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1 Introduction

In RAN1#88bis, the following were agreed [1]: 
Agreement:
· At least for 1 symbol short-PUCCH with more than 2 bits, the following is supported.

·  RS and UCI are multiplexed in FDM manner in the OFDM symbol where RS and UCI are mapped on different subcarriers and coherent demodulation are supported.
· FFS: Details on RS

· FFS: whether to support option 6 (pre-DFT)
· FFS: for 1 and 2 bits
This contribution analyzes tradeoffs for Option 1 and Option 6 and compares respective BLERs.
2 Discussion on Each Option
This section discusses tradeoffs of Option 1 and Option 6.

Option 1: FDM of UCI and RS
CP-OFDM has been agreed to be supported for short PUCCH with 1-symbol. One argument for supporting a DFT-S-OFDM waveform is that CP-OFDM based 1-symbol PUCCH reduces UL coverage due to higher PAPR compared to DFT-S-OFDM. However, the primary motivation for 1-symbol PUCCH in NR is to support fast HARQ-ACK feedback for reducing RTT. A DFT-S-OFDM waveform can offer the additional PAPR gain and this gain may compensate for the BLER loss from absent/reduced frequency diversity. However, this gain could only benefit about ~15% of UEs for a typical geometry CDF. For coverage purposes, long PUCCH can be used at the expense of latency. 

Option 1 is the most flexible approach among the possible options because all UCI payloads from 1 or 2 bits to a few tens of bits can be supported and coding rate can be adjusted depending on different UCI payload size and DMRS overhead in a given PUCCH resource. Due to this flexibility, Option 1 is sufficient in particular when a UCI payload size is larger than 2 bits.

Option 6: Pre-DFT multiplexing of UCI and RS
In Option 6, UCI and RS are precoded with a DFT matrix before being mapped to the subcarriers as shown in Figure 1 and the transmission signal maintains low PAPR in the time domain. There are two additional CPs: one for RS and the other for UCI. The CP for RS is used for reducing the interference caused by the UCI part and to facilitate channel estimation in the frequency domain. Similar, the CP for the UCI is used for reducing the interference caused by the RS part and to facilitate equalization in the frequency domain. With the additional CPs, Option 6 can be robust to UCI-RS interference and benefit from channel estimation performance. However, this causes a higher effective coding rate for UCI or to less signal energy because less samples are used for actual RS or UCI transmission. This can result to performance loss.
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Figure 1: An example of transmitter structure used for Option 6 
In Option 6, UCI and RS obtained after FFT operation at the receiver side are spread over the allocated REs (i.e., UCI and RS are mixed together in frequency domain). This causes the fact that Option 6 is more impacted by channel estimation performance than Option 1 and a conventional DFT-S-OFDM scheme. So, Option 6 requires a special processing for channel estimation in order to improve its performance and two options on the channel estimator were exemplified in [2]. 
One way on the channel estimator is shown in Figure 2(a) where m1-point DFT and up-sampling (M/m1) are used (Option 6a). More specifically, after M-point IDFT, m1 samples for RS are extracted among M samples and m1-point DFT is performed. Then, m1 tones are used for channel estimation and the estimated channel for m1 tones can be M/m1 times up-sampled to estimate the channel for M tones. As shown in Figure 2(a), this option requires more processing blocks for channel estimation and increases the receiver complexity. 
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(a) Option 6a: based on m1-point DFT and up-sampling
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(b) Option 6b: based on M-point DFT with zero insertion
Figure 2: Two examples of the channel estimator used for Option 6 [2]
The other way is shown in Figure 2(b) where M-point DFT is performed rather than m1-point DFT, and to do M-point DFT with m1 RS samples, zero is inserted for UCI samples. Option 6b is simpler than Option 6a but it may have several drawbacks. For example, M-point DFT with zero insertion makes that channel frequency response (CFR) is fluctuated and a certain value of CFR goes to null. In this case, the CFR value is smaller than the noise power resulting in enhancing noise power after equalization. This noise enhancement much impacts the channel estimation performance and a complicated processing is required to compensate the noise enhancement.
3 Performance Comparison
This section compares the BLER of Option 1 and Option 6 using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns and 1000ns.
Evaluation assumptions
6 RBs and 20 bits of UCI payload size are assumed. Various DMRS ratios are evaluated (e.g., 1/2, 1/3, 1/4, and 1/6) and at a given DMRS ratio, both schemes have a same DMRS overhead. It is assumed in Option 1 that DMRS tones are equally distributed in the frequency domain and the distance between two DMRS tones is same. Even if Option 6 has more overhead than Option 1 due to two more CPs, all evaluation results of Option 6 shown in this section do not consider these additional CPs, because Option 6 without CP outperforms Option 6 with CP as shown in Appendix B. Also, for the channel estimator, Option 6a is evaluated because it outperforms Option 6b. Other evaluation parameters are shown in Appendix A.

Evaluation results
Figure 3 compares the BLER of each option for TDL-C with 30ns RMS delay spread. From Figure 3, it is observed that Option 1 has slightly better performance irrespective of DMRS ratio than Option 6 but performance gap is marginal. The results for DMRS ratio = 1/2 and 1/4 are not captured here because both options have same performance.
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(a) DMRS ratio = 1/3                                                          (b) DMRS ratio = 1/6
Figure 3: BLER performance for TDL-C with 30 ns RMS delay spread
Observation 1: In a channel environment with 30ns RMS delay spread, Options 1 and 6 have similar performance irrespective of DMRS ratio.
Figure 4 compares the BLER of each option for the TDL-C channel with 300ns RMS delay spread. Different from previous observations, it is shown that Option 1 outperforms Option 6 and performance gap increases as DMRS ratio decreases from 1/2 to 1/6. This is because Option 1 provides the best tradeoff between the coding gain increased by smaller DMRS ratio and the gain from channