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1 Introduction

In RAN1 NR Ad-Hoc#1, the following were agreed [1]:
Agreements:
· For further discussion of PUCCH in short-duration, UCI payload of 1 – at least a few tens of bits (or SR) is assumed.
· For further discussion of PUCCH in long-duration, UCI payload of 1 – at least a few hundreds of bits (or SR) is assumed.
· 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
In RAN1#88bis, the following were agreed [2]: 
Agreements:
· For DFTsOFDM in long-PUCCH, the following schemes are candidates for transmit diversity:
· Low PAPR Alamouti-based transmit diversity applied in frequency or time domain, transparent transmit diversity (e.g. short delay CDD), time domain beam/precoder cycling or SORTD
· FFS: for which PUCCH format and/or payload size 
· Other schemes with low PAPR are not precluded.
· Companies proposing a certain transmit diversity scheme are encouraged to jointly propose PUCCH structure and the transmit diversity scheme.

This contribution analyzes tradeoffs of possible transmit antenna diversity (TxD) schemes for short PUCCH and long PUCCH and compares respective BLER and PAPR performance.
2 Discussion on Each Option
It has been agreed that DFT-S-OFDM waveform is supported for long PUCCH and CP-OFDM waveform is supported for short-PUCCH. Based on these agreements, this section discusses tradeoffs of possible TxD options for long PUCCH and short PUCCH. 
TxD schemes for long PUCCH
SFBC/STBC schemes have been well known as achieving the full diversity for 2 TX antennas but they cannot be directly applied for long PUCCH with DFT-S-OFDM waveform due to some drawbacks. For example, SFBC with DFT-S-OFDM increases PAPR because the low PAPR characteristics of DFT-S-OFDM is broken in the course of SFBC encoding following DFT. Different from short PUCCH, keeping low PAPR is an important factor for designing long PUCCH because long PUCCH is mainly used for coverage limited UEs. So, SFBC with DFT-S-OFDM would not be a good candidate for long PUCCH. On the other hand, STBC with DFT-S-OFDM requires even number of symbols but long PUCCH can have not only even number but also odd number of symbols depending on the slot structure. So, STBC would also not be a good candidate for long PUCCH.
In order to improve PAPR performance of SFBC with DFT-S-OFDM, PAPR-preserving SFBC called SC-SFBC (single carrier-SFBC) was discussed in [3]. Same as conventional SFBC, SFBC encoding is applied after DFT operation and different from the conventional SFBC, SFBC encoded symbols are mapped onto non-adjacent subcarriers with a certain mapping rule to preserve PAPR. The BLER performance of conventional SFBC can be maintained only for the case that the channel between adjacent subcarriers is flat. So, it is expected that SC-SFBC suffers from the BLER loss if the coherence bandwidth of the channel is small (e.g., delay spread is large). Long PUCCH can have variable number of symbols, e.g., from 4 to 14 symbols. For long PUCCH with a small number of symbols, e.g., 4 symbols, the number of RBs for long PUCCH needs to be increased to meet a requirement. In this case, using SC-SFBC would not be desirable because the BLER of SC-SFBC will be worse because frequency selectivity is getting severe as the number of RBs increases. So, usage of SC-SFBC will be limited to the long PUCCH with small number of RBs in a large delay spread channel. In addition, SC-SFBC will be able to be applied only for 2-TX antenna case and it makes the necessity of SC-SFBC disappeared.
Pre-coder cycling (PC) in frequency domain has been discussed for downlink control/data channels using CP-OFDM waveform [4], [5], but it cannot be directly applied for long PUCCH with DFT-S-OFDM because cycling among different pre-coders in frequency domain will break the low PAPR characteristics of DFT-S-OFDM. In order to resolve this problem, PC in time domain can be considered, e.g., different DFT-S-OFDM symbols use different pre-coders. However, this will increase DMRS overhead because both DMRS symbols and data symbols have to use same pre-coders for better channel estimation. Also, the benefit from power boosting in a single port PC disappears because the single port PC is not possible. Alternatively, a set of pre-coders can be defined for PC in the specification but it requires more standardization efforts.

