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1 Introduction

Several methods for the HARQ-ACK transmission have been identified for down-selection and include:

a) Multi-sequence transmission

b) PUCCH format 1b with SF reduction to 2 or 1

c) Channel selection with one or more of:

a. Extended support for 5 HARQ-ACK bits

b. In conjunction with another scheme

c. In conjunction with spatial bundling

d) PUCCH format 2

e) New PUCCH format (e.g. based on DFT-S-OFDM)

In addition, HARQ-ACK bundling across sub-frames can be considered for TDD as in Rel-8.

This contribution provides an overview of the performance, overhead, implementation and specification complexity characteristics for the above methods for an FDD system. Performance results are presented in an accompanying contribution [1] while resource assignment schemes for the preferred transmission method are described in [2]. 
2 HARQ-ACK Transmission Methods
An overview for the performance, overhead, implementation and specification complexity characteristics for the previous HARQ-ACK transmission methods is subsequently provided. 
With the exception of PUCCH format 2 and the new PUCCH format (e.g. DFT-S-OFDM), channel selection, as in Rel-8 TDD, is assumed in all other cases for transmission of up to 4 HARQ-ACK bits. 
2.1 Extending Support of Channel Selection to 5 Bits

Using channel selection and QPSK for the transmission of 5 HARQ-ACK bits, 2^5+4=36 ACK/NACK/DTX states are required while a maximum of 4x5=20 states can be assume available. Therefore, 3-4 additional resources should be provided (depending on whether DTX and NACK are collapsed onto the same state) and they can be obtained either using more than 1 CCE for some DCI formats or by semi-statically configuring additional resources. 
Given that extending support of channel selection to 5 bits is needed to eventually support HARQ-ACK in response to DL SU-MIMO (2 bits per DL CC), the assumption that the DCI formats scheduling the respective PDSCH reception consist of at least 2 CCEs can be considered valid (e.g. DCI format 2 cannot be supported with 1 CCE). Alternatively, reserving 3 additional HARQ-ACK resources to support 9-10 HARQ-ACK bits would result to marginal overhead in the UL Primary CC (UL PCC) as 18 HARQ-ACK resources are assumed per PRB and as the number of UEs with Transmission Mode (TM) supporting PDSCH reception of 2 TBs in 5 DL CCs is expected to be very small. 
Nevertheless, it is not required to extend channel selection to support 5 bits; instead, channel selection combined with SF=2, and/or 2-sequence transmission, and/or limited spatial bundling, can be used to provide support for the transmission of 9-10 HARQ-ACK bits as it is subsequently discussed. 
2.2 Multi-Sequence Transmission

It is well understood that simultaneous transmission from a UE of multiple HARQ-ACK signals in different PRBs may lead to violation of spectral emission targets and is therefore associated with large MPR that can exceed 5 dB (e.g. [3]).

Multi-sequence transmissions for HARQ-ACK signals may be in the same PRB in which case spectral emission issues are practically avoided. However, this cannot be always ensured if the HARQ-ACK resources are dynamically determined based on the first CCE of the respective DCI format scheduling the PDSCH reception as in Rel-8.
Multi-sequence transmission, combined with channel selection (and probably with SF=2), can be limited to only 2 sequences and is only applicable for the transmission of a large number of HARQ-ACK bits. Therefore, it will not be used by UEs with low UL SINR and large MPR can be applied. Moreover, any MPR issue may be avoided by using additional explicit indexing [2] to practically ensure that the resources for the 2 sequences are within the same PRB. This will also provide performance gains due to improved channel estimation.
From a performance perspective, using transmission of 2 sequences to support HARQ-ACK payloads of 6-10 bits provides comparable performance as PUCCH format 2 in case the transmission is in different PRBs, and outperforms PUCCH format 2 by more than 1 dB in case the transmission is in the same PRB [1]. For 5 or less HARQ-ACK bits, conventional channel selection always outperforms PUCCH format 2 (or SFT-S-OFDM) [1].
From a specification perspective, little complexity is envisioned as the only requirement is the determination of the resource used for the transmission of the second HARQ-ACK signal (second sequence).
From an implementation perspective, an additional HARQ-ACK transmitter chain will be required at the UE but this is trivial and the Rel-8 design can be simply re-used. The implementation impact at the Node B is either none or negligible.

