PUCCH resources corresponding to different subframes. For the same blocking probability, there is a trade-off between PUCCH resource compression in the ECCE/CCE domain of a subframe (first alternative) and in the subframe domain (fifth alternative) within a bundling window. The remaining of the discussion on the selection of the ARO values for TDD will focus on “Alternative 1” and “Alternative 5”.
One drawback of “Alternative 5” relative to the “Alternative 1” is primarily for the later subframes of a bundling window with size M=3 or M=4. Then, even when PUCCH resource compression across subframes can be achieved, it will be of little use due as it is likely to be associated with UL BW fragmentation as, due to an inability to avoid collisions among PUCCH resources for different EPDCCH PRB pair sets per subframe, the NodeB has to configure respective PUCCH resources to be non-overlapping across the entire bundling window (in order to avoid scheduler restrictions and DL/UL throughput loss). For example, for 2 EPDCCH PRB pair sets, the NodeB needs to configure a PUCCH resource offset 
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 for the second EPDCCH PRB set such that it is larger by a factor of 
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 relative to a PUCCH resource offset 
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. Then, in addition to using non-overlapping PUCCH resources for different EPDCCH PRB sets, PUCCH resource compression may be ineffective as, even when it can be achieved, it will cause UL BW fragmentation between the last PUCCH resource corresponding to the first EPDCCH PRB set and the first PUCCH resource corresponding to the second EPDCCH PRB set. For more than 2 EPDCCH PRB sets, multiple UL BW fragmentations can occur.  
Another drawback of “Alternative 5” relative to the “Alternative 1” is when considering PUCCH resources corresponding to PDCCH. With “Alternative 1”, PUCCH resources corresponding to EPDCCH sets and PDCCH can overlap while the ARO can substantially avoid collisions. With “Alternative 5”, as the ARO functionality in later subframes of the bundling window changes from avoid collisions among PUCCH resources corresponding to ECCEs/CCEs in the same subframe to compressing PUCCH resources corresponding to later subframes, such overlapping may not be possible. 
Another drawback of “Alternative 5” is that if PUCCH resource compression cannot be achieved for all UEs in the last subframe of the bundling window (for M=3 or M=4), there is no benefit. At the same time, assuming that the scheduler cannot predict decisions it makes in subsequent subframes, it is generally not possible to compress PUCCH resources as the resulting ones may have already been assigned in a previous subframe. 

Observation 1: It is preferable to compress PUCCH resources corresponding to ECCEs/CCEs per subframe than to compress PUCCH resources corresponding to different subframes of a bundling window. 

Even though the ARO functionality is more beneficial for compressing PUCCH resources corresponding to ECCEs/CCEs per subframe, the respective overhead can still be substantial in TDD. Considering the smaller number of useful REs per ECCE (relative to the 36 REs per CCE) and the typically worse BLER of EPDCCH relative to PDCCH (for distributed EPDCCH but also for localized EPDCCH at least due to CSI feedback mismatch), 2 EPDCCH sets each consisting of 8 PRB pairs are required to provide similar capacity as PDCCH [4]. For non-overlapping PUCCH resources among EPDCCH sets and 4 ECCEs per PRB pair, this corresponds to 64 PUCCH resources or 4 PRBs in case of 18 PUCCH resources per PRB (
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). Allowing fully overlapped PUCCH resources for the two EPDCCH sets (ARO resolves collisions) would instead require 2 PRBs per subframe for a total UL BW savings of 4%. 
For TDD, as the PUCCH resources practically scale by the bundling window size, for M=4 the number of required PUCCH resources is 8 PRBs (
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) representing 16% of the total UL BW which is excessive. For example, for PUCCH Format 3 and 4 UEs per PRB, 32 UEs could be supported in 8 PRBs which for M=4 leads to an average of at least 8 UEs having DL scheduling assignments per subframe. Even this pessimistic upper bound (assumes different UEs have DL scheduling assignments in different subframes of the bundling window) is sufficient for operation at 10 MHz. Therefore, the current determination of the PUCCH resources for PUCCH Format 1b with channel selection practically requires more overhead compared to using PUCCH Format 3 even for transmitting just 1 or 2 HARQ-ACK bits. It is noted that due to the fixed term 
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, a large overhead can occur even when few UEs require use of PUCCH resources for PUCCH Format 1b with channel selection (e.g. in small cells, when many UEs are configured PUCCH Format 3, etc.)
Observation 2: The PUCCH resource overhead associated with EPDCCH operation in TDD systems can be excessive. 

For proper PUCCH resource compression in TDD, a 2-dimensional compression is needed (both in the ECCE/CCE domain per subframe and in the time domain across subframes of a bundling window) but the current ARO of 2 bits makes this difficult due to its limited size. One possibility is to use 1 bit for PUCCH resource compression in the ECCE/CCE domain per subframe and use the other 1 bit for PUCCH resource compression in the time domain across subframes. Another possibility is to increase the number of ARO bits in TDD by 1 (from 2 bits to 3 bits). 
Observation 3: PUCCH resource compression in both the associated ECCE/CCE domain per subframe and in the subframe domain within a bundling window is required to contain the PUCCH resource overhead associated with EPDCCH operation in TDD systems. 

