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Introduction
In the February 2017 RAN1 AH1 meeting [1], the structure of long and short PUCCH was discussed and regarding the waveform and the transmit diversity scheme, the following agreements were made:
· For PUCCH in long-duration, DFT-s-OFDM waveform is supported.
· For PUCCH in long-duration, transmit antenna diversity is supported.
· FFS: PUCCH in short-duration
It was further agreed in RAN1#88 that for long PUCCH, PAPR/CM should be same/similar to LTE PUCCH except for NR CP-OFDM case [2]. Besides, DFT-s-OFDM has been proposed as the waveform for short PUCCH. 
Transmit antenna diversity is crucial to improve the coverage of the PUCCH. In addition, the diversity scheme should maintain the low PAPR of the DFT-s-OFDM waveform so that the performance targets of cell-edge UEs can be met. Among the possible diversity scheme candidates, space time block coding (STBC) and space time frequnecy coding (SFBC) are the ones with the best performance. Both of these schemes, however, present challenges: STBC needs an even number of DFT-s-OFDM symbols and SFBC breaks the single carrier property due to the re-ordering of the frequency domain symbols. The schemes proposed in [3] and [4] aim to address these challenges.
In this contribution, we discuss two candidate diversity schemes for DFT-s-OFDM. One is an STBC scheme where diversity coding is applied over the sub-symbols of a single DFT-s-OFDM symbol. In this scheme, the sub-symbols are equipped with their own internal cyclic prefixes (CP). The other is an SFBC scheme using a multiple-DFT precoding. These schemes are qualitatively compared to those in [3] and [4] and conclusions are drawn.
STBC with one DFT-s-OFDM Symbol
Space time block coding can be applied over an even number of DFT-s-OFDM symbols. When the number of symbols is odd, STBC can be applied on sub-symbols created within a single DFT-s-OFDM symbol [3]. Due to the single carrier nature of DFT-s-OFDM, the sub-symbols that enter the DFT block and come out at the output of the IDFT are subject to an oversampling operation with the oversampling ratio of the IDFT size to the DFT size. Since each sub-symbol is subject to DFT separately at the receiver, the following types of inter-symbol interference (ISI) and inter-carrier interference (ICI) may occur:
· ISI due to interpolation: The samples at the output of the IDFT would have contributions from the other samples at the output of the IDFT. The contribution of the samples to each other decreases when the distance between them increases. 
· ISI due to the channel: The sub-symbols would leak into each other as a result of the channel delay spread.
· ICI due to the loss of cyclic convolution: Using CP attachment to the whole symbol does not guarantee the cyclic property for each sub-symbol. Therefore, the loss of cyclic convolution per sub-symbol results in inter-carrier interference (ICI).

To prevent non-negligible performance loss due to ISI and ICI, each sub-symbol may have its own internal CP as illustrated in Figure 1 for the case of two DFT-s-OFDM sub-symbols transmitted from two antenna ports. Although the internal CPs may result in slightly higher overhead, since they are created within a data block, it would be relatively easy to adapt the CP length without any changes in the transmitter.
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Figure 1 STBC for a single DFT-s-OFDM symbol

For the case of two transmit antenna ports, the receiver may work as follows: Assume that the two halves of the received DFT-s-OFDM symbol corresponding to the two half sub-symbols are denoted 



where  denotes the circular convolution operator that is made possible due to the internal CPs. Note that, in general, due to the interpolation, the cyclic prefixes in  and  may not be exact; however, the ISI is expected to be very small and we can assume cyclic convolution with the channel.
After ignoring the internal CPs and passing each one sub-symbol through a DFT, we get



where  is the subcarrier index. Multiplying the sub-symbols  and  with  and , 






Diversity combining can now be achieved by




SFBC with one DFT-s-OFDM Symbol
Another technique to achieve transmit diversity is space frequency block coding. To apply SFBC, the output of the DFT in the second antenna port needs to be re-ordered before being mapped to the subcarriers. The method in [4] performs the re-ordering by employing circular rotation, conjugation and negation of every other symbol. Since these operations preserve the single carrier property, PAPR is not increased. 
In this method, SFBC is applied on a pair of symbols transmitted on non-adjacent subcarriers. In general, with DFT size of , the largest separation between subcarrier pairs would be  i.e., as the data block size grows, the maximum distance in a given subcarrier pair used for SFBC grows. As a result, the channel response experienced on the paired subcarriers may be significantly different, resulting in potential loss of performance when  is large or the channel delay spread is high. One method to prevent or reduce the performance loss is to decompose the input data into multiple blocks and applying a separate DFT to each data block as shown in Figure 2. If SFBC is now performed over blocks of  subcarriers, the maximum subcarrier pair separation would be reduced to  from  I. 
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Figure 2 SFBC with multiple DFT blocks
One of the key issues associated with multiple DFT blocks in a single DFT-s-OFDM symbol described above is a relative loss of single carrier property which will result in the slight increase in PAPR. An alternative solution to maintain single carrier property of the signal while achieving transmit diversity is using a larger number of antennas at the UE side and then apply a group antenna-based DFT spreading and SFBC. For example with four transmit antennas at the UE, each sub-sequence can be transmitted over a group of two antennas after performing DFT spreading and SFBC on each sub-sequence. 
Summary
Table 1 compares the four diversity schemes discussed above.

Table 1 Comparison of diversity schemes
	
	STBC [2]
	STBC with internal CP
	SFBC [3]
	SFBC with multiple DFT blocks

	ISI
	High
	Negligible
	No
	No

	PAPR
	Low
	Low
	Low
	4Tx: Low
2Tx: Slightly higher 

	Cyclic convolution
	Not preserved
	Preserved
	Preserved
	Preserved

	Channel variation over subcarrier pairs
	Low
	Low
	Higher 
	Lower than [3]

	Overhead
	Low
	Slightly higher
	Low
	Low



Based on the above discussion we propose:
Proposal: Consider sub-symbol STBC and SFBC with multiple DFT blocks for further study for PUCCH transmit diversity with DFT-s-OFDM waveform.
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