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1. Introduction

This paper deals with CQI payload extension transmitted on PUCCH. It is anticipated that the size of CQI will increase e.g. due to downlink cooperative multi-point (CoMP) transmissions, carrier aggregation, and/or higher order MIMO. It is expected that large CQI can be transmitted on PUSCH [1]. However, it is likely that there will also be need for CQI sizes that are too large for Rel’8 PUCCH Format 2/2a/2b and, on other hand, are too small to be transmitted efficiently on PUSCH. 
In this paper we will investigate the capability of both single- and dual antenna transmission to support CQI size up to 30 bits.  

2. Payload Extension methods
2.1 Multi Sequence Modulation 

For the single antenna case, a Multi Sequence Modulation (MSM) is considered as a payload extension method. In MSM, the payload is doubled by transmitting two cyclic shifts simultaneously by one UE. The drawback of this method is increased CM, which can be alleviated by multi-code precoding per antenna as discussed in [3] or shift selection technique proposed in [4].  
2.2 Space Orthogonal-Resource Transmit Diversity (SORTD)
For two Tx case, the payload could be increased without CM increment by using Space Orthogonal-Resource Transmit Diversity (SORTD), where separate cyclic shifts are allocated to both antennas and joint coding is applied over the antenna signals. However, this scheme does not provide transmit diversity on symbol level because transmit diversity is obtained via channel coding.  Furthermore, this scheme could be sensitive to the antenna imbalance. 

2.3 Space-Time Block Coding (STBC)
The Space-Time Block Coding (STBC) applied between the consecutive SC-FDMA symbols, can be used with PUCCH format 2, but it does not directly increase payload. Some gain over Rel’8 single antenna transmission could still obtained through spatial diversity. However, the spatial diversity cannot be fully obtained with PUCCH Format 2 because of odd number of data symbols in a slot. In the simulations, slot-level precoder vector switching is used for the last symbols of a slot.
2.4 Space-Code Block Coding (SCBC)
In Space-Code Block Coding (SCBC), Alamouti space-time coding is applied between the two PUCCH Format 2/2a/2b channels, or cyclic shifts. The principle is shown in  REF  Title \h 
Figure 1  REF  DocumentFor \h 
.
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Figure 1.  Block diagram for the precoded SCBC transmission scheme.

Alamouti block coding operations can be realized within a single SC-FDMA symbol in the case with two cyclic shift resources. Therefore, it is directly applicable with PUCCH Format 2 (i.e. there is no problem with odd number of SC-FDMA symbols). When compared to SORTD, SCBC provides symbol-level transmit antenna diversity, thus, enhancing the performance of SORTD. The drawback of SCBC is increased CM because it is required that both shifts are transmitted simultaneously from the single antenna. However, the CM increase can be alleviated by using  either multi-code precoding per antenna as discussed in [3] or shift selection technique proposed in [4]. 

3. Performance Comparison
In this chapter we investigate the CQI performance as a function of payload.  Multi-user simulations have been carried out with 6 UEs/PRB and 3 UEs/PRB.
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 ITU Urban Macro channel with UE speed of 3 km/h were assumed. Excluding 1x2 Rel’8 (reference case), the punctured tail-biting convolutional code with constraint length 9 was applied. We will note that block codes perform better than convolutional codes with the smaller CQI sizes. However, as the main focus of this contribution is to compare the performance of the enhanced formats, convolutional codes were selected to provide fairer comparison between these methods. Different CQI sizes were considered, namely, 10, 20, and 30 bits. 
Table 1. Simulation parameters

	
	

	Channel
	ITU Urban Macro (3 km/h)

	Antenna separation 
	0.5 lambda in EU and 4 lambda in BS

	PUCCH Format
	2a

	Channel code
	Tail-biting convolutional code (constraint length 9), Rel 8 Block Code

