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1
Introduction
The Work Item ”LTE Carrier Aggregation Enhancement Beyond 5 Carriers” targets at supporting aggregation of up to 32 component carriers. Part of the work is to consider necessary enhancements for carrying Uplink Control Information (UCI) for such a large number of DL carriers. Enhancements are needed for PUCCH and for carrying CSI on PUSCH but in this document we are concentrating on HARQ feedback on PUSCH discussing the need for changes to Rel-12 system.
2
Discussion
2.1 Separate handling of different UCI types
In Rel-12, CQI/PMI, RI, and HARQ feedback are separately encoded and mapped to PUSCH. We do not see any reason for changes in this respect. Separate coding and mapping allows adjusting code rates optimally for each control information type, which is more important than a small gain due to larger code blocks. Joint coding would also mean taking care of some error cases that some control field is missing, added spuriously or is of unexpected size and therefore we propose that:   
Proposal 1: Use separate encoding of different UCI types for transmission on PUSCH, like in Rel-12.
2.2 Mapping of HARQ feedback on PUSCH
In Rel-12, the HARQ feedback is transmitted in four SC-FDMA symbols that are next to the reference symbols. This means at maximum 48 QPSK symbols per PRB and subframe are available for HARQ-ACK. BLER performance for HARQ-ACK with codebook sizes of 32, 64 and 128 bit and TBCC with 8-bit CRC is shown in Figure 1. The results show that four SC-FDMA symbols is not enough for 128 bits, if considering scenarios with narrowband PUSCH (i.e. at least with up to 3 PRBs). On the other hand, increasing the number of PRBs is an efficient way to improve the performance. 
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Figure 1. BLER for 32, 64 and 128 bit TBCC as a function of number of PRBs when the QPSK modulated symbols are mapped to four SC-FDMA symbols as with Rel-12 HARQ-ACK.
It was observed in [1] that large HARQ feedback can be largely handled by eNB scheduler avoiding narrow PUSCH allocations. It was also observed that this would seldom be any real practical limitation because wide PUSCH allocations are needed for TCP-ACKs alone if UE receives data on many carriers. We share this view. Obviously, also the dynamic codebook adaptation (discussed more in the section 2.3 below) would reduce the average codebook size. Furthermore, when the maximum number of component carriers and DL subframes within a DL association set are scheduled for an UE, the number of scheduled UEs in the UL cell is most likely quite small. This indicates that 128 bits with only few PRBs allocated to PUSCH (due to limited UL bandwidth) is not a practical scenario. Finally, if the control channel coverage is limited in certain subframes carrying a large amount of HARQ-ACK (such as 128 bits), the eNB may choose not to schedule narrowband PUSCH at all on those subframes. Also, increasing the number of resource elements available for HARQ-ACK would reduce the number of resource elements available for PUSCH. This would mean that only small TB could be transmitted with narrowband PUSCH. Based on the results and discussion, we make the following proposal:   
Proposal 2: Maintain present HARQ-ACK feedback mapping to four SC-FDMA symbols.
If mapping HARQ-ACK to four SC-FDMA symbols is considered to provide inadequate coverage, the alternatives are using eight symbols nearest to the reference symbols or mapping of HARQ feedback symbols in the same way as CQI/PMI over the whole duration of a subframe. From these alternatives, the CQI/PMI type mapping could be simpler as RI symbols could then be mapped in the present way. Compared with mappings concentrating the HARQ feedback symbols closer to the reference symbols, the CQI/PMI type mapping means some loss in channel estimation but that could be often negligible because scheduling with many carriers can be expected to happen only in an environment of low Doppler. 
2.3 Dynamic HARQ-ACK codebook adaptation
In Rel-12 FDD, the HARQ-ACK codebook size is determined by the number of configured carriers. In [2] we are proposing dynamic codebook adaptation according the number of scheduled carrier, using DAI also in FDD to avoid situations where eNB and UE would have different understanding on the codebook size. In case of PUCCH, the dynamic codebook adaptation together with PUCCH format selection would allow efficient resource use. When UE can reliably enough avoid using a wrong codebook size, there is no good reason not to use the dynamic adaptation also in case of PUSCH. Dynamic adaptation would allow narrow PUSCH allocations when the number of configured carriers is large but only few carriers are scheduled. The adaptation based on UL DAI cannot be used with PHICH triggered PUSCH transmissions and therefore our proposal is 

Proposal 3: Dynamic HARQ-ACK codebook adaptation based on UL DAI is used with PUSCH transmissions triggered using DCI Format 0/4.     
Presently the CQI/PMI and RI symbols are taken into account by rate matching of data but HARQ-feedback modulation symbols are puncturing the data and in some cases also the CQI/PMI symbols. This is because there is no ambiguity in the transmission of CQI/PMI and RI while HARQ feedback may be missing if UE loses all the DL assignments. In addition, puncturing leads to tolerable loss in data decoding when the number of HARQ feedback modulation symbols is small compared with the number of data modulation symbols. If ambiguity on the HARQ-ACK codebook size is made small enough for the dynamic adaptation, it means that resources used for HARQ feedback symbols could be taken into account by data rate matching instead of using puncturing. Rate matching approach would be essential if the share of HARQ feedback would be increased beyond the present maximum 4/12 of the total resources. 

Presently the amount of PUSCH resources reserved for HARQ-ACK signalling is obtained with a UE specific scaling parameter and the ratio of HARQ-ACK and data bit numbers. It was shown in [1] that the scaling parameter should vary according to the number of HARQ-ACK bits in order to avoid excessive puncturing of the systematic bits and the loss in PUSCH performance with large number of HARQ-ACK bits. If HARQ-ACK codebook is adapted dynamically, the scaling must also be adapted dynamically according to the codebook size. Hence, the relationship between dynamically varying HARQ-ACK codebook size and the corresponding MCS offset [image: image2.wmf]ACK
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needs to be defined by the specification. This would call for some standardization work that we believe being rather straightforward. 
3
Conclusion
Our proposals for carrying HARQ feedback on PUSCH for up to 32 CCs are
Proposal 1: Use separate encoding of different UCI types for transmission on PUSCH, like in Rel-12.
Proposal 2: Maintain present HARQ-ACK feedback mapping to four SC-FDMA symbols.
Proposal 3: Dynamic HARQ-ACK codebook adaptation based on UL DAI is used with PUSCH transmissions triggered using DCI Format 0/4.     
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Appendix A: Link simulation assumptions

Some of the relevant parameters in the link simulations are shown in the Table A-1. 

Table A-1. Link simulation assumptions
	Parameter 
	Setting 

	Carrier Frequency 
	2 GHz 

	System Bandwidth 
	10 MHz

	Channel Model 
	EVA

	Velocity
	3 km/h

	Frequency hopping 
	Slot based hopping 

	Antenna Setup
	1Tx, 2 Rx 

	Channel coding
	1/3 TBCC with 8-bit CRC, QPSK symbols mapped to four SC-FDMA symbols

	Channel Estimation
	Practical

	Noise Estimation
	Ideal

	Number of PRBs for PUSCH
	1, 2, 3, 4, 6 and 8

	Payload 
	32, 64, 128

	Performance Metric 
	ACK missed detection probability 1%


