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In Rel-13 feCA WI, larger HARQ-ACK feedback sizes were introduced. To support such larger feedback sizes, new PUCCH Format 4 and 5 were also introduced. In addition, multiplexing such large HARQ-ACK feedbacks in the PUSCH is also allowed [1]:



If HARQ-ACK feedback consists of  bits of information as a result of the aggregation of HARQ-ACK bits corresponding to one or more DL cells with which the UE is configured by higher layers, the coded bit sequence is denoted by . The CRC attachment, channel coding and rate matching of the HARQ-ACK bits are performed according to sections 5.1.1 setting L to 8 bits, 5.1.3.1 and 5.1.4.2, respectively. The input bit sequence to the CRC attachment operation is . The output bit sequence of the CRC attachment operation is the input bit sequence to the channel coding operation. The output bit sequence of the channel coding operation is the input bit sequence to the rate matching operation.
The same data and control multiplexing procedures from Rel-8 were reused. That is, the coded HARQ-ACK feedback modulation symbols puncture and replace PUSCH modulation symbols. With small HARQ-ACK feedback sizes in Rel-8, performance impact of such puncturing is negligible. 
However, with the large HARQ-ACK feedback sizes needed for multiple component carriers and multiple DL subframes (for LAA or TDD systems), we found severe negative performance impact caused by such excessive puncturing of the PUSCH REs in [2]. In this contribution, we discuss potential solutions.
Discussion on solution supporting large HARQ-ACK feedback sizes in PUSCH multiplexing
In [2], we identified severe performance losses caused by excessive HARQ-ACK puncturing of the PUSCH REs. The HARQ-ACK feedback puncturing of PUSCH modulation symbols is concentrated in a code block. MCS 28 has 100% TBLER and is not useable. Moreover, the puncturing is on top of the LTE rate matching procedure and can result in puncturing patterns that are detrimental to decoder’s capability to recover the data bits reliably. For some MCSs, the additional puncturing patterns cause unexpected and substantially higher performance losses (e.g., MCS 25). The issue is that the signal is already at high code rate with careful balanced rate matching patterns on the turbo code. The modulation symbol puncturing does not consider the turbo code structure and destroys the finely balanced rate matching patterns. 
To avoid such severe performance losses, puncturing of the PUSCH REs should be avoided.
Observation 1
With large HARQ-ACK feedback sizes, PUSCH REs should rate match around the REs carrying HARQ-ACK feedback.

Existing data and control multiplexing procedure
The existing multiplexing of the data and control information in PUSCH is described in the channel interleaving of PUSCH in TS 36.212. The channel interleaving is described as a rectangular interleaver to implement a time-first mapping of modulation symbols onto the transmit waveform while ensuring that the HARQ-ACK and RI information are present on both slots and close to the DMRS in the subframe as shown in Figure 1. The steps can be summarized as follows:
1. The coded RI bits are first written into the assigned RE positions.
2. The coded CSI and data bits are then written into the remaining RE positions by avoiding those REs already occupied by the coded RI bits.
3. The coded HARQ-ACK bits are finally written into the assigned RE positions by overwriting RE positions that already contain coded data bits.

[image: http://s11.sinaimg.cn/middle/673b30ddt8f8030eec38a&690]
[bookmark: _Ref442185021]Figure 1 Data and control information multiplexing in PUSCH.
Solution Option 1
For large HARQ-ACK feedback sizes, puncturing of the PUSCH REs should be avoided. This can be easily achieved by changing the writing order of the HARQ-ACK bits and data and CSI bits. Alternatively, this can be achieved by making sure the CSI and data bits avoid the HARQ-ACK bits even if they are written before the HARQ-ACK bits:
1. The coded RI bits are first written into the assigned RE positions.
2. The coded CSI and data bits are then written into the remaining RE positions by avoiding those REs already occupied by the coded RI bits as well as those REs that will be occupied by the coded HARQ-ACK bits.
3. The coded HARQ-ACK bits are finally written into the assigned RE positions. (This will not overwrite any RE positions since RI and HARQ-ACK bits are assigned to different RE positions and the CSI and data bits avoided these HARQ-ACK RE positions.)

Observation 2
Option 1 of rate matching around the HARQ-ACK REs has minimal impact to specs and implementation. It also retains the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible.

Solution Option 2
Another option is to flow coded HARQ-ACK bits with the coded data bits like the coded CSI bits. That is, the  bits into the channel interleaver consist of coded CSI bits, followed by coded HARQ-ACK bits and followed by coded data bits. The rest of the channel interleaver procedure can be reused by treating the   bits as absent. 
Instead, the “Data and control multiplexing” section needs to be changed to multiplex these three different types of coded bits together.

Observation 3
Option 2 of flowing HARQ-ACK bits with CSI and data bits has small impact to specs and implementation. It, however, loses the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible.

Solution Option 3
A third option is to encode CSI and HARQ-ACK bits jointly. This also allows the channel interleaver procedure to be reused by treating the   bits as absent. 
Instead, the channel coding sections of the CSI and HARQ-ACK bits need to be changed.

Observation 4
Option 3 of joint encoding CSI and HARQ-ACK bits has more impact to specs and implementation. It also loses the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible. Moreover, there is an issue that the performance requirement and hence code rate targets for the CSI and HARQ-ACK bits are different.

Conclusion
We present extensive analysis on the impact of HARQ-ACK feedback puncturing on PUSCH performance. We made the following observations.
Observation 1
With large HARQ-ACK feedback sizes, PUSCH REs should rate match around the REs carrying HARQ-ACK feedback.
Observation 2
Option 1 of rate matching around the HARQ-ACK REs has minimal impact to specs and implementation. It also retain the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible.
Observation 3
Option 2 of flowing HARQ-ACK bits with CSI and data bits has small impact to specs and implementation. It, however, loses the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible.
Observation 4
Option 3 of joint encoding CSI and HARQ-ACK bits has more impact to specs and implementation. It also loses the feature of keeping coded HARQ-ACK bits as close to the DMRS as possible. Moreover, there is an issue that the performance requirement and hence code rate targets for the CSI and HARQ-ACK bits are different.

Based on these observations and extensive analysis, we propose
Proposal 1
Option 1 of rate matching around the HARQ-ACK REs is adopted for multiplexing large HARQ-ACK feedback in PUSCH.
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