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1. Introduction
Discussion of how to multiplex uplink control information (UCI) on the PUSCH with multi-antenna UE transmission began at RAN1#60bis.  The following conclusions were reached.
· Continue discussion until next meeting

· Focus the discussion on

· Consider the aspects of simplicity, decoding latency, throughput loss, robustness of UCI

· Different UCI may have different robustness requirements

· It is possible that different UCIs could have different mapping rules
Initial discussion focused on whether UCI should be multiplexed on a single or multiple codewords [1] [2] [3] [4], the question of the rank of the UCI transmission, and the control information mapping rule [2].  In this contribution we address the first issue with respect to the issues of control channel reliability, UL-SCH throughput loss, and receiver implementation. 
2. One vs. Two Codeword Multiplexing
Figure 1 and Figure 2 show block diagrams for single and two word CQI multiplexing.  The most general form of CQI, RI, and ACK channel coding blocks are shown, i.e. separate outputs for each codeword, although this could include simpler cases of code bit repetition or multiplexing a single set of coded bits to two outputs.  These schemes will be compared below in terms of control channel reliability, UL-SCH throughput loss, and receiver implementation. In the case of mapping UCI to a single codeword, the evaluation is focused on the approach of choosing the UCI-bearing codeword based on the highest MCS.
UL-SCH Throughput Loss 
The single codeword approach of mapping UCI to the codeword with the highest MCS would appear to have the lowest impact to UL-SCH throughput, from the perspective that it will take the minimum number of REs for UCI. While this seems intuitive, it can also be seen that the throughput loss depends on not only the number of punctured REs, but also the “spectral efficiency” of these punctured REs. Even though the number of punctured REs may be minimized by mapping UCI to the CW with the highest MCS, these REs also have higher spectral efficiency than the REs on the other CW. Therefore, it is not that straightforward to conclude that the throughput loss is minimized in this case, compared to alternatives like mapping UCI to both CWs or even the CW with the lower MCS. 
Observation: Throughput loss due to UCI symbols needs to be compared for single-CW and 2-VW mapping, and in the case of single-CW mapping whether the CW with the highest MCS should always be used. 
UCI Decoding Latency
Another consideration comparing the single and two codeword approaches is control latency with an SIC receiver.  If the decoded control information must be delivered before inter-codeword interference cancellation takes place, then an MMSE receiver may be used for UCI decoding.  In this case there is a risk of the UCI resources being under provisioned if UCI is mapped to the second decoded CW in case of SIC receiver, because the MCS for the second CW will be too high for a MMSE receiver to be actually used for UCI decoding.  One way to avoid this would be to signal which codeword should contain the UCI thereby avoiding mapping to the second decoded codeword.  This effect could be compensated with different offset factors for the first and second decoded codewords (if UCI is mapped to the second decoded CW). Of course this would require that the codeword intended to be decoded first is signalled by the eNB. On the other hand, an approach based on mapping the UCI to both codewords may be less susceptible to this problem since at least part of the provisioning would be based on the correct receiver type.  
Observation: Explicit signalling of the CW that UCI will be mapped to may be needed from the perspective of UCI decoding latency in case of SIC receiver, if single-CW mapping is used. MMSE receiver is also acceptable from latency perspective, if 2-CW mapping is used. 
UCI Decoding Reliability
UCI decoding performance is also a critical factor especially with respect to robustness to different channel conditions and the low error rates required for uplink control.  Spatial diversity increases with the number of layers and there may be some advantage to a multiple TB approach in that more transmission layers could be used depending on the control channel coding and mapping.  Robustness to MCS errors is another aspect that could be more important than spatial diversity exploitation.  Depending on the correlation between transport block MCS errors, the two codeword mapping approach may offer some performance advantage.  Even though there could be some common factors for causing MCS errors, they can be largely loosely independent errors. 
A second factor in UCI decoding is again related to SIC receivers.  When UCI is mapped to a single codeword without signaling of the decoding order of codewords, there is the possibility of UCI being mapped to the second decoded codeword.  If the initial decoding fails, the interference seen by the second transport block’s layers would increase dramatically resulting in an undesirable link between the UCI decoding error and the initial decoding error probability.  Additionally, the MCS of the TB to be decoded first will be reduced to aid in decoding which means that a strategy based on using the codeword with the highest MCS will tend to put control information on the vulnerable second layer.  One way to avoid this would be to signal which codeword should contain UCI thereby avoiding mapping to the second decoded codeword.  This would again require dynamic signaling of the codeword decoding however. 
On the other hand, mapping UCI onto both CWs may provide robustness to MCS errors and spatial diversity. 
Observation: UCI decoding reliability needs to compared between single and multiple codeword approaches in the presence of partially uncorrelated MCS errors and with SIC receivers. 
UCI Mapping Rule

If UCI is mapped to a single CW, Rel-8 mapping rule can still be applied where the UCI resources is sized according to the MCS of the CW and an offset value. This mechanism in general may be sufficient even though the offset values could be different than those in Rel-8.

If UCI is mapped to both CW, there are several issues that then need to be decided:

· How should the coded UCI symbols be mapped to transport blocks? Equal or unequal partitioned?

Equal partitioning between codewords does not result in equal control energy in all layers since the average SNR will be different on the layers of different codewords.  This could be compensated for however by making use of the relative MCS levels and number of layers of each codeword.  The distribution of energy between transport blocks could also be controlled by using a higher-layer signaled offset similar to the current Release 8 offsets.

· How should the coded UCI symbols be mapped to layers within transport block for rank greater than 2? 

In terms of mapping between layers of a codeword, the UE has no information on relative layer SNR and therefore the best solution is to simply distribute coded symbols equally between layers.

· Should repeated symbols be mapped to the same REs on different layers?

Mapping repeated coded symbols to the same REs on the different codewords does not appear to have an advantage at least for MMSE receivers since soft combining of decoded symbols still needs to be performed.  There may be an advantage for SIC receivers however depending on implementation.
3. Conclusions
We have the following observations from a preliminary analysis:

· Throughput loss due to UCI symbols needs to be compared for single-CW and 2-VW mapping, and in the case of single-CW mapping whether the CW with the highest MCS should always be used.
· Explicit signalling of the CW that UCI will be mapped to may be needed from the perspective of UCI decoding latency in case of SIC receiver, if single-CW mapping is used. MMSE receiver is also acceptable from latency perspective, if 2-CW mapping is used.
· UCI decoding reliability needs to compared between single and multiple codeword approaches in the presence of partially uncorrelated MCS errors and with SIC receivers.

We conclude:

· If UCI is mapped to a single CW, signaling of the mapped CW, instead of implicitly always used the CW with the highest CW, may be needed for better control to minimize throughput loss, decoding latency in case of SIC, and robustness to potential MCS errors.

· If UCI is mapped to both CWs, the exact mapping rule needs further study.
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Figure 1: Single codeword Multiplexing
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Figure 2: Two codeword multiplexing.  Dashed lines indicate show possible alternate (non-Rel. 8) CQI routing.
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