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1. Introduction
The Rel-10 carrier aggregation work item includes the support of non-contiguous UL transmission, including clustered single-carrier-FDM (SC-FDMA) and simultaneous PUSCH and PUCCH transmissions [1]. At RAN4 2010 Ad Hoc #1, the impact of simultaneous PUSCH and PUCCH transmission on UE Tx and Rx RF requirements was discussed [2]. It was also pointed out during the discussion that issues caused by simultaneous PUSCH and PUCCH transmission are similar to those caused by clustered SC-FDMA and intra-band carrier aggregation. In [3], further analysis of the impact and solution of general non-contiguous UL transmission has been provided. In [4], an operation scheme is described that could fully take advantage of the flexibility offered by non-contiguous UL transmissions in Rel-10 with practical RF constraints taken into account.
In this contribution, we provide detailed analysis of the UE TX impact due to clustered SC-FDMA and simultaneous PUSCH and PUCCH transmission.

2. Discussion
Carrier aggregation was approved as a Rel-10 work item in RAN#45 [1]. The objective of the work item includes:

Introduce support of carrier aggregation in stage-3 specifications, including

-
UL and DL control channel structure
-
Clustered DFT-S-OFDM UL transmission scheme and control-data decoupling (simultaneous PUCCH and PUSCH transmission)
-
L1 procedures

-
L2/L3 protocols and procedures

-
UE and BS RF core requirements

-
RRM core requirements

Clustered DFT-S-OFDM (a.k.a. SC-FDMA) transmission mode provides additional scheduling flexibility, which could lead to higher PRB utilization and frequency sensitive scheduling gain. Simultaneous PUCCH and PUSCH transmission on the other hand, leads to simple data/control configuration, efficient resource utilization and reliable control performance [4]. 

In Figure 1, a block diagram of the Rel-8 SC-FDMA control and data multiplexing scheme is shown. The control and data coded bits are shown to be multiplexed at the DFT block of the modulator. In Figure 2, a block diagram of the Rel-10 decoupled control and data multiplexing scheme is shown. This diagram shows both clustered SC-FDMA transmission and simultaneous PUCCH and PUSCH transmission. Data streams for multiple clusters are jointed encoded and converted to frequency domain through a single DFT. Then the data tones are spread onto distributed clusters at the subcarrier mapping block. Finally, the PUSCH and PUCCH tones are multiplexed at the input of the IFFT block.
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Figure 1 Block diagram for Rel-8 control data multiplexing
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Figure 2 Block diagram for Rel-10 decoupled control data multiplexing. Shows both clustered SC-FDMA and simultaneous PUSCH and PUCCH transmission.
As pointed out in [2] and [3], distributed allocations lead to spectrum regrowth due to inter-mod of different clusters and nonlinearity in the rest of RF chain. In the next few sections, we analyze additional PA backoff required to mitigate the spectrum regrowth.

In order to quantitatively evaluate the impact of clustered SC-FDMA and PUCCH, seven cluster patterns are defined as shown in Table 1. In this study 24 RBs are simulated to approximate a 5 MHz system. Note that a cross in the table denotes PUSCH assignment and a circle in the table denotes PUCCH transmission. The details of the seven patterns are as following:

1. Two-cluster, 4-RB PUSCH assignment with RB indices [2-3, 20-21].

2. Two-cluster, 12-RB PUSCH assignment with RB indices [2-7, 16-21].

3. Three-cluster, 8-RB PUSCH assignment with RB indices [2-3, 10-13, 20-21].

4. Rel-8, 16-RB PUSCH assignment with RB indices [2-17].

5. Three-cluster, 12-RB PUSCH assignment with RB indices [2-4, 10-13, 16-19].

6. Three-cluster, 12-RB PUSCH assignment with RB indices [2-9, 16-17, 20-21].

7. Rel-8, 2-RB PUSCH assignment with RB indices [2-3].

In this study, we evaluated the impact to TX characteristics with and without simultaneous PUCCH transmission. When simultaneous PUCCH transmission is enabled, the edge RBs are allocated to PUCCH. Although the PUCCH location is shown to be RB 23 in the table, intra-TTI hopping leads to PUCCH transmission at both RB 0 and RB 23.

