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1 Introduction

UCI multiplexing with UL data was agreed in RAN1#87.
Agreements:
· Support ‘UCI on PUSCH’, i.e. using some of the scheduled resources for UCI in case of simultaneous UCI and data.
Further, the following was agreed in RAN1#88 regarding the number of codewords for number of layers.

Agreements:
· NR supports the following number of codewords per PDSCH/PUSCH assignment per UE:

· For 1 to 2-layer transmission: 1 codeword

· For 5 to 8-layer transmission: 2 codewords

Working assumption:

· NR supports the following number of codewords per PDSCH/PUSCH assignment per UE (Alt1):

· For 3 and 4-layer transmission: 1 CW

This contribution considers aspects related to UCI multiplexing when data transmission is over multiple layers. In particular, the mechanisms adopted in LTE Rel-10 are reviewed, implications of new deployment scenarios supported after Rel-10 are identified, and the introduction of CP-OFDM in the NR UL and the NR requirements are considered. 
2 Multiplexing UCI with Multi-Layer Data
2.1 Overview of Rel-10 LTE
When UL data transmission is over two codewords (CWs), LTE Rel-10 maps HARQ-ACK and RI by repeating coded modulation symbols on all layers of both CWs and maps CSI only on the layer(s) of one of the two CWs [1]. As this design was part of LTE Rel-10, the consideration was for relatively small HARQ-ACK payloads. For example, even with DL CA, HARQ-ACK payloads remained contained to less than 20 bits and, for many deployment scenarios, to considerably less than 20 bits. Moreover, HARQ-ACK transmissions were not protected by CRC and HARQ-ACK target reliability was ~2 orders of magnitude stricter than CSI reliability (e.g. BLER of 0.01%-0.1% vs. BLER of 1%-10%). Further, decoding latency was not a major consideration. 
The above operating conditions do not hold for eCA where HARQ-ACK payloads can be in the tens or even hundreds of bits, there is CRC protection, and target BLERs are similar for HARQ-ACK, RI/CRI, and CSI (e.g. ~1%). The same is likely to apply in NR and this can be even when the number of DL cells is relatively small at least when code-block based HARQ-ACK is used. Then, as an occasional HARQ-ACK payload can be either larger or smaller than an occasional CSI payload and the BLER target can be similar (or same), it is a design contradiction to have different mappings for HARQ-ACK and CSI. Moreover, this unnecessarily complicates specification and implementation as two mappings need to be supported, depending on the UCI type, when the data transmission is over multiple layers. Therefore, an objective of the NR SI should be to reassess the trade-offs of the different mapping schemes for UCI that were adopted in LTE Rel-10 and, if justifiable, down-select one for all UCI types. 

Observation 1: For NR layer mapping with 2 CWs, the LTE Rel-10 UCI mapping has design contradictions at least in scenarios of LTE Rel-13 where UCI types can have similar target BLERs and HARQ-ACK payloads can be larger than or smaller than CSI payloads; this is also likely to hold in NR.  

2.2 Operational Aspects for Multiplexing UCI with Data 
Robustness 
In LTE Rel-8, UCI multiplexing in the PUSCH was easy to robustly support as there was essentially no inter-dependence between data reception and UCI reception - even the modulation for HARQ-ACK and RI (always QPSK) is independent of the modulation for data. In LTE Rel-10 with multi-layer data transmission, ensuring such robustness became more complicated partly due to reasons discussed in the previous section. In particular, due to an inter-dependence between data reception and UCI reception through the use of same precoders (despite the discrepancy in the number of layers used for data and UCI), UCI reliability is affected when the precoder chosen for multi-rank data transmission happens to be aligned with the channel null-space associated with single-rank UCI transmission. Therefore, in order to have robust UCI transmission, UCI should map to all layers as otherwise it would only take a precoder to have some alignment with the channel null-space for a decoding error to occur. Another reason for mapping UCI to all layers is improved robustness to MCS errors in case mapping is on a single CW that is selected as the one with the higher MCS (as in LTE Rel-10 for the CSI). 
To map UCI to all layers, two alternatives are possible. The first alternative, which requires rank one transmission, utilizes the same approach as HARQ-ACK and RI for LTE Rel-10 and UCI coded modulation symbols are repeated over all layers of the data transmission. However, repeating the same UCI transmission across multiple layers essentially results in same performance and multiplexing capacity as for single-layer transmission. Therefore, this is suitable when UCI payload is small where gains from spatial multiplexing are not large. The second alternative considers the same approach for UCI transmission as data transmission, i.e. there is no distinction of information between ‘UCI’ and ‘data’, and UCI is transmitted with the same number of layers as data. Since this approach utilizes all available layers, it offers performance and/or multiplexing capacity gain over single-layer UCI transmission at the expense of increased sensitivity to link adaptation non-idealities. Therefore, the second alternative is more suitable when UCI payload is large, protected by CRC, and multiplexing capacity gains are meaningful to reduce UCI overhead. 
Observation 2: Robust UCI transmission with reduced overhead can be achieved by:

· For smaller UCI payloads, repeat UCI coded modulation symbols over all layers used for data transmission.

