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1 Introduction

Support for concurrent PUSCH and PUCCH has been agreed for LTE-A based primarily on the benefit to utilize the PUCCH resources that would otherwise remain empty when UCI is included in the PUSCH, while at the same time preserving resources in the PUSCH to be used for data transmission. 
This contribution considers several tradeoffs associated with concurrent PUSCH and PUCCH transmissions from a UE relative to the LTE Rel.8 approach of TDM UCI and data in the PUSCH. The main suggestion is that concurrent PUSCH and PUCCH transmission should not be the default mode in LTE-Advanced and careful consideration should be given when departing from the from the LTE Rel.8 UCI/data multiplexing rule in PUSCH.
2 Operating Aspects of Concurrent PUCCH and PUSCH
Despite the benefit of freeing up PUSCH resources for data transmission, concurrent PUSCH and PUCCH transmission has several limitations which are described in the following.
UL Coverage 
Concurrent transmission can only apply for UEs that are not power limited. Due to the CM benefit of single-carrier, the UE can transmit ΔCM dB more power for TDM of UCI and data in the PUSCH than for concurrent PUCCH and PUSCH transmissions. The CM difference mainly depends on the assumed PUSCH modulation. For a coverage (or interference) limited UE for which QPSK can be assumed as the modulation scheme, ΔCM ~=0.63 dB, assuming the same transmission power for the PUCCH and PUSCH. As it is further discussed below, this will practically never be the case and the previous ΔCM value should be considered as a lower bound. 

Based on the above, it is suggested that the eNB has at least the capability to configure UEs, through higher layer signaling, whether or not to perform concurrent PUCCH and PUSCH transmission.

PUCCH Interference 
The PUCCH is interference limited and it is not immediately clear whether the tradeoff for transmitting UCI in the PUCCH versus the PUSCH is always positive. For example, for format 1a/1b, 42.8% of the transmission corresponds to RS overhead (RS already exists in the PUSCH) while only a few REs may often suffice in the PUSCH for ACK/NAK transmission. For example, for high geometry UEs or when the eNB can perform frequency dependent scheduling (FDS) and the PUSCH transmission is localized (no FH), it is highly likely that the PUSCH SINR is good. Therefore, UCI transmission in the PUSCH would not require a lot of resources and is likely to result to better performance than FH transmission in the PUCCH. Moreover, for relatively large PRB allocations, the inherent frequency diversity in the PUSCH, especially with FH, is likely to be larger than the one achievable by PUCCH transmission.

The above provide additional reasons to avoid having concurrent PUCCH and PUSCH transmission as the default operating mode in LTE-Advanced.
Power Control

As the TPC loop is different for the PUSCH and the PUCCH, the transmission power of each channel for concurrent transmissions may needs to be redefined. Denoting by Pmax the maximum UE transmission power, there is an obvious limitation when the combined PUSCH and PUCCH signal power reaches Pmax. As the UCI does not benefit from HARQ and has higher reception reliability requirements, PPUCCH should not be affected. The eNB scheduler can account for the reduction in PPUSCH, including the CM increase, through the appropriate selection of the data MCS. However, the data rate reduction may be significant leading to a respective reduction in throughput. Since UEs with frequent PUCCH transmissions are often also likely to have frequent PUSCH transmissions (DL and UL data transmissions), such UEs may be subjected to significant data rate reductions. 

Therefore, at least depending on the data service and the UE operating conditions, the eNB should be able to configure whether a UE should support concurrent PUSCH and PUCCH transmissions or not.      
Payload Size

In Rel.8 LTE, formats 2/2a/2b can support transmission for up to 20 coded CQI symbols. Unless transmission is extended in multiple PUCCH sub-frames, detailed sub-band CQI reports will still need to be transmitted in the PUSCH (of course, the same applies for triggered CQI reports). Obviously, for the transmission of CQI payload sizes above a certain size, depending on whether new CQI formats are introduced in LTE-Advanced, the CQI should be transmitted in the PUSCH.
LTE Rel. 8 PUCCH Transmissions

For power efficiency issues, it may often be preferable that concurrent PUCCH and PUSCH transmissions are in the same component carrier [1]. This may be especially true in case of non-contiguous component carrier aggregations for which multiple RF chains are required.  
Therefore, the eNB should be able to configure a UE whether to include UCI in the PUSCH or have concurrent PUSCH and PUCCH transmissions.  
Number of PUCCH transmissions

Although the ACK/NAK transmission method, in case of multiple DL CCs, in LTE-Advanced is FFS, if single-carrier is not preserved, then the number of concurrent ACK/NAK transmissions may also be a factor in determining whether a UE should perform concurrent PUSCH and PUCCH transmissions. Clearly, if multiple PUCCH need to be used for the ACK/NAK transmission, concurrent transmission with the PUSCH becomes more difficult in terms of CM and total available power. To avoid having the UE autonomously drop PUSCH transmissions, it should be allowed to include UCI in the PUSCH and avoid concurrent PUCCH transmissions.  
A similar situation exists when the UE has multiple concurrent PUCCH transmissions, even if a single PUCCH is used for ACK/NAK transmissions corresponding to multiple DL CCs. For example, due the single-carrier requirement of the UL transmission in Rel. 8 LTE, whenever the transmission of CQI and SR coincide in the same sub-frame, the CQI is dropped. However, in LTE-Advanced, single-carrier is no longer the case even within the same CC (non-contiguous resource allocation in the PUSCH and concurrent PUCCH and PUSCH transmissions in the same CC will be supported). The eNB scheduler has full control of the transmission sub-frames for periodic signals, but due to different transmission periods, collisions may often occur. At least when a UE has only CQI and SR transmissions in a sub-frame, based on the decided support for non-SC transmissions in LTE-Advanced, it seems reasonable to also support concurrent transmissions of CQI and SR (or RI) to avoid dropping/missing CQI reports. 
3 Conclusions
This contribution considered several aspects associated with supporting concurrent PUSCH and PUCCH transmissions in LTE-Advanced. 

It is suggested that concurrent PUSCH and PUCCH transmissions should not be the default mode in LTE-Advanced and the impact of this operating mode should be further evaluated. 
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