S-CDD (Short-delay CDD) cannot achieve the full diversity and there is no strong reason to support S-CDD for long PUCCH from the performance perspective. Further in high speed environments, the time diversity can easily compensate for gains given by CDD. The only benefit of S-CDD could be that it does not require standardization efforts because it is transparent to UE. 
SORTD (Spatial Orthogonal Resource Transmit Diversity) adopted in LTE Rel-10 provides BLER performance gain under certain conditions but generally its performance is worse than SFBC [6]. In addition, SORTD reduces the multiplexing capacity of PUCCH because a single UE is required to use two OCCs, e.g., one for each antenna. Despite these drawbacks, it was specified due to its simplicity. However, there is no limitation in NR and more study can be done without any restrictions.
TxD schemes for short PUCCH
Supporting TxD for long PUCCH with DFT-S-OFDM has been agreed but whether to support TxD for short PUCCH with CP-OFDM is FFS. It has been well-known that TxD is another way of extracting more diversity gain and it is valuable in a number of scenarios, including low SNR, or for applications with low delay tolerance. For example, TxD has been used in LTE as a fallback scheme when transmission with other schemes fails. In this regard, TxD can also be taken into account for short PUCCH to improve the robustness of the short PUCCH transmission against multipath fading.
One can argue that SFBC will be a good candidate for short PUCCH because SFBC can achieve full diversity gain for 2 Tx antenna. However, it is observed in [4] that PC mostly outperforms SFBC and SFBC only has better performance than PC when a coding rate is high. This is because SFBC is more sensitive to channel estimation performance than PC. According to this observation, it was agreed to support one-port TxD scheme with REG bundling per CCE for NR-PDCCH [7]. 
There is a similarity between NR-PDCCH and short PUCCH, e.g., using same waveform, supporting both localized mapping and distributed allocations, and so on, and it is expected that having design commonality between them would be beneficial from standardization effort perspective. 
3 Performance Comparison: Long PUCCH
This section compares the BLER and PAPR of TxD schemes for long PUCCH with DFT-S-OFDM using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns and 1000ns.
Evaluation assumptions
A slot structure shown in Figure 1 is considered where there are 7 symbols in the slot and among them, 1 symbol is front-loaded DMRS. For long PUCCH resources, 5 symbols including DMRS and 6 RBs with a localized RE mapping are evaluated. 216 bits are assumed as UCI payload size for long PUCCH. 2-TX antenna is assumed and FH is not applied. Other evaluation parameters are shown in Appendix. 
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Figure 1: An illustration of long PUCCH structure
For SFBC, M-points DFT outputs are all mapped to the subcarriers of one antenna and the conjugates are all mapped to other antenna as shown in [8]. Same RE mapping as [3] is used for SC-SFBC. S-CDD uses 24 samples as the delay. For PC, 2 antenna ports are assumed. Pre-coders [1, 1, 1, 1] are used for respective long PUCCH symbols transmitted from TX antenna 1 and pre-coders [1, j, –1, –j] are used for respective long PUCCH symbols transmitted from TX antenna 2. It is assumed that the receiver knows these pre-coders. 

Evaluation results
Figure 2 compares the BLER of each option for the TDL-C with 30ns RMS delay spread. All schemes have similar performance except for S-CDD. If the delay chosen for S-CDD is larger than 24 samples, S-CDD performance can be improved because more frequency diversity gain is achieved. However, performance improvement is marginal and it was not captured here.
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Figure 2: BLER performance for TDL-C with 30 ns RMS delay spread
Observation 1: For long PUCCH with DFT-S-OFDM, in a channel environment with 30ns RMS delay spread, all schemes have same BLER performance except for S-CDD and S-CDD has the worst performance.
Figure 3 compares the BLER of each option for the TDL-C with 300ns RMS delay spread. SFBC has slightly better performance than SC-SFBC and PC. S-CDD has the worst performance because S-CDD does not benefit from more frequency selectivity while other schemes achieve more frequency diversity in the channel with 300ns RMS delay spread than the channel with 30ns RMS delay spread.
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Figure 3: BLER performance for TDL-C with 300 ns RMS delay spread
Observation 2: For long PUCCH with DFT-S-OFDM, in a channel environment with 300ns RMS delay spread, all schemes have similar BLER performance except for S-CDD and S-CDD has the worst performance.
Figure 4 compares the BLER of each option for the TDL-C with 1000ns RMS delay spread. SFBC has the best performance and the performance gap between SFBC and other schemes is increasing as SNR is getting higher. S-CDD has the worst performance.
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Figure 4: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 3: For long PUCCH with DFT-S-OFDM, in a channel environment with 1000ns RMS delay spread, SFBC outperforms PC and SC-SFBC by ~0.5dB at 10-3 BLER and S-CDD has the worst performance.
Figure 5 compares the PAPR observed at each TX antenna for each option. All schemes have same PAPR performance, except for the second antenna of SFBC. This is because in SFBC, M-point DFT outputs are all mapped to the subcarriers of antenna 1 and the conjugates are all mapped to antenna 2, which breaks the single carrier property of the DFT-S-OFDM waveform. So, antenna 1 has better PAPR performance than antenna 2.
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Figure 5: PAPR comparison
Observation 4: For long PUCCH with DFT-S-OFDM, all schemes have same PAPR performance except for SFBC.