In conclusion, the following two possibilities exist for viable HARQ-ACK resource compression in TDD 
a) Use a 3-bit ARO in TDD and combine the values of “Alternative 1” and “Alternative 5”.
b) Combine “Alternative 1” and “Alternative 5” for a 2-bit ARO – apply limited PUCCH resource compression in the ECCE domain per subframe and in the time domain for M=3 and M=4.
The second possibility is preferable for M=1 (ARO as in FDD) and M=2 (PUCCH resource compression among EPDCCH sets is largely maintained – i.e. use “Alternative 5”). For M=3 and M=4, it is preferable to introduce 1 more ARO bit as the tradeoff between the additional 1-bit overhead versus the capability of PUCCH resource compression in both the ECCE domain per subframe and the time domain without additional scheduler restrictions is definitively in favor of the latter. 

Proposal 1: In TDD, use a 2-bit ARO is used for M=1 and M=2 with the mapping as in “Alternative 5” and use a 3-bit ARO for M=3 and M=4 with a mapping combined from the ones for “Alternative 1” and “Alternative 5”.
PUCCH Resource Allocation when a UE Monitors PDCCH
In principle, the UE should use PUCCH resources corresponding to PDCCH detections in subframes it does not monitor EPDCCH. However, with the exception of TDD special subframes with configurations 0 and 5 and normal CP or special subframes with configurations 0, 4, and 7 and extended CP, the subframes where a UE monitors EPDCCH are UE-specifically configured. Although it is reasonable to expect that the configuration of PMCH/PRS/eICIC in het-nets is UE-common (cell-specific), such an assumption may not hold in general and EPDCCH subframe configuration may be UE-specific (e.g. if the SINR experienced by a UE is subframe dependent due to time-domain ICIC in homogeneous networks or even in het-nets). 

In FDD, as a network can configure (at least partially) overlapped PUCCH resources in response to PDCCH detections and EPDCCH detections (due to the existence of ARO) there is no major issue whether PUCCH resources associated with ECCEs are also considered in subframes a UE monitors PDCCH. However, in TDD, a PUCCH resource misalignment can occur if different UEs use different accumulations for 
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 which can then require scheduler restrictions even if ARO is used as in FDD (since future scheduling decisions may not be known when PUCCH resources are assigned in previous subframes). Then, if a UE discounts PUCCH resources corresponding to EPDCCH PRB sets in subframes it monitors PDCCH, either scheduling restrictions may need to occur or the network is implicitly forced to use UE-common configuration of EPDCCH monitoring subframes. Preferably, the network should configure UEs whether to make such assumption (UE-common EPDCCH subframes) but this is not possible at this stage of Rel-11. Given that PUCCH resource compression can also be achieved in TDD (and a same mechanism is needed regardless of whether or not there are subframes in a bundling window where a UE configured for EPDCCH monitors PDCCH), it is slightly preferable to allow a network the flexibility for UE-specific configuration (in practice) of PDCCH monitoring subframes in which case PUCCH resources associated with ECCEs in subframes a UE is configured to monitor PDCCH are not discounted.

Proposal 2: A UE accounts for PUCCH resources associated with ECCEs in all subframes of a bundling window.
ARO Values in DCI formats with DAI > 1 and use of PUCCH Format 3
For PUCCH Format 3 in TDD, the value of the TPC field in any DCI format with DAI > 1 in the PCell indicates the PUCCH format 3 resource while the TPC field in the DCI format with DAI=1 provides the TPC command. Conversely, in Rel-8, all TPC fields in DL DCI formats detected within a bundling window are used for accumulative power control. The trade-off in Rel-10 was between reducing PUCCH Format 3 resource overhead (for a UE scheduled only in the PCell) versus the inability to perform accumulative power control (or perform power control at all in case the DCI format with DAI=1 was missed); this trade-off was deemed to be in favor of PUCCH overhead reduction. 
With the presence of ARO, the use of the TPC field in DCI formats with DAI>1 can revert to the Rel-8 functionality. The trade-off is between decreasing the false CRC check probability (by using the bits of the ARO field as virtual CRC and using the TPC field for PUCCH Format 3 resource indication) versus enabling accumulative power control and ensuring power control even if the DCI format with DAI=1 is missed (by reverting the previous usage of the TPC field and ARO field). While an evaluation of the above trade-off is rather complex and is not considered here, it seems more appropriate to use the intended functionality of the TPC field and the ARO field. To avoid any additional specifications, the above can apply only for the PCell (in the SCell, if any, the ARO field can be set to zero).
Proposal 3: For a UE configured with PUCCH Format 3 and a DL DCI format conveyed by EPDCCH in the primary cell, the TPC field functions as in Rel-8 and the ARO field indicates the PUCCH resource.
3 Conclusions

This contribution considered the remaining aspects for the PUCCH resource determination of HARQ-ACK transmissions in response to EPDCCH detections in TDD. In particular, the following are proposed. 

Proposal 1: In TDD, use a 2-bit ARO is used for M=1 and M=2 with the mapping as in “alternative 5” and use a 3-bit ARO for M=3 and M=4 with a combined mapping from “alternative 1” and “alternative 5”.
Proposal 2: A UE accounts for PUCCH resources associated with ECCEs in all subframes of a bundling window.
Proposal 3: For a UE configured with PUCCH Format 3 and a DL DCI format conveyed by EPDCCH in the primary cell, the TPC field functions as in Rel-8 and the ARO field indicates the PUCCH resource.
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