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1 Introduction

The CM is an important issue in both the DL and (particularly) the UL and was the key metric in deciding to support SC-FDMA in Rel.8 and DTF-S-OFDM in Rel.10. This contribution focuses on the UL and considers design aspects for minimizing the UL CM. The focus is further narrowed on the PUCCH transmission and on the simultaneous PUCCH and PUSCH transmission. 
For the PUSCH, coverage limited UEs can always perform single-carrier (SC) transmission as transmission in multiple CCs (or non-contiguous transmission in a single CC) does not provide any data rate or scheduling benefits (small PRB allocations for power limited UEs) while the CM benefit of SC transmission is maintained. For non-coverage limited UEs, transmission in multiple CCs or non-contiguous transmission in a single CC may be performed and the eNB is aware of the CM impact which can be compensated through MCS selection and, if needed, HARQ. 
To reduce the CM increase from using the same CAZAC sequence for the DM RS transmission in multiple CCs (the same cell-ID is assumed for different CCs of a cell), the UE may insert a different phase in the signal transmission in each CC (or in each cluster in case of non-contiguous transmission within a CC) which is absorbed in the channel response. This is purely an implementation issue (e.g. [1]) and the eNB need not be aware of the UE’s action assuming that the eNB does not perform DM RS interpolation across CCs or across clusters in case of a single CC. 
2 CM Impact on Multi-PUCCH
Simultaneous multi-PUCCH (N x PUCCH) transmission may occur in the following cases:
1) PUCCH format 1a/1b in multiple UL resources, with each UL resource corresponding to the DCI format scheduling the respective PDSCH reception (multi-sequence HARQ-ACK transmission, if adopted)

2) PUCCH format 1a/1b and PUCCH format 1

3) PUCCH format 1a/1b and PUCCH format 2

a. For multi-sequence PUCCH format 1a/1b transmission, the case of PUCCH format 1a/1b and PUCCH format 2a/2b may also occur

4) PUCCH format 1 and PUCCH format 2/2a/2b 

5) PUCCH format 1 and PUCCH format 1a/1b and PUCCH format 2

Case 1: Multi-Sequence HARQ-ACK Transmission

The agreements in [2] suggest that the HARQ-ACK transmission with multiplexing (as in Rel.8 TDD) is prioritized with multi-sequence HARQ-ACK transmission being FFS. As HARQ-ACK multiplexing is unlikely to accommodate 10 HARQ-ACK bits (design for a maximum of 5 DL CCs was agreed in [2] for Rel.10 and spatial bundling is not considered for the UL HARQ-ACK), either multi-sequence HARQ-ACK transmission or transmission using PUCCH format 2 will be needed for a large number of HARQ-ACK bits (e.g. above 4-5 bits). CM becomes an issue only for multi-sequence HARQ-ACK transmission (if adopted). However, it can be reasonably expected that UEs receiving PDSCH in more than 2 DL CCs are not coverage limited. For PUCCH format 1b, the increase in the mean CM for transmission of 2 or 3 CAZAC sequences over the transmission of 1 CAZAC sequence is respectively 1.7 dB and 2.2 dB. Although such increase is significant, it will not be an issue for medium/high SINR UEs. Therefore, without considering power control aspects of multi-sequence transmission in different CCs, the CM is not expected to be an issue for the HARQ-ACK transmission. 
Case 2: Simultaneous HARQ-ACK and SR Transmissions
Unlike Rel.8 where SR and HARQ-ACK can be multiplexed in a single channel (through resource selection), this is not possible with HARQ-ACK multiplexing (for PDSCH reception in at least 2 CCs or, for TDD, in at least 2 sub-frames (prior to the UL sub-frame for HARQ-ACK transmission)). Multi-sequence transmission will then be needed as neither the SR nor the HARQ-ACK transmission should be suspended. For single sequence HARQ-ACK transmission (with HARQ-ACK multiplexing), the mean CM increase for simultaneous HARQ-ACK and SR transmissions is about 1.7 dB and the impact on the reliability of either signal will be small. Additionally, transmission power control (TPC) can be used to prioritize the HARQ-ACK reliability (BER) over the SR reliability (miss or false alarm).
Case 3: Simultaneous HARQ-ACK and CQI Transmissions
The conditions are similar to those for Case 2. Although Rel.8 supports multiplexing HARQ-ACK and CQI (with the exception of HARQ-ACK multiplexing in TDD), this will not be possible in case of PDSCH reception in at least 2 CCs or, for TDD, in at least two sub-frames (prior to the UL sub-frame for HARQ-ACK transmission) due to HARQ-ACK multiplexing. Suspending the CQI transmission is not beneficial as multi-channel transmission is anyway supported in LTE-A, unless the UE is power limited. TPC can be used to ensure that HARQ-ACK is transmitted with full power (the eNB knows of the concurrent HARQ-ACK and CQI transmission and can account for the CM in the TPC command). In case of power limitation, the CQI transmission may be dropped if the coded CQI is not CRC protected. Otherwise, the CQI can also be transmitted.
Case 4: Simultaneous SR and CQI Transmissions 
This case may infrequently occur, with proper design, as the SR and CQI transmission in the PUCCH are periodically configured by the eNB. Their complete avoidance may not be possible to enforce due to the different transmission periodicities for the SR and the CQI. Unlike Rel.8, dropping the CQI may not apply in LTE-A with the exception of power limited UEs and absence of CRC protection for the CQI. 