4 Performance Comparison: Short PUCCH
This section compares the BLER of possible candidates for short PUCCH with CP-OFDM using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns and 1000ns.
Evaluation assumptions
A slot structure shown in Figure 6 is considered where there are 7 symbols in the slot and among them, the last 1 symbol is used for PUCCH transmission. 20 bits are assumed as UCI payload size for short PUCCH. For short PUCCH resources, 4RBs are assumed and each of 4 RBs is randomly distributed within 100 RBs. 1/3 DMRS ratio is used and DMRS tones are equally distributed in the frequency domain, e.g., the distance between two DMRS tones is same. Other evaluation parameters are shown in Appendix. 
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Figure 6: An illustration of short PUCCH structure
SC-SFBC is not taken into account for short PUCCH because it is intended for DFT-S-OFDM. Conventional SFBC is assumed for short PUCCH and SFBC encoded symbols are mapped onto adjacent subcarriers. For PC, single antenna port is assumed. Pre-coders [1, 1, 1, 1] are used for respective short PUCCH RBs transmitted from TX antenna 1 and pre-coders [1, j, –1, –j] are used for respective short PUCCH RBs transmitted from TX antenna 2.
Evaluation results
From Figure 7 to Figure 9, it is observed that all schemes have similar performance. 
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Figure 7: BLER performance for TDL-C with 30 ns RMS delay spread
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Figure 8: BLER performance for TDL-C with 300 ns RMS delay spread
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Figure 9: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 5: For short PUCCH with CP-OFDM, all schemes have similar BLER performance irrespective of the channel environments under considerations.
The main design question was whether introduction of a TxD, in addition to PC (already agreed for NR-PDCCH), can be justified to obtain potential gains for PUCCH under certain conditions. In conclusion, no material benefit is identified for other options over PC. So, other TxD schemes than PC are unnecessary from both implementation considerations and performance considerations.
Proposal: Support only precoder cycling as TxD for PUCCH.

5 Conclusion
This contribution has discussed the BLER and PAPR of possible TxD schemes for PUCCH and the following were observed:

Observation 1: For long PUCCH with DFT-S-OFDM, in a channel environment with 30ns RMS delay spread, all schemes have same BLER performance except for S-CDD and S-CDD has the worst performance.
Observation 2: For long PUCCH with DFT-S-OFDM, in a channel environment with 300ns RMS delay spread, all schemes have similar BLER performance except for S-CDD and S-CDD has the worst performance.
Observation 3: For long PUCCH with DFT-S-OFDM, in a channel environment with 1000ns RMS delay spread, SFBC outperforms PC and SC-SFBC by ~0.5dB at 10-3 BLER and S-CDD has the worst performance.
Observation 4: For long PUCCH with DFT-S-OFDM, all schemes have same PAPR performance except for SFBC.

Observation 5: For short PUCCH with CP-OFDM, all schemes have similar BLER performance irrespective of the channel environments under considerations.

Based on the above observations, the following is proposed.
Proposal: Support only precoder cycling as TxD for PUCCH.
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Appendix: Evaluation Parameters
	Parameters
	Values

	Long PUCCH resources
	5 symbols including 1 DMRS symbol and 6 RBs (72 REs)

	Short PUCCH resources
	1 symbol and 4 RBs including DMRS

	DMRS ratio
	1/5 for long PUCCH, 1/3 for short PUCCH

	Waveform
	DFT-S-OFDM for long PUCCH, CP-OFDM for short PUCCH

	UCI payload size
	216 bits for long PUCCH, 20 bits for short PUCCH

	Modulation
	QPSK

	Channel coding
	TBCC, rate = 1/3

	Channel estimation
	MMSE

	FFT size
	2048

	CP length
	144∙TS 

	Antenna Configuration
	2 Tx – 2 Rx (MMSE)
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