	Receiver 
	MRC 

	Modulation
	QPSK

	Transmission bandwidth
	180 kHz

	Frequency hopping
	At slot boundary

	Number of UEs
	3,4,6,12  

	Number of information bits
	Block Code: 6,10,13 Convolutional Code (10, 20, 30)


.
Figure 2 shows the required SNR for BLER 5 % in the case of 6 UEs. The respective results for 3 UEs are shown in Figure 3. BLER curves as a function of SNR are provided in the APPENDIX. Results show that multi-antenna transmission is not a mandatory requirement for PUCCH CQI payload extension because significant performance improvement  can be achieved already in the case of single antenna transmission enhanced with MSM. However Tx diversity is clearly beneficial especially for the CQI sizes larger than 15 bits. 

The SCBC outperforms SORTD by 0.3- 2 dB depending on the on the CQI size. The main reason behind the performance difference is the fact that SCBC provides full symbol level Tx diversity. This issue is emphasized when considering the largest CQI sizes.  
Regarding the multiplexing capacity it seems that in macrocell environment PUCCH Format 2 payload can be extended without significant reduction in multiplexing capacity. Although the theoretical maximum number of simultaneous UE’s is 12/PRB, single antenna transmission cannot support more than 6 UE/PRB with reasonable performance, even with payload sizes of Rel-8. This is clearly shown in Figure 7 in the APPENDIX. 
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Figure 2. CQI link performance as a function of the number of CQI bits, 6 UEs.
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Figure 3. CQI link performance as a function of number of CQI bits, 3 UEs.
4. Cubic metric

While SORTD and STBC have an equal CM with Rel’ 8 PUCCH, CM of SCBC is increased because two cyclic shifts are transmitted simultaneously from a single antenna. 

The CDF of CM for SCBC with and without precoding is shown in Figure 4. The CM was calculated over a TTI of PUCCH channel with random QPSK constellations. All possible cyclic shift pairs (d=1 means consecutive shifts and d=2 means that there is one guard shift between signals) and all sequences (30) were considered.  As a reference we have CM of PUSCH channel averaged over one TTI.  As can be seen, the average CM increment of precoded SCBC compared to PUSCH is about 0.2 dB.
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Figure 4. CDF of the Cubic Metric

5. Conclusion
In this contribution we have discussed about the CQI payload extension on PUCCH taking into account multiplexing capacity and both 1-Tx and 2-Tx terminals. For 2-Tx case we considered SORTD, SCBC and STBC as potential methods for payload extension. In the case of SORTD, different antennas utilize different cyclic shift resources and payload extension is obtained by applying joint coding over the antenna signals. In SCBC, both antennas utilized common cyclic shift resources and Alamouti space-time coding was applied between the cyclic shifts. For the single antenna case MSM was considered as the payload extension mechanism. In the case of MSM, the payload is increased by allocating two cyclic shifts for one UE. The precoding technique was used for both MSM and SCBC in order to decrease the CM.
  The performance evaluation results are summarized as follows:
· In macro environment CQI payload extension on PUCCH can be obtained without any reduction on multiplexing capacity. This can be achieved by using 2x2 SORTD, 2x2 SCBC or 1x2 MSM. 
· 2x2 SCBC outperforms 2x2 SORTD by 0.3-2 dB depending on the CQI size. It is also noted that performance gain is always more than 0.2 dB, which is the estimated power efficiency difference between two schemes.
· Tx diversity using of SCBC is beneficial especially for CQI sizes larger than 15 bits 
· Performance of 1x2 MSM is comparable to 2x2 SORTD

Based on these findings we propose that PUCCH Format 2 payload extension should be considered for both 1-Tx and 2-Tx antennas. We propose that SCBC should be considered as potential transmission diversity method for PUCCH format 2.
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APPENDIX 1:  CQI performance with Rel’8 CQI payload
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Figure 5. BLER as a function of SNR, 3 UE.
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Figure 6. BLER as a function of SNR, 6 UE.
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Figure 7. BLER as a function of SNR, 6 and 12 UEs, Rel’8.
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