Case 5: Simultaneous HARQ-ACK, SR and CQI Transmissions 
This case is similar to case 4. Simultaneous transmission of HARQ-ACK, SR, and CQI can also be supported for non-power limited UEs while TPC can prioritize the HARQ-ACK transmission, followed by the SR transmission, and finally followed by the CQI transmission in case the UE reaches its maximum transmission power before allocating the nominal transmission power to each of these signals.

In conclusion, no fundamental problems are expected due to the CM increase in case of multi-PUCCH transmission. For HARQ-ACK, the CM increase may either be completely avoided or limited to the one corresponding to the transmission of 2 sequences (but this can be assumed to occur for medium/high SINR UEs). For combinations of simultaneous HARQ-ACK, SR, and CQI transmissions, TPC can prioritize the reliability of each signal following the same principles as in Rel.8 (HARQ-ACK is prioritized over SR which is prioritized over CQI) when the CM increase leads to power limitations. As the instantaneous CM increase is different than the mean CM increase, this TPC functionality should be implemented at the UE.
3 CM Impact on Multi-PUCCH and PUSCH
The CM increase becomes more significant if transmission of both PUCCH and PUSCH is supported in the same sub-frame. In general, LTE-A can maintain the Rel.8 UCI multiplexing in the PUSCH unless it leads to inefficient operation. This can occur when the REs required for UCI multiplexing in the PUSCH consume a large part of the total PUSCH REs. Using the already existing PUCCH resources is then beneficial for spectral efficiency despite the CM increase from simultaneous PUCCH and PUSCH transmissions. For example, the transmission of several HARQ-ACK bits (such as more than 4-5 bits) or the transmission of substantial CQI payloads (as required for multi-CC CQI reporting or CoMP – assuming that a respective PUCCH format is defined to support transmission of more than 11 CQI information bits) may justify simultaneous PUCCH and PUSCH transmissions despite the CM increase or the additional PUCCH interference. For the SR, the PUSCH may always be used mainly because of simplicity as this is already the case in Rel.8. This will also reduce the combinations of UCI signals for which support of simultaneous PUSCH and PUCCH transmissions may be needed.
The CM increase also depends on the PUSCH modulation. Naturally, the CM increase becomes larger as the PUSCH modulation order increases and as the number of non-contiguous transmissions (PUSCH in non-contiguous PRBs and/or multi-PUCCH) increases. For QAM16 PUSCH modulation, 2 (or 1) PUSCH clusters, and 1 (or 2) PUCCH the average CM increase is larger than 2 dB (the instantaneous CM increase can exceed 3 dB even without significant transmission power differences between PUSCH and PUCCH). Also, even though PUSCH transmission in more than 2 clusters of the same CC is unnecessary [3], PUSCH transmission can be in more than 2 CCs and this will result to even larger values for the mean CM increase in case of simultaneous PUSCH and PUCCH transmissions and single PA.

Although the eNB scheduler can account for the reduction in the PUSCH transmission power through MCS selection, the PUSCH resources saved by transmitting UCI in the PUCCH may not offset the data rate loss resulting from reducing the PUSCH transmission power by 2 dB or more as capacity increases proportionally with the bandwidth (REs) but only logarithmically with power. Therefore, particularly QAM16/QAM64 modulation for which the CM increase is the largest while the MCS is relatively high (and therefore the REs required by UCI in the PUSCH are few [4]), the Rel.8 mechanism for simultaneous UCI and data transmission in the PUSCH can be maintained. Conversely, for QPSK modulation and low MCS, the UCI can be transmitted in the PUCCH if it requires a substantial number of REs in the PUSCH. 
Therefore, at one extreme where UCI transmission in the PUSCH requires few REs and the CM increase from simultaneous PUSCH and PUCCH transmission is large, UCI can be transmitted in the PUSCH. At the other extreme, such as in case of a large number of HARQ-ACK bits or large CQI payloads and low PUSCH MCS (but without power limitations), simultaneous PUSCH and PUCCH transmissions can occur despite the CM increase as the number of REs required for UCI transmission in the PUSCH is large enough to offset the PUSCH transmission power reduction. In case of UE power limitation, the UCI transmission can be prioritized through TPC. 

Therefore, the impact of the CM increase from simultaneous PUSCH and PUCCH transmission can be avoided (UCI in PUSCH) or adjusted through TPC and MCS selection (and HARQ) even for power limited UEs.

4 Conclusions

Based on the analysis in this contribution and using Rel.8 functionalities and baseline agreements for LTE-A, the following conclusions can be made:
a) No specifications are needed for UE signaling in order to address the CM increase due to PUSCH transmission in multiple CCs, or in multiple clusters in the same CC, in the same sub-frame.
b) The eNB can account for the CM increase impact for PUSCH transmissions in multiple CCs or in multiple clusters in the same CC through MCS selection and HARQ.
c) The CM increase is either non-applicable or not an important factor for HARQ-ACK transmissions in the PUCCH.

d) For PUCCH transmission of multiple UCI (HARQ-ACK, SR, CQI) in the same sub-frame, TPC can prioritize the UCI according to its type in case of UE power limitation.

e) For UCI and data transmission in the same sub-frame, the UCI can be transmitted in the PUSCH in case it can be accommodated with few PUSCH REs (high MCS) or in the PUCCH otherwise (if there are no power limitations). For simultaneous PUCCH and PUSCH transmissions, TPC prioritizes the PUCCH in case of UE power limitation.
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