Table 1 Clustered SC-FDMA and PUCCH patterns
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3. Maximum Backoff Analysis

In this section, we examine the UE transmit power limitation due to ACLR, SEM and EVM requirements. Note that the PA nonlinearity is modeled using a typical PA model and the nonlinearity of other RF elements is not fully captured. Throughout the paper, the PA backoff value is with respect to a nominal 28 dBm PA output power, or 24 dBm at antenna port with 4 dB insertion loss. The backoff is capped at 0 dB for assignments that does not require any backoff to meet requirements.
In Figure 3, the required PA backoffs due to ACLR, SEM and EVM requirements are illustrated. It is observed that the SEM requirements often dictate the overall PA backoff requirements for 16QAM. Note that the SEM requirements refer to both SEM and SPUR requirements for simplicity. In addition, this particular simulation is based on the SEM of NS_4.
Rel-8 waveforms with 16 and 2 RB assignments are evaluated in patterns 4 and 7, respectively. In the case of pattern 7 (2-RB assignment), the EVM requirement is shown to require 0.8 dB PA backoff while ACLR and SEM could be satisfied without any PA backoff. In the case of pattern 4 (16-RB assignment), the PA backoff is dominated by the SEM backoff, which is 2.2 dB.
Patterns [1, 2, 3, 5, 6] correspond to clustered SC-FDMA transmissions. The required PA backoffs range from 2.7 dB to 5.4 dB. Compared to Rel-8 waveforms, additional backoffs are on the order of 0.5 to 4.6 dB. Note that the largest backoff is observed for pattern 1, which is generated from pattern 7 by adding 2 more RBs on the opposite side of the system bandwidth. The increase in backoff in this case is 4.6 dB. 
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Figure 3 PA backoff analysis for 16QAM clustered SC-FDMA. Three constraints are modelled: ACLR, SEM and EVM.
In Figure 4, the required PA backoffs with PUSCH and PUCCH simultaneous transmissions are illustrated. In this set of simulations, the PUCCH PSD is assumed to be the same as PUSCH. Additional results with different PSD levels are included in the later of this section. It is noted that the EVM induced backoff roughly remain unchanged with and without simultaneous PUCCH transmission. However, the ACLR and SEM induced backoffs increased with respect to transmissions without PUCCH.
The maximum required PA backoff ranges from 2.7 dB to 5.4 dB. The largest degradation with respect to Rel-8 is pattern 7 with PUCCH. In this case, the maximum backoff is shown to be 5.4 dB, which is comparable to the worst case clustered SC-FDMA pattern (pattern 1). For the other Rel-8 waveform (pattern 4), the maximum backoff increased from 2.2 dB to 2.7 dB. For clustered SC-FDMA waveforms, the addition of PUCCH transmission is shown to cause an additional PA backoff of < 1 dB. In the particular case of pattern 1, the PA backoff actually improved by 0.5 dB.
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Figure 4 PA backoff analysis for 16QAM simultaneous PUSCH and PUCCH transmission. Three constraints are modelled: ACLR, SEM and EVM.
In order to fully evaluate the transmitter characteristics impact, additional simulations of high power PUCCH transmission were carried out. In order to make a fair comparison, we first evaluate the typical PUSCH and PUCCH transmit PSD level.

In Rel-8, the typical required SNR for PUCCH decoding is between -4 and -5 dB [5]. The required SNR for PUSCH decoding ranges from are -2.7 dB to 18.8 dB depending on the MCS (Table 2). The lowest SNR corresponds to the lowest MCS (QPSK rate 1/3) and 30% throughput requirement. This implies that PUSCH has in general much higher SNR than PUCCH.

