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1
Introduction

This document analyses the CM for simultaneous PUSCH and PUCCH transmission in UL for the LTE-A system. The departure from single carrier waveform opens a series of possible combinations as to how multiplex data (PUSCH) and control (PUCCH) for concurrent transmission while preserving efficient PA utilization. The following multiple access schemes have been considered in this document:
1) Clustered DFT-S OFDM (denoted by CL-SCFDMA in the Figures) as the multiple access scheme within a component carrier

2) OFDMA 
3) NxSC-FDM as the multiple access scheme to aggregate multiple component carriers (this is shown in the appendix)

For each of the above schemes, the PUCCH is multiplexed in freq domain by allocating the RB at the edges of the transmission bandwidth. This document investigates the CM sensitivity to concurrent PUSCH and PUCCH transmission as a function of PUCCH gain and PUSCH RB allocation.
2
Discussion
In this section we investigate the CM impact of simultaneous PUCCH transmission for clustered DFT-S OFDM and OFDMA in the single component carrier case. Fig 2.0 illustrates clustered DFT-S OFDM within a component carrier. The CM sensitivity analysis is performed for various PUSCH subband patterns for both clustered DFT-S OFDM and OFDMA in a 5MHz (or 25 RBs) system. 
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Figure 2.0: Clustered DFT-S OFDM within a component carrier
6 PUSCH subband patterns are studied in this document. The 25 RBs are divided into 12 sub-bands of 2 RBs each. Each sub-band on the edge is reserved for PUCCH transmission. The cluster pattern configurations are summarized in Table 2.0 where ‘x’ indicates PUSCH and ‘o’ indicates PUCCH. The PUCCH occupies only one side of the bandwidth edge in a given slot, with intra sub-frame hopping being enabled for PUSCH.
Table 2.0: Sub Band patterns for clustered DFT-S OFDM and OFDM

	
	SubBand Index

	Patt index
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The Cubic Metric (CM) has been evaluated for each of the patterns presented in Table 2.0 with and without PUCCH. Three different PSD levels have been considered for PUCCH relative to the PUSCH psd level: 0 dB, 3dB and 9dB, see Figure 2.1.  In Figure 2.1, green indicates PUCCH, blue denotes PUSCH.  
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Figure 2.1: PUSCH and PUCCH Configuration

The resultant CM is displayed in Figure 2.2 (PUCCH gain = 0dB, 3dB) and Figure 2.3 (PUCCH gain =9dB) as a function of the pattern index and for different modulations: 

· CL-SCFDMA: QPSK, 16QAM and 64 QAM 

· OFDMA: 16 QAM. Single mod order selected for OFDMA as there is no CM difference across mod order
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Figure 2.2: CM for PUSCH alone and PUSCH + PUCCH (0 and 3dB)
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Figure 2.3: CM for PUSCH alone and PUSCH + 9 dB PUCCH
The incremental CM with respect to PUSCH only transmission is extracted from the plots and summarized in Table 2.1. Each value in the table is the average across all the patterns. 

Table 2.1: Delta CM wrt PUSCH only transmission

	Waveform
	PUCCH_0dB
	PUCCH_3dB
	PUCCH_9dB

	CL-SCFDMA: QPSK
	0.4 dB
	0.5 dB
	0.5 dB

	CL-SCFDMA: 64QAM
	0.2 dB
	0.2dB
	0 dB

	OFDM
	0 dB
	-0.2 dB
	-0.3 dB


As we can see from the above table, the introduction of concurrent PUSCH and PUCCH transmission results in modest average CM increase. More specifically the following conclusions can be made: 

1) CL-SCFDMA: The CM increase is upper-bounded by the QPSK mod (0.5dB) and shows minor sensitivity wrt to PUCCH gain. More interestingly, a single high-power PUCCH cluster (9dB) dominates over larger low-power clusters thus reducing the overall CM. 

2) OFDMA: The CM increase due to PUCCH introduction is either negligible or even negative as a high PSD gain. PUCCH breaks the equal power assumption which is the cause of high PAR typically experienced by OFDM waveforms. 
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Conclusions

We have investigated several possible configurations of concurrent PUSCH and PUCCH for LTE-A in terms of CM. Simulation results show that 

· DFT-S OFDM: Simultaneous PUCCH and PUSCH transmission results in an average CM increase of 0.5 dB wrt to PUSCH only for QPSK. The degradation for higher modulation orders is even smaller. 

· OFDM: Variations in CM are not relevant. A high gain PUCCH may even reduce the CM. 
· The CM impact for multi-carrier configuration is shown in the appendix. As expected, the CM impact in this case is even smaller than that for the single-carrier configuration.
Appendix: Multi-Carrier Configuration

In this section, we investigate the CM sensitivity for NxSC-FDM and OFDMA in the multi-carrier case. Fig A.0 illustrates NxSC-FDM across component carriers.
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Figure A.0 NxSC-FDM across component carriers
Two component carriers are considered, with each component of 5MHz system bandwidth. This is illustrated in Fig A.1, where the green rectangle indicates PUCCH while blue indicates PUSCH. The CM sensitivity analysis is again performed for various PUSCH subband patterns.
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Figure A.1: Non-contiguous multiple component carriers
The sub-band pattern of the first carrier is the same as shown in Table 2.0, while the sub-band pattern of the second carrier is presented in Table A.0. The overall multi-carrier pattern is given by concatenating Table 2.0 with Table A.0.

Table A.0: Sub-Band Pattern for 2nd component carrier

	
	SubBand Index 

	Patt index
	40
	41
	42
	43
	44
	45
	46
	47
	48
	49
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The CM results vs pattern index are shown in Figure A.2 for SSB PUCCH channel with 0 and 3dB PSD gain. 
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Figure A.2: CM for MC configuration, PUCCH (0 and 3dB)
The incremental CM wrt to PUSCH only transmission is being averaged across patterns and summarized in Table A.1.
TableA.1: Delta CM for Non Contiguous component carriers

	Waveform
	PUCCH_0dB
	PUCCH_3dB

	CL-SCFDMA: QPSK
	0.3  dB
	0.4 dB

	CL-SCFDMA: 64QAM
	0.1 dB
	0.0 dB

	OFDM
	-0.1 dB
	-0.1 dB


As we can see, in the case of multi-carrier configuration, the CM increase is bounded above by 0.4 dB in the case of QPSK, and is negligible for other modulations. 
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