Conclusion for Transmission of 2 sequences: 

a) Transmission of 2 HARQ-ACK signals by a UE in the same sub-frame is feasible and can be used when the UE needs to transmit a large number of HARQ-ACK bits.

b) In terms of performance, transmission of 2 HARQ-ACK signals outperforms using PUCCH format 2 (or DFT-S-OFDM) and the gain may exceed 1 dB. 

c) The resources used for the transmission of the 2 sequences can be in the same PRB with large probability, although this is not strictly needed. 

d) A second HARQ-ACK transmitter chain will be required at the UE. 

2.3 Spreading Factor of 2

Reducing the SF applied to the transmission of the HARQ-ACK bits from SF=4 to SF=2 in order to potentially double the supportable payload obviously requires only a trivial modification of the Rel-8 HARQ-ACK transmission structure. SF=1 is not considered as it requires strict scheduler restrictions, results to higher overhead as the number of HARQ-ACK channel per PRB is only 6, and is fundamentally not needed.

An issue with using SF=2 is the multiplexing with HARQ-ACK transmissions from Rel-8 UEs (also considering slot-based resource remapping). Scheduler restrictions are typically assumed to enable such multiplexing. However, this can be largely avoided using either an explicit component in the HARQ-ACK resource indexing (similar to the CSI for PHICH resource indexing in Rel-8) or, in case of CA-based PDSCH receptions, using HARQ-ACK resources not accessible by Rel-8 UEs [2]. Even without using separate resources for CA-based HARQ-ACK transmissions, for deltaPUCCH-Shift 
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), HARQ-ACK resource indexing is needed only to address slot-based resource remapping [4]. 
In case of separate resources for CA-based HARQ-ACK transmissions, the overhead increase will be minimal as these resources are dynamically used and the multiplexing capacity per PRB is 12, instead of 18, HARQ-ACK channels. An explicit indexing component can also serve to reduce total overhead and place (with high probability) the HARQ-ACK resources used for each of the two SF=2 HARQ-ACK transmissions in the same PRB to maintain SC and provide performance gains due to improved channel estimation. Then, the performance loss of SF=2 relative to SF=4 is only 1.55 dB [1] while the supportable payload is doubled. 
From a specification perspective the impact is minimal as the only requirement is support for proper resource indication.
Conclusion for SF=2: 

a) Minimal performance degradation (about 1.55 dB) relative to SF=4 while supporting 2x payload.

b) Minimal (separate CA-based HARQ-ACK resources) or no (Rel-8 HARQ-ACK resources) overhead increase.

c) Minimal specification and implementation impact. 

2.4 PUCCH Format 2

PUCCH format 2 can support up to about 12 bits before the code rate becomes too high and the BLER significantly degrades (BLER curves flatten). Therefore, PUCCH format 2 is fundamentally capable of supporting HARQ-ACK transmissions for FDD as the maximum number of required bits is 12 (2 bits indicate the 4 possible DTX states). 
For 6-12 HARQ-ACK bits, the PUCCH format 2 performance is worse than the one for channel selection with transmission of 2 sequences or for channel selection with SF=2 by as much as more than 1 dB or 2 dB, respectively [1]. In general, as the number of HARQ-ACK bits increases, the performance of PUCCH format 2 relative to other methods becomes worse due to the reduction in the code rate. However, this is not a serious drawback as, regardless of the HARQ-ACK transmission method, at least a medium/high UE UL SINR is needed to meet the BER targets for a large number of HARQ-ACK bits and, due to single-carrier transmission, MPR or CM issues do not apply.
Explicit resource indication, either through RRC or through MAC together with the activation of DL SCCs, will result to resource waste from 2 sources:

a) The semi-statically assigned resources cannot be used unless the UE is scheduled. Given that the maximum multiplexing capacity for PUCCH format 2 is 6 UEs per PRB, the overhead can be significant. 

a. This overhead can be significantly reduced by semi-statically configuring a set of HARQ-ACK resources for UEs in CA mode and using an explicit component for HARQ-ACK resource indexing in the respective DCI formats to index the resource [2] – similar to the PHICH. Therefore, PDCCH signaling, instead of MAC or RRC signaling, can be used.
b) The dynamically reserved resources linked to the PDCCH CCEs cannot be used.

