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1 Introduction

In RAN1 NR Ad-hoc meeting, the following were agreed [1]: 
Agreements:

· For PUCCH in short-duration,

· At least following is supported for PUCCH in 1-symbol duration:

· UCI and RS are multiplexed in the given OFDM symbol in FDM manner if RS is multiplexed.

· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

· At least a PUCCH in short-duration spanning 2-symbol duration of a slot is supported.

· FFS actual structure and waveform.

· Same SCS between DL/UL data and PUCCH in short-duration in the same slot.

· …..
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
On the other hand, it was discussed in RAN1 NR Ad-hoc meeting [1] whether or not to support sequence-based structure for PUCCH in short-duration but there was no consensus. 

In this document, following performance results for short PUCCH will be provided:
· BLER performance comparison of one CP-OFDM symbol with 15 kHz SCS (subcarrier spacing) and two DFT-S-OFDM symbols with 30 kHz SCS, considering SFBC as a transmit antenna diversity scheme.

· BLER performance comparison of sequence-based design and DMRS-based design, taking into account one CP-OFDM symbol with 15 kHz SCS.

2 One CP-OFDM Symbol vs. Two DFT-S-OFDM Symbols
In [2], BLER performance of one CP-OFDM symbol with 15 kHz SCS and two DFT-S-OFDM symbols with 30 kHz SCS was compared, and the following were observed:
· Assuming same DMRS overhead for both schemes, BLER performance of CP-OFDM outperforms DFT-S-OFDM by 1 ~ 1.5 dB at 10-2 BLER. 
· Assuming different DMRS overhead for each scheme, BLER performance CP-OFDM outperforms DFT-S-OFDM by 2 dB at 10-2 BLER.

The above evaluation results were performed with 1 Tx – 2 Rx antenna configuration. For UEs with multiple Tx antennas, a Tx diversity scheme can be considered for robust short PUCCH transmission. SFBC is considered purely for evaluation purposes.
This section provides further evaluation results considering 2 Tx – 2 Rx antenna configuration with SFBC for one CP-OFDM symbol with 15 kHz SCS and two DFT-S-OFDM symbols with 30 kHz SCS. It should be noted that STBC requires even number of DMRS/UCI symbols and it is not applicable for either one CP-OFDM symbol with 15 kHz SCS or for two DFT-S-OFDM symbols. However, STBC (and precoder cycling) can be considered for long PUCCH due to its better PAPR properties compared to SFBC.
Evaluation assumptions
For SFBC with DFT-S-OFDM, following RE mappings are considered as shown in [3]:

· RE mapping I: as shown in Fig. 1(a), M-point DFT outputs are all mapped to the subcarriers of one antenna and the conjugates are all mapped to another antenna.

· RE mapping II: as shown in Fig. 1(b), two successive DFT-precoded symbols are mapped to two antennas and the two complex conjugates are mapped to two antennas.

· Localized RE mapping is taken into account for both SFBC RE mapping rules. Other evaluation parameters are provided in Table I of Appendix.
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(a) RE mapping I
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(b) RE mapping II
Figure 1: SFBC and RE mappings for DFT-S-OFDM [3]

Evaluation results
Fig. 2 shows short PUCCH BLER performance of different RE mappings for DFT-S-OFDM with SFBC over TDL-C channel model. It is shown from Fig.2 that two RE mappings have same performance for different size of UCI payloads (11 and 22 bits).
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(a) 300ns delay spread                                                 (b) 1000ns delay spread

Figure 2: BLER performance of different RE mappings for DFT-S-OFDM with SFBC

Observation 1: Different RE mappings for DFT-S-OFDM with SFBC have same BLER performance.

Fig. 3 shows BLER performance of short PUCCH for CP-OFDM with SFBC and DFT-S-OFDM with SFBC over TDL-C channel model, where 11 bits of UCI payload are used. It is observed that CP-OFDM slightly provides better performance than DFT-S-OFDM when DMRS overhead is same for both schemes. Performance gap between two schemes is observed when DMRS overhead of CP-OFDM decreases to 1/3 due to lower coding rate. However, less coding rate than 1/3 (e.g., 1/6) is not beneficial due to worse channel estimation accuracy. 
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Figure 3: BLER performance of short PUCCH: CP-OFDM with SFBC vs. DFT-S-OFDM with SFBC
Observation 2: If SFBC is supported for short PUCCH, using CP-OFDM is more beneficial than using DFT-S-OFDM in terms of BLER performance.

Fig. 4 shows PAPR performance of CP-OFDM with SFBC and DFT-S-OFDM with SFBC. It is shown that for DFT-S-OFDM with RE mapping I, PAPR performance of antenna 2 is worse than antenna 1. This is because M-point DFT outputs are all mapped to the subcarriers of antenna 1 and the conjugates are all mapped to antenna 2. So, antenna 1 has better PAPR performance than antenna 2. On the other hand, DFT-S-OFDM with RE mapping II provides worse PAPR performance than DFT-S-OFDM with RE mapping I, and PAPR performance gap between CP-OFDM and RE mapping II decreases. 
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Figure 4: CCDF of PAPR for short PUCCH: CP-OFDM with SFBC vs. DFT-S-OFDM with SFBC
Observation 3: Taking into account SFBC for short PUCCH, PAPR gap between CP-OFDM and DFT-S-OFDM is decreased.
It was shown in [4] that DFT-S-OFDM can benefit from back-off (around 2 dB gain) as compared to CP-OFDM. However, it is noted that this gain is derived from the assumption of single antenna transmission (and it is offset from the worse BLER due to absence of frequency diversity). Moreover, if distributed mapping is considered to obtain frequency diversity e.g., clustered DFT-S-OFDM, it is expected that PAPR gap between CP-OFDM and DFT-S OFDM decreases further, resulting in less back-off gap.
Observation 4: Taking into account distributed mapping for short PUCCH, PAPR gap between CP-OFDM and DFT-S-OFDM is decreased.
3 Sequence-based vs. DMRS-based Schemes
It was observed in [5] that for short PUCCH with 1-bit or 2-bit UCI payload, performance of DMRS-based transmission is comparable to sequence-based transmission. Sequence-based transmission also offers higher UE multiplexing capacity on same PRBs but even modest UE multiplexing on same PRBs will be limited for short PUCCH as it will further degrade coverage. In this section, we provide further evaluation results over TDL-C channel model.

Evaluation assumptions
Similar parameters in [5]:

· DMRS-based transmission: 2 PRBs with 1/2 DMRS overhead (e.g., 12 REs for DMRS) are assumed and there is a 3dB penalty in SNR per subcarrier for fair comparison with sequence-based transmission.

· Sequence-based transmission: CDM scheme with 1 PRB and DFT-based orthogonal sequence are evaluated.

Other evaluation parameters are shown in Table II of Appendix.

Evaluation results
Fig. 5 shows BER performance of DMRS-based and sequence-based transmission schemes over TDL-C with 10 ns RMS delay spread. It is shown that for 1-bit UCI payload, both schemes have same performance. For 2-bit UCI payload, however, sequence-based scheme outperforms DMRS-based scheme by 2dB. These results are identical to ones shown in [5].
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Figure 5: BER performance over TDL-C with 10 ns RMS delay spread: MMSE channel estimation
Observation 5: With the assumption of a channel environment with small RMS delay spread (e.g., 10 ns) and 1-bit UCI payload, DMRS-based and sequence-based schemes have same performance.
Observation 6: With the assumption of a channel environment with small RMS delay spread (e.g., 10 ns) and 2-bit UCI payload, sequence-based scheme outperforms DMRS-based scheme by around 2dB.

Fig. 6 shows BER performance of DMRS-based and sequence-based transmission schemes over TDL-C with different RMS delay spread. It should be noted that sequence-based scheme suffers from an error floor effect as RMS delay spread increases. So, for both 1-bit and 2-bit UCI payloads, performance gap between DMRS-based and sequence-based schemes is quite large.
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(a) 1-bit UCI payload                                                 (b) 2-bit UCI payload
Figure 6: BER performance over TDL-C with different RMS delay spread: MMSE channel estimation
Observation 7: With the assumption of a channel environment with large RMS delay spread (e.g., 300 ns and 1000 ns), sequence-based scheme suffers from an error floor effect.
4 Conclusion
This contribution has discussed performance of one CP-OFDM symbol with 15 kHz SCS and two DFT-S-OFDM symbols with 30 kHz SCS for short PUCCH, and we have observed the following:
Observation 1: Different RE mappings for DFT-S-OFDM with SFBC have same BLER performance.

Observation 2: If SFBC is supported for short PUCCH, using CP-OFDM is more beneficial than using DFT-S-OFDM in terms of BLER performance.

Observation 3: Taking into account SFBC for short PUCCH, PAPR gap between CP-OFDM and DFT-S-OFDM is decreased.
Observation 4: Taking into account distributed mapping for short PUCCH, PAPR gap between CP-OFDM and DFT-S-OFDM is decreased.
In addition, this contribution has discussed performance of DMRS-based and sequence-based schemes for short PUCCH, and we have observed the following:

Observation 5: With the assumption of a channel environment with small RMS delay spread (e.g., 10 ns) and 1-bit UCI payload, DMRS-based and sequence-based schemes have same performance.

Observation 6: With the assumption of a channel environment with small RMS delay spread (e.g., 10 ns) and 2-bit UCI payload, sequence-based scheme outperforms DMRS-based scheme by around 2dB.

Observation 7: With the assumption of a channel environment with large RMS delay spread (e.g., 300 ns and 1000 ns), sequence-based scheme suffers from an error floor effect.
Based on the above observations, the following is proposed:

Proposal: Short PUCCH supports only CP-OFDM using DMRS for coherent demodulation. 
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Appendix
Table 1: Evaluation parameters for Section 2
	Parameters
	CP-OFDM
	DFT-S-OFDM

	PUCCH resources
	1 symbol, contiguous 72 REs
	2 symbols, contiguous 36 REs per symbol

	UCI payload size
	22 bits

	DMRS pattern
	FDM with data tones
	TDM with data tones

	DMRS overhead
	Variable (1/2, 1/6)
	Fixed to 1/2

	Channel estimation
	MMSE

	FFT size
	2048
	1024

	CP length
	144∙TS 
	72∙TS 

	Channel coding
	TBCC

	Modulation
	QPSK

	Antenna Configuration
	2 Tx (SFBC) – 2 Rx (MRC)


Table 2: Evaluation parameters for Section 3
	Parameters
	DMRS-based
	Sequence-based

	PUCCH resources
	1 symbol, contiguous 24 REs
	1 symbol, contiguous 12 REs

	UCI payload size
	1 or 2 bits

	DMRS overhead
	1/2
	-

	Channel estimation
	MMSE

	FFT size
	2048

	CP length
	144∙TS 

	Modulation
	BPSK (1 bit), QPSK (2 bits)
	-

	Antenna Configuration
	1 Tx – 1 Rx


7/7