Table 2 Excerpt from  36.104 on PUSCH decoding performance requirements

	
	FRC
(Annex A)
	Fraction of maximum throughput
	SNR

[dB]

	EVA 5Hz, 

Dual Rx, Normal CP
	A3-1
(QPSK 1/3)
	30%
	-2.7

	
	
	70%
	1.9

	
	A4-1
(16QAM ¾)
	30%
	4.3

	
	
	70%
	11.4

	
	A5-1
(64QAM 5/6)
	70%
	18.8


In the follow plots, we consider the worst case and the worst-worst scenarios, where PUCCH has 0 dB or 6 dB higher transmitted PSD than PUSCH. In Figure 5, the maximum PA backoff for PUSCH alone and PUSCH + PUCCH transmission are illustrated when QPSK is considered for PUSCH transmission. 
The first observation is that in the case of PUSCH alone with clustered SC-FDMA, typical PA backoffs are within 1 dB of the backoff of pattern 4 (16-RB Rel-8 waveform). The extreme case (pattern 1) leads to 3 dB additional backoff.

In the case of PUSCH + PUCCH with 0 dB offset, the maximum PA backoff increase due to PUCCH is between 0.5 and 1 dB except for patterns 1 and 7. In the case of pattern 1, there is a backoff reduction since the original pattern already has two narrow band clusters on the edge of the band. Adding PUCCH improves the overall emission behavior. In the case of pattern 7, the original 2 RB pattern plus PUCCH transmission on the edge leads to large SEM backoff.
In the case of 6 dB PUCCH offset, we observe an additional 0.5 increase in PA backoff. Note that this is the worst-worst case scenario, which is extremely rare in practice.
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Figure 5 Maximum backoff for QPSK clustered SC-FDMA and simultaneous PUSCH and PUCCH transmission

In Figure 6, the maximum PA backoff for PUSCH alone and PUSCH + PUCCH transmission are illustrated when 16QAM is considered for PUSCH transmission. Slightly less increase in backoff is observed since the PUSCH alone PA backoff is already larger for 16QAM modulation.
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Figure 6 Maximum backoff for 16QAM clustered SC-FDMA and simultaneous PUSCH and PUCCH transmission 
Additional out of band emission plots for four typical clustered SC-FDMA patterns are provided in the Appendix.
4. Conclusions
In this contribution, we evaluated the impact of maximum PA backoff due to clustered SC-FDMA and simultaneous PUSCH and PUCCH transmission. Three transmit characteristic constraints are considered: ACLR, EVM and SEM. The analysis indicated the following conclusions

1. Typical PA backoff due to clustered SC-FDMA is within 1 dB of the PA backoff of the Rel-8 PUSCH waveform of 16 RBs. One extreme case (pattern 1) is shown to require 3 dB additional PA backoff. 
2. Typically PUCCH SNR is much lower than PUSCH SNR.

3. Under the worst case scenario of 0 dB PUCCH and PUSCH PSD offset, the PA backoff increase due to simultaneous PUCCH waveform is less than 1 dB for an array of Rel-8/10 PUSCH patterns. One extreme case (pattern 7) is shown to require same back off as the worst case clustered SC-FDMA.
We recommend the working group to take the observation above into consideration when the stage 3 specification is defined for clustered SC-FDMA and simultaneous PUSCH+PUCCH transmission.
Reference

[1] RP-091440, “Work Item Description: Carrier Aggregation for LTE”, Nokia.
[2] R4-100207, “Release 10 UE PUCCH/PUSCH configuration,” Motorola

[3] R4-100743, “Implications of LTE-A distributed allocation”, Qualcomm Incorporated
[4] R4-100742, “Overview of joint PUCCH/PUSCH Operation”, Qualcomm Incorporated
[5] TS 36.104.

Appendix

In this section, we provide additional out of band emission plots for four typical clustered SC-FDMA patterns. The emission PSD for PUSCH and PUSCH+PUCCH transmissions are plotted against the emission mask. The relative power level of PUCCH is chosen at 0 dB offset with respect to the PUSCH, which is the worst case scenario and should be rare in practice.

The OOBE is plotted for the first PA input power that violates the ACLR, EVM or SEM requirements. The OOBE shown in Figures 7-10 are for pattern 1, 2, 4 and 7. 
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Figure 7 Out of band emission for pattern 1
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Figure 8 Out of band emission for pattern 2
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Figure 9 Out of band emission for pattern 4
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Figure 10 Out of band emission for pattern 7
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