a. This is particularly detrimental with cross-carrier scheduling where most/all DCI formats can be transmitted in the DL PCC (e.g. for het-net operation). 

b. This also applies in case a UE in CA mode is scheduled only in 1 DL CC as the UE cannot know of DTX in other DL CCs. This can be avoided by including a DAI field in the DCI formats, whenever a UE is in CA mode, to indicate the total number of PDSCH transmissions. 
An example for the PUCCH overhead in case of semi-static resource allocation is now considered. At 10 MHz the expected number of RRC-CONNECTED UEs is 400. Assuming 25%-50% of UEs in DRX and 20% of the remaining UEs in CA mode (with 3 or more DL CCs), PUCCH format 2 resources need to be assigned for HARQ-ACK signal transmissions from about 20-40 UEs. This requires about 3-7 PRBs or 6%-14% overhead. 
Obviously, the overhead can noticeably vary depending on the assumed number of UEs in CA mode. Nevertheless, even if the average number of UEs with CA is assumed to be small, the overhead may still occasionally be larger than 15%. This is a very large overhead for only supporting HARQ-ACK signal transmissions from UEs in CA mode. Although the UL PCC is UE-specific, it may often need to be UE-common (for example, the UL CC with the lowest carrier frequency may carry the PUCCH from all UEs). In contrast, the overhead to support HARQ-ACK transmissions from UEs actually having PDSCH receptions with CA in each sub-frame should rarely exceed 1 PRB (or 2%) and it may even be absorbed into existing Rel-8 HARQ-ACK resources [2].
From a specification perspective the impact is trivial while the same HW implementation as in Rel-8 can be used.

Conclusion for PUCCH format 2: 

a) Performance is worse than the one for 2-sequence transmission or for SF=2, by as much as more than 1 dB.

b) Overhead increase may be large but can be mitigated with an explicit component for the HARQ-ACK resource indexing.
c) Minimal specification and implementation impact. 

2.5 DFT-S-OFDM based Format

A DFT-S-OFDM based format has a lot of commonalities with PUCCH format 2. For payloads up to 10 bits, the performance is similar (within 1 dB [1]) while PUCCH format 2 provides larger multiplexing capacity by 20% (from 5 UEs with DFT-S-OFDM to 6 UEs with PUCCH format 2 – assuming 2 RS/slot). For larger payloads, a DFT-S-OFDM format is advantageous to PUCCH format 2 (PUCCH format 2 payload support is limited).

It is noted that the above were understood and discussed during Rel-8 standardization and PUCCH format 2 was chosen because PUCCH (CQI) payloads above 10-12 bits were not considered while the multiplexing capacity of PUCCH format 2 is better than the one of DFT-S-OFDM. The same conditions apply for the HARQ-ACK transmission with CA and FDD and therefore, considering the performance and overhead tradeoff, PUCCH format 2 is preferable to a DFT-S-OFDM format.   

From a specification perspective, a new PUCCH format needs to be defined while from an implementation perspective additional HW is required to be implemented and tested. 

Nevertheless, it is FFS whether introduction of DFT-S-OFDM or, in general, a new PUCCH format is needed for UEs in CA mode and a TDD system. This will depend on further analysis for the tradeoff between the impact on DL throughput from HARQ-ACK bundling in the time domain (as in Rel-8) and the feasibility and overhead required to feed-back much more than about 10 HARQ-ACK bits with individual BER below 1e-3 (for the NACK-to-ACK error). Specification and implementation complexity issues should also be considered. 

Conclusion for DFT-S-OFDM based format (for FDD): 

a) Performance is comparable to PUCCH format 2 (for up to 10 HARQ-ACK bits).

b) Overhead is larger than with PUCCH format 2 (by 20%).

c) Major specification and implementation impact. 

3 Conclusions

This contribution provided an overview of performance, overhead, implementation and specification complexity aspects for the HARQ-ACK transmission methods for UE in CA mode for FDD.

Proposal for HARQ-ACK transmission with CA in FDD:

a) Channel selection is used for up to 4 HARQ-ACK bits.

a. Extension to 5 HARQ-ACK bits should be considered.
b) SF=2 and/or transmission of 2 sequences, together with channel selection, is used for up to 10 HARQ-ACK bits.

a. Limited spatial bundling is used if channel selection is not extended to 5 HARQ-ACK bits. 
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