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1. Introduction

This paper deals with CQI transmitted on PUCCH. We concentrate on the case when the UE is transmitting only CQI but neither the UL data nor the ACK/NACK signals.  In this contribution we compare link performance of two different CQI multiplexing schemes presented in [1], namely of CAZAC sequence modulation and DFT-S-OFDM. We also investigate the impact of the number of reference signal blocks to the link performance of CQI transmitted on PUCCH.

2. Performance Comparison, 2 RS blocks
Table 1 summarizes the main parameters used in the link simulations. The results have been obtained assuming practical receiver and realistic channel estimation algorithms. Slot-based frequency hopping and TU channel with UE speed of 3 km/h were assumed. Four different CQI sizes were considered, namely, 5 bits, 10 bits, 15 bits and 20 bits. Tail-biting convolutional code with constraint length 9 was applied. We note that block codes will perform better than convolutional codes with the considered CQI sizes. However, as the main focus of this contribution is to compare the performance of two CQI multiplexing schemes, convolutional codes were selected to provide fairer comparison between these methods.

As discussed in [1], DFT-S-OFDM method and CAZAC sequence result in different symbol space: DFT-S-OFDM provides symbol rate of 24 ks/s for each parallel CQI channel whereas CAZAC sequence modulation with 2 RS blocks/slot can provide only 10 ks/s for each parallel CQI channel. 
Performance results are shown in Figure 1. They illustrate clearly that DFT-S-OFDM performs better than CAZAC sequence modulation with all the considered CQI sizes and with the entire SNR range. The main reason behind the performance difference is the fact that DFT-S-OFDM provides larger coding gain due to the larger symbol space. This issue is emphasises when considering the largest CQI sizes. 

Table 1. Simulation parameters

	Number of information bits
	5, 10, 15, 20

	Channel
	TU (3 km/h)

	Number of RS blocks 
	2

	Channel code
	Tail-biting convolutional code, constraint length 9

	Receiver
	MRC

	Modulation
	QPSK

	Transmission bandwidth
	180 kHz

	Frequency hopping
	At slot boundary
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Figure 1. CQI link performance as a function of SNR.
3. Performance Comparison, 1-3 RS blocks

It was assumed in the previous Chapter, that there is always two RS blocks per slot. To get a more complete comparison, we simulated the link performance of DFT-S-OFDM and CAZAC sequence modulation with the number of RS blocks as a parameter. Simulation parameters are summarized in Table 2. It is noted that the number of RS blocks impacts the CQI link performance in the following way:

· Channel estimation performance (i.e., power allocation between CQI payload and RSs)

· Symbol space with CAZAC sequence modulation: symbol space depends on the number of RS blocks: 1 RS block provides 12 ks/s for each parallel CQI channel, 2 RS blocks provides 10 ks/s for each parallel CQI channel, and 3 RS blocks provides 8 ks/s for each parallel CQI channel. Symbol space will have an impact on the coding gain.

· Multiplexing capacity with DFT-S-OFDM: 6 UEs/RU/slot can be supported with 1 RS block, 5 UEs/RU/slot can be supported with 2 RS blocks and 4 UEs/RU/slot can be supported with 3 RS blocks.
Performance results are shown in Figure 2. The CQI BLER operation point was selected to be 10%. Results show that with equal number of RS blocks, DFT-S-OFDM performs always better than CAZAC sequence modulation. Again, the performance differences are emphasized with CQI sizes of 15 and 20 bits. It is noted that with CQI size of 20 bits, the performance difference for DFT-S-OFDM is more than 3 dB.
Table 2. Simulation parameters

	Number of information bits
	5,10,15,20

	Channel
	TU (3 km/h)

	N_RS
	1, 2, 3

	Channel code
	Tail-biting conv. code, constraint length 9

	BLER target
	10 %

	Receiver
	MRC

	Modulation
	QPSK

	Transmission bandwidth
	180 kHz

	Frequency hops
	2
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Figure 2. Performance as a function of CQI size.
The SNR vs. BLER curves for 10-bit CQI comparing the link performance at various UE speed are a shown in Figure 3 in the APPENDIX. 
4. Conclusion

We compared the link performance of DFT-S-OFDM and sequence modulation. Results showed that that DFT-S-OFDM performs better than CAZAC sequence modulation with all the considered CQI sizes and with the entire SNR range. We also noted that same result is obtained when the number of RS blocks is changed. With DFT-S-OFDM best performance is achieved when the number of RS block/slot is 2 or 3. A 2-RS structure can be used when one or more RBs are allocated exclusively for CQI transmission. With narrow band options (e.g. the “1.25 MHz case”) this may not be feasible due to excessive overhead and 3-RS structure can be more attractive alternative. 
When comparing the two CQI schemes following remarks can be made:

· From link performance point of view DFT-S-OFDM outperforms CAZAC sequence modulation especially at larger CQI sizes with support for up to 20 bits. 
· With DFT-S-OFDM the CQI resource size remains constant (24 symbols/slot) regardless of the number RSs or data LBs allowing for easy design CQI encoding scheme. With CAZAC sequence modulation the CQI resource size varies depending on the number of RSs, normal/extended CP numerology, TDD structure etc. This increases CQI encoding complexity. 
Based on these facts we propose that DFT-S-OFDM should be selected as a working assumption for CQI transmitted on PUCCH. 
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Figure 3. Performance at various UE speeds