· For larger UCI payloads, UCI coded modulation symbols are spatially multiplexed over all layers used for multi-layer data transmission.
UCI Decoding Latency 

When UCI coded modulation symbols are mapped over all layers used for data transmission, decoding latency can be reduced (compared to data transmission) regardless of the payload size when frequency-first RE mapping is used for each layer. When spatial multiplexing is used, decoding latency can be higher than that of repetition if a SIC receiver is used. However, it is still less than the latency incurred by data transmission since UCI can be extracted and decoded first due to frequency-first mapping (and it will be less than when UCI is transmitted in an UL control channel). For HARQ-ACK, this means potentially faster scheduling timelines and increased throughput while for the RI/CSI this means more accurate scheduling decisions which also translate to increased throughput. 
Observation 3: UCI decoding latency is minimized when frequency-first RE mapping is applied for each layer. 

Interference Between Data and UCI 

This relates to the robustness of the UCI transmission but also relates to receiver implementation aspects. If UCI is mapped only to the layers of one of the two data CWs (as the CSI in LTE REl-10), the layers of the other CW need to be either muted during UCI transmission or data is transmitted in parallel with UCI. Muting is possible with CP-OFDM but will result to significant losses in spectral efficiency particularly considering the support for large UCI payloads. Transmitting UCI and data in parallel in different CWs will introduce interference from data to UCI and this inter-dependence needs to be accounted for by both the data receiver and the UCI receiver. This introduces interdependence among receivers and additional latency. 

Observation 4: UCI receiver implementations and data receiver implementations can be kept independent by transmitting UCI coded modulation symbols over all layers used for data transmission. 

Power Utilization 
CP-OFDM allows each layer to be mapped to all transmitter antennas with equal power. This is unlike LTE where there is only a single layer mapped to each transmitter antenna in order to maintain the single-carrier property. This enables UCI to be multiplexed with full power on a single layer. However, power de-boosting of overlapped data on the other layers or CW will complicate handling at the receiver, particularly for QAM modulations, as not all data symbols will be equivalent. 

Observation 5: Full power utilization for UCI transmission is facilitated by transmitting UCI coded modulation symbols over all layers used for data transmission. 

Impact on Data Throughput 
A main reason in LTE Rel-10 for mapping CSI on a single CW (the one with higher MCS) was to reduce CSI overhead on data as CSI payloads were larger than HARQ-ACK/RI payloads (that are repeated on all layers). However, this reasoning needs to be reassessed in NR. Regardless of whether or not NR will support larger HARQ-ACK payloads than LTE Rel-10 (CSI payloads may also increase), it is not valid that CSI overhead is minimized by mapping CSI on the CW with higher MCS and this may even be counter-productive. While it is obviously true that UCI multiplexing requires fewer resources in the CW with higher MCS, this does not mean that CSI overhead is minimized as these resources are ones where data has higher MCS. Since UCI resources are proportional to data MCS, there is no fundamental difference on the impact of UCI multiplexing on data based on selection of CW(s) under ‘normal’ conditions. There can also be conditions where UCI multiplexing on the CW with higher MCS is disadvantageous. As a higher MCS is likely associated with a higher coding rate, mapping the CSI (potentially with very large payload) to the CW with higher MCS can result to a high effective coding rate, failure to detect the CW and then failure to also detect the CW with smaller MCS. To avoid this situation, a scheduler needs to schedule both CWs with conservative MCS which, depending on the CSI payload size, can lead to a large loss in spectral efficiency. It is noted that the scheduler does not always know in advance the CSI payload as this depends on the RI if both are reported in the same transmission (the scheduler will then need to account for the maximum CSI payload). Therefore, by not distributing CSI resources on both CWs, the impact is concentrated on the CW with higher MCS, which is the first CW decoded by a SIC receiver, and there is a different equivalence between CWs depending on whether or not CSI is multiplexed. 
Therefore, multiplexing CSI on a single CW is not beneficial for relative overhead reduction on the data and can actually be detrimental. In fact, UCI overhead optimality results by treating UCI similar to data and multiplexing UCI on both CWs but then UCI detection robustness and latency will be the poorest, particularly considering that UCI has lower BLER target than data, as the receiver needs to correctly decode both CWs to obtain the UCI. Moreover, when a UE transmits two data CWs, the UE SINR is typically not small, the resource allocations are typically large and then the relative number of resources needed for UCI multiplexing is small and additional gains from optimizing UCI overhead are not justified considering the associated tradeoffs. 
Observation 6: Multiplexing CSI on a single CW does not provide relative CSI overhead reduction and may actually be detrimental. 

Considering all previous metrics for UCI multiplexing with a multi-layer data transmission (specification and implementation simplicity, robustness, decoding latency, interference from data, receiver simplicity, power utilization, independence of SIMO/MIMO data transmission, and impact on data throughput), it is preferable to transmit UCI over all layers used for data transmission.

Proposal: UCI coded modulation symbols are transmitted over all layers used for data transmission:  

· For smaller UCI payloads, repeat UCI coded modulation symbols over all layers used for data transmission.
· For larger UCI payloads, UCI coded modulation symbols are spatially multiplexed over all layers used for multi-layer data transmission 
3 Conclusions

This contribution considered UCI multiplexing with multi-layer data transmissions in NR and proposes the following. 
Proposal: UCI coded modulation symbols are transmitted over all layers used for data transmission:  

· For smaller UCI payloads, repeat UCI coded modulation symbols over all layers used for data transmission.

· For larger UCI payloads, UCI coded modulation symbols are spatially multiplexed over all layers used for multi-layer data transmission 
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