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1 Introduction

PUCCH transmission diversity (TxD) has been shown to offer substantial performance gains [1-4]. Such gains are useful in improving reception reliability for the typically interference limited PUCCH operation or for potentially supporting higher CSI payloads. Additionally, TxD is required for coverage if the UE has 20 dBm (instead of 23 dBm) amplifiers and for supporting concurrent PUSCH and/or PUCCH transmissions (increased CM).
For formats 2/2a/2b, candidate TxD schemes include ORT, STBC, PVS, and CDD. ORT offers the best performance at the expense of requiring 2 cyclic shifts (CS), thereby doubling the overhead as the UE multiplexing capacity per RB is halved. STBC provides large diversity gain but has an unpaired symbol in each slot (normal CP) which is the main cause for a loss of about 0.75 dB relative to ORT. It is assumed that RS orthogonality is achieved through orthogonal covering per slot and therefore STBC requires only one CS [3]. PVS and CDD offer very limited gains relative to single UE antenna transmission and for this reason they are not further considered as candidate TxD schemes. 

For STBC, the unpaired symbol is a direct consequence of applying slot-based frequency hopping (FH) to the transmission of format 2/2a/2b. Although the benefits of FH were shown for formats 1/1a/1b, there was limited examination for formats 2/2a/2b, particularly with the application of punctured Reed-Muller codes [5]. Because of the diversity obtained through coding for formats 2/2a/2b and because of the typically higher BER/BLER targets, the added diversity from FH is not as critical as it is for formats 1/1a/1b particularly when the performance loss due to reduced channel estimation accuracy is considered as RS interpolation across the entire sub-frame is not meaningful with FH. A negative tradeoff between diversity and channel estimation losses has already been observed in [6] in case of 4 Tx diversity for the PUSCH. Without FH, STBC can be applied for PUCCH formats 2/2a/2b using conventional receiver processing while achieving full spatial diversity gain. 
2 TxD and FH Aspects for PUCCH Format 2
The PUCCH format 2 BLER is subsequently examined with and without FH and with and without TxD (STBC, ORT). Coding is with (20, A) Reed-Muller codes, as specified in [1], and actual channel estimation is applied. 

Figure 1 presents the CQI BLER with and without slot-based FH, 1x2 and STBC, RM codes of (20, 10) and (20, 5), and the highly frequency selective TU6 channel. With slot-based FH, the RBs are at the two opposite ends of 10 MHz operating BW thereby providing maximum frequency separation.
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Figure 1: CQI BLER with/out FH, with/out TxD, for (20, 10) and (20, 5) RM – frequency selective channel.
From Figure 1, the following two key observations can be made regarding the use of slot-based FH:

a) Even without TxD, for the conventional 1x2 setup assumed in Rel.8, slot-based FH is not necessarily beneficial as the gain from frequency diversity may be completely offset by the loss in channel estimation accuracy (as interpolation across the two slots is not useful). Nevertheless, the BLER difference with and without FH is not significant (it is typically confined within 0.5 dB) with no FH outperforming at the higher target BLERs and FH outperforming at the lower target BLERs.  
b) With TxD, the additional spatial diversity causes FH to always be inferior to no FH even in highly frequency selective channels with the loss ranging between 0.5-1.0 dB for the BLERs of interest.

The setup in Figure 1 represents the best case scenario for slot-based FH as the channel in the second slot is fully uncorrelated from the channel in the first slot. In frequency-flat channels, slot-based FH becomes even more detrimental as the loss from the degradation in channel estimation is not offset by any frequency diversity gain. 
Figure 2 presents the CQI BLER with and without slot-based FH, 1x2 and ORT, and RM codes of (20, 10) and (20, 5) in a frequency flat channel (the PA channel is assumed within each RB). Such channels are of importance in Rel.10 due to increased focus in micro/pico/indoor cells. As expected, regardless of TxD, FH degrades the BLER with the loss ranging between 1.0-1.5 dB. Although uncorrelated antennas were assumed in the simulations, the conclusions regarding FH do not change for correlated antennas as the respective BLER behavior is bounded by the ones for 1 Tx antenna and 2 Tx uncorrelated antennas.
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Figure 2: CQI BLER with/out FH, with/out TxD (ORT), for (20, 10) and (20, 5) RM - frequency flat channel.

