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1. Summary

In this contribution, we discuss the importance of backward compatibility and the necessity of ACK/NACK (A/N) performance differentiation in the design of physical uplink control channel (PUCCH) TxD schemes. 
To meet these design objectives, we propose a PUCCH TxD scheme for format 2/2a/2b that has full backward compatibility of single antenna port transmission. By using a controlled phase shift on the second antenna port, it significantly enhances the A/N performance while maintaining the diversity gain on other user equipment control information (UCI), such as channel quality information (CQI) and precoding matrix indication (PMI).  It is thus recommended that such a structure be adopted for LTE-Advanced for PUCCH TxD transmission when Formats 2/2a/2b are transmitted.
2. A/N Performance Differentiation and Release 8
Different control messages have different error performance targets [1]. For example, A/N should be more reliable than CQI. CQI has a target block error rate (BLER) of 0.01. A/N considers bit error rate (BER) instead. Furthermore, NACK to ACK requires better protection with BER target of 0.0001 while ACK to NACK miss detection has a target BER of 0.01. Since ACK and NACK bits are treated equally, the NACK to ACK and ACK to NACK performance are also the same. Therefore, all A/N bits should satisfy the higher protection requirement set by the NACK to ACK error probability. 
In physical uplink shared channel (PUSCH), this unequal error protection (UEP) requirement is met by the by different (-offset settings for different control information. On PUSCH, the default (-offset values for A/N, RI and CQI are 20, 20 and 6.25 respectively [2]. For RI and CQI, 20 and 6.25 are the maximum values of (-offset. For A/N, the (-offset can be set up to 126. Thus, A/N can achieve superior protection than other control messages with a higher (-offset setting.
However, the PUCCH has very limited resources, only 20 bits in 10 QPSK symbols and 4 PUCCH reference symbols (RSs). There is no adjustable parameter like the (-offset in PUSCH. As a result, the existing PUCCH formats result in a higher receiver SNR being required than might otherwise be needed. 
· With format 2 and extended cyclic prefix (CP), A/N and CQI/PMI are jointly coded to 20 bits using a Reed-Muller (RM) code, thus they have the same bit error rate (BER) performance. Moreover, as the number of control bits increases, the A/N and CQI/PMI performance degrades. Thus,

· A/N performance is limited to that obtained from joint coding with CQI/PMI

· A/N performance is  degrades with the increase of CQI/PMI bits

· For format 2a/2b with normal CP, the A/N bits are transmitted on the 4 RSs. In each slot, the 1st RS is the reference, A/N is coded use a differential BPSK (DBPSK) or differential QPSK (DQPSK) on the 2nd RS. The CQI/PMI bits are coded independently to 20 bits. 

· A/N is independent of other control with a simple 2x DBPSK or 2x DQPSK repetition for format 2a/2b respectively. Differential coding has worse performance compared with non-differential coding, e.g. QPSK performance is ~3dB worse than normal QPSK [10].
· CQI/PMI has RM coding gain with coding rate of 1/5 to 11/20 for 4 to 11 bits payload.
Therefore, with format 2a/a2b, it is conceivable that the A/N performance might be the worse than CQI. In all cases, A/N might have 10-2 BER, but cannot get the desired 10-4 BER.   Although this situation cannot be addressed for Release 8, for Release 10 TxD we can at least improve upon the present situation. 
3. PUCCH TxD Design Considerations
In LTE-A, additional data will have to be sent on control channels to accommodate feedback from carrier aggregation (CA), coordinated multipoint (CoMP) transmission, and MIMO. The use of multiple antennas on a user equipment (UE) allows transmit diversity (TxD) on uplink, thus affording the opportunity to transmit data with increased reliability. 
In the 3GPP Shenzhen meetings in August 2009, it was agreed that uplink single antenna port mode should be supported on UEs with multiple antennas [3]. PUCCH can be configured to enter single antenna port mode, and UE could also enter uplink single antenna port mode without eNB instruction in some scenarios. It was also agreed that for TxD, spatial orthogonal resource transmit diversity (SORTD) is applied for multiple resource PUCCH. For format 1/1a/1b, the same modulated symbols are transmitted on different orthogonal resources for different antennas [4]. PUCCH format 2/2a/2b is for further study.
Therefore, the PUCCH TxD design should consider:

1) TxD scheme should maintain full backward compatibility with R-8 since a UE can switch to single antenna mode autonomously [3]. eNB should still be able to decode PUCCH info when a UE switches to single antenna mode. Therefore, the R-8 PUCCH formats should be applied on at least one antenna.

2) To simplify the specification and implementation, the same scheme should be applied to all formats. Since SORTD is agreed for format 1/1a/1b, it should be the baseline for format 2/2a/2b as well, i.e. orthogonal PUCCH resources should be allocated for different antennas.

3) For backward compatibility reason, it is more important for TxD to provide more reliable feedback other than increasing the number of control information bits [5][6]. 
4) Especially, the A/N performance should be enhanced and differentiated from other control feedback. A NACK to ACK error results in missed data, and an ACK to NACK error will result in unnecessary retransmission. A more reliable A/N is desirable especially when HARQ bundling is used in LTE-A.
4. PUCCH TxD format 2/2a/2b with A/N differentiation

With SORTD, orthogonal resources are allocated for the PUCCH. For PUCCH format 2/2a/2b, two possible solutions are:

· Simple repetition: transmit the same modulated symbols are transmitted on different orthogonal resources for different antennas. This method has backward compatibility, and is consistent with format 1/1a/1b.

· Joint coding (spatial multiplexing): code into a longer sequence and transit part of the codeword on each antenna. This achieves coding gain but no diversity gain. It could carry more control information bits than R-8, but it loses the backward compatibility of single antenna transmission. Furthermore, this approach is vulnerable to antenna gain imbalance (AGI). The loss of backward compatibility is hard to be justified by a small increase of payload size.
These options and other PUCCH TxD schemes were discussed in previous meetings [5]
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[9]. However, none of them considers the requirement for the more important A/N bits. We propose a new format that combines simple repetition and backwards-compatible coding while allowing enhanced A/N performance vis à vis other control information bits. 
The proposed method applies to format 2/2a/2b for both normal and extended CP. When two antennas are used, the first antenna transmits the coded control bits the same way as in Release-8. On the second antenna, a phase shift version of the coded control bits is transmitted. The phase shift is decided by the A/N bits as shown in Table I. When 4x Tx are used, four antenna can form into two virtual antennas and apply the same scheme on the virtual antennas. The reference symbols are kept the same as in R-8. Thus, for format 2a/2b, the same A/N coded symbols are transmitted with reference symbols on the second antenna without phase shift. 
Table I. Phase shift on the 2nd antenna for PUCCH format 2/2a/2b

	PUCCH format
	ACK/NACK bits 
	Coded control bits on 1st antenna 
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At the receiver, i.e. the eNB, two copies of A/N can be recovered. One from the standard format 2/2a/2b coding, one from the phase shift comparison of the received symbol sequences on different antennas. Better performance can be observed by combining two A/N copies to achieve a more reliable A/N detection. The phase shift can be removed after the decision from the combined estimation of A/N bits, thus the diversity gain for other control info maintains largely the same as repetition on the second antenna.
Due to channel estimation issue over different antenna, the phase shift detection is not performed directly on a symbol to symbol basis. The symbol sequence is received and evaluated separately on each antenna. A soft output is calculated on the log likelihood ratio (LLR) of the 2nd symbol sequence against each phase shift version of 1st symbol sequence. Then the LLR of each A/N bit is obtained and combined with the other copy from standard format 2/2a/2b coding.
Using format 2b and two antennas as an example, the A/N is mapped onto RSs, with a 2-bit A/N feedback and normal CP. The A/N is differential coded on two RSs in each slot, equivalent to a 2x DQPSK repetition on each antenna, thus approximately 4x DQPSK repetition with 2 antennas. The A/N from the phase shift estimation of the two symbol sequences is approximately equivalent to a 10x DQPSK repetition, assuming an AWGN channel and soft decision decoding [10]... Combined with the format 2b transmission on two antennas, it results in approximately 14x DQPSK repetition, thus up to 5.4 dB (10*log10(14/4)) gain over the simple repetition SORTD TxD method.   
For other information bits, when the A/N is received correctly, full TxD gain is maintained as SORTD with simple repetition. If A/N is in error, there is no diversity gain for other control information. However, the  proposed TxD scheme achieves significantly better BER performance for A/N, the error residue from miss A/N detection is negligible. Our analysis shows a 5 dB gain on A/N with a tradeoff of 0.1 dB loss on CQI [10]. We can expect these advantages to be reduced in the case of fading channels; simulation results will be presented in upcoming meetings for Urban macro-cells and micro-cells. However the difference in performance on the AWGN channel makes a compelling case for future study.

The proposed scheme has full backward compatibility with single antenna transmission. It applies to format 2, 2a and 2b with normal and extended CP. The method is very simple with an A/N controlled phase shift on the second antenna, thus, another layer of coding for A/N bits is added with TxD. It differentiates A/N with other control information. The improved performance reduces the A/N BER, thus prevents packet loss due to miss detection of NACK to ACK, and reduces unnecessary retransmission from miss detection of ACK to NACK. The method maintains the full diversity gain of repetition on different antennas with SORTD with negligible impact from the A/N error residue.
5. Conclusions and recommendations
In summary, for the design of PUCCH TxD for format 2/2a/2b in LTE-A, 
· To be consistent, SORTD should be the baseline for format 2/2a/2b, same as format 1/1a/1b.

· R-8 backward compatibility should be maintained. Therefore, the R-8 format and coding should be used on at least one of the antennas.
· A/N differentiation is necessary and should be considered in TxD design. 
· A simple solution with an A/N controlled phase shift on the second antenna port should be studied to determine its advantages in Urban macro-cells and micro-cells.
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