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1. Introduction
In this contribution, we discuss potential enhancements to UCI on PUSCH for supporting CA with up to 32 CCs. 
2. HARQ-ACK or RI on PUSCH
In order to maintain single-carrier property of PUSCH, in LTE, UCI is piggybacked on PUSCH, unless simultaneous PUCCH-PUSCH transmission and/or PUCCH on SCell is configured. The UCI is encoded and mapped on the PUSCH resources, with puncturing or rate-matching the UL data. However, the available PUSCH resources are limited as the number of PRBs for the PUSCH is indicated by the UL grant. So, there is a trade-off between coding rates of UL data and UCIs.
Furthermore, current specification further limits the available resources for HARQ-ACK and RI. Up to 4 SC-FDMA symbols can be given to these UCIs. Therefore, for instance, if the PUSCH PRB allocation is 1 PRB, the available resources for HARQ-ACK or RI is up to 48 symbols. In case of QPSK modulation, the maximum available symbols for HARQ-ACK or RI in 1 PRB PUSCH transmission is 48 (= 96 bits), which is not sufficient for, e.g., 128 HARQ-ACK bits (+ CRC).
Figure 1 illustrates the distribution of coding rate of HARQ-ACK and UL data when they are multiplexed together, with the number of PRBs and MCS index as parameters. No other UCI is assumed to be multiplexed. Different color represents different coding rate (green (rate 0) ~ red (rate 1)). The color becomes white when the coding rate is more than 1. Here, the coding rate is defined as (the number of original information bits) / (MCS * available REs in PUSCH) in the subframe. IHARQ_offset = 5 and the number of HARQ-ACK bits 20, 32, 64, or 128, are assumed. Non-SRS subframe is assumed. Note that for HARQ-ACK bits more than 22, 8-bit CRC addition is assumed. First, HARQ-ACK coding rate highly depends on the number of allocated PRBs. With smaller number of PRBs, higher coding rate is required for HARQ-ACK. In case of 128 HARQ-ACK bits, coding rate of less than 1 is not achievable with 1 PRB and QPSK modulation. Even without such extreme case, HARQ-ACK coding rate for a smaller number of PRBs (such as 2 or 3) is still high. Similarly, coding rate of UL data is also increased to be even more than 1 as the number of HARQ-ACK bits increases, especially with smaller numbers of PRBs. 
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	(a-1) Code rate of HARQ-ACK (20 bits)
	(b-1) Code rate of UL data with 20 HARQ-ACK bits
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	(a-2) Code rate of HARQ-ACK (32 bits)
	(b-2) Code rate of UL data with 32 HARQ-ACK bits
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	(a-3) Code rate of HARQ-ACK (64 bits)
	(b-3) Code rate of UL data with 64 HARQ-ACK bits
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	(a-4) Code rate of HARQ-ACK (128 bits)
	(b-4) Code rate of UL data with 128 HARQ-ACK bits


Fig. 1.  Coding rate of HARQ-ACK and UL data for given number of PRBs and MCS index.
In order to solve the lack of HARQ-ACK resources for a smaller number of PRBs, one potential approach is to increase the number of SC-FDMA symbols for the HARQ-ACK or RI as illustrated in Fig. 2. However, this degrades the UL data performance further. Figure 3 illustrates the coding rates of HARQ-ACK and UL data when the number of HARQ-ACK bits is 128, and the number of SC-FDMA symbols for HARQ-ACK is extended to 8. IHARQ_offset = 5 is assumed. As can be seen in the figure, coding rate of HARQ-ACK with smaller number of PRBs can be lower. However, available resources for UL data are sacrificed. 
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Fig. 2.  UCI multiplexing on PUSCH with more than 4 SC-FDMA symbols for HARQ-ACK and/or RI.
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	Code rate of HARQ-ACK (128 bits)
	Code rate of UL-SCH with 128 HARQ-ACK bits


Fig. 3.  Coding rate of HARQ-ACK and UL-SCH if additional 4 SC-FDMA symbols are used for HARQ-ACK.
In order to solve the lack of UL data resources, IUCI_offset can be adjusted. With the smaller value of IUCI_offset, the impact of UCI multiplexing to UL data can be alleviated. Figure 4 illustrates the coding rates of HARQ-ACK and UL data with 128 HARQ-ACK bits and IHARQ_offset = 1. As such, the coding rate of UL data for smaller numbers of PRBs can be alleviated. However, reducing the value of IHARQ_offset makes the coding rate of HARQ-ACK being higher. In case of Fig. 4, the coding rate of HARQ-ACK becomes around 0.3~0.4 even for large numbers of PRBs, which may not be acceptable from performance point of view. 
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	Code rate of HARQ-ACK (128 bits)
	Code rate of UL-SCH with 128 HARQ-ACK bits


Fig. 4.  Coding rate of HARQ-ACK and UL-SCH with IHARQ_offset = 1.
Since the TBS is defined for given MCS index and PUSCH PRBs, there would be no complete solution for this. One possible way is to apply dynamic HARQ-ACK codebook size adaptation [1]. For example, indication of HARQ-ACK codebook size in CC-domain could adjust HARQ-ACK codebook size of the PUCCH CG in the subframe in a dynamic manner. By doing this, eNB can handle this issue by its scheduler; when a PUSCH with smaller number of PRBs is scheduled, the number of DL scheduled CCs can be limited such that the HARQ-ACK codebook size is small enough. eNB can schedule large number of DL CCs when it schedules PUSCH with larger number of PRBs or no PUSCH is present. On the other hand, if more concrete and reliable indication of scheduled CCs/subframes is introduced, HARQ-ACK bundling/compression in CC-domain or in subframe-domain can also be considered. Such HARQ-ACK bundling/compression applied only when the coding rates of HARQ-ACK and/or UL data are not sufficiently low can also be investigated.
Proposal:

· Further investigate how to support UCI on PUSCH.

· For all UCI types, whether to configure smaller value of IUCI_offset is useful should be carefully studied.

· For HARQ-ACK, indication of HARQ-ACK codebook size may be useful to alleviate the problem.
· FFS further HARQ-ACK bundling/compression applied only when the coding rates of HARQ-ACK and/or UL data are not sufficiently low.
3. Conclusion
In this contribution, we discussed PUCCH design aspects and reached following proposals and observation.
Proposal:

· Further investigate how to support UCI on PUSCH.

· For all UCI types, whether to configure smaller value of IUCI_offset is useful should be carefully studied.

· For HARQ-ACK, indication of HARQ-ACK codebook size may be useful to alleviate the problem.
· FFS further HARQ-ACK bundling/compression applied only when the coding rates of HARQ-ACK and/or UL data are not sufficiently low.
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