Based on the results from Figure 1 and Figure 2, it becomes evident that FH is mostly detrimental, especially with TxD. FH will become even more detrimental if other additional forms of diversity exist, such as >2 eNodeB Rx antennas (additional spatial diversity) or medium/high UE speeds (time diversity) where RS interpolation across the sub-frame can be as in Rel.8 DL. In general, channel estimation losses become more important than potential additional diversity when substantial diversity already exists in the signal transmission/reception. Therefore, the simplest option is to completely avoid the use of FH for PUCCH formats 2/2a/2b in Rel.10, especially with TxD. 
Proposal: For PUCCH formats 2/2a/2b, FH is either completely not used or FH is not used together with TxD.
Figure 1 and Figure 2 also show that TxD provides significant gains in excess of 2 dB over the 1x2 setup, under all channel conditions and RM code rates. Moreover, avoiding the use of FH not only results to improved performance with TxD but also removes the unpaired symbol issue with the use of STBC which would require a special receiver treatment (instead of the conventional STBC receiver) and is responsible for most/all performance degradation of STBC relative to ORT. Then, without FH, STBC is clearly preferable to ORT as it results to effectively the same performance (STBC achieves full diversity gain without sacrificing data rate) without doubling the UL overhead and directly reducing UL throughput. Figure 3 presents the CQI BLER with STBC and ORT for the (20, 10) and (20, 5) RM codes and the TU6 channel without FH.
Proposal: STBC without FH is used for TxD for PUCCH formats 2/2a/2b.
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Figure 3: CQI BLER without FH for STBC and ORT.

The performance for wideband CQI reporting ((20,5) RM code) at 120 Kmph with and without TxD (STBC, ORT) is presented in Figure 4. Due to increased time diversity, the TxD gains relative to single antenna transmission are limited.
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Figure 4: CQI BLER for 1Tx, STBC, and ORT at 120 Kmph.

3 Extensions to Multi-Sequence Transmission
In [3] and [7] extensions of TxD for PUCCH format 2 were considered to multi-sequence transmission to support higher CQI payloads. In [3] spatial joint coding with ORT is considered while in [7] space-code block coding (SCBC) is considered. The performance with these two schemes should fundamentally be equivalent. Multi-sequence transmission can also be supported with the same performance using conventional STBC.

The main advantage of STBC over ORT and SCBC is its scalability. For transmission of low CSI payloads, both ORT and SCBC require 2 CS while STBC requires a single CS which translates to 50% smaller overhead. As the CSI payloads increase, STBC can support a linear increase in the number of allocated CS (1, 2, …, N) while both ORT and SCBC always require the number of allocated CS to be a multiple of 2 (2, 4, …, 2N). Therefore, STBC is preferable to either ORT or SCBC in case multi-sequence transmission is used to support higher CSI payloads. 

It should be noted that, in addition to using multi-sequence transmission, using the PUSCH sub-frame structure is another option to support higher CSI payloads. This can also control the tradeoff between multiplexing capacity and CSI payload size but without suffering from a CM increase and potentially benefiting from the existence of a single RS per slot (feedback of large CSI payloads is not considered for very low SINRs) [8]
4 Conclusions

This contribution considered the aspects of frequency hopping and UE transmitter diversity for PUCCH format 2/2a/2b in Rel.10. Based on the simulation results and analysis, it is proposed that:

a) No FH for PUCCH format 2/2a/2b transmission, at least with TxD.
b) Conventional STBC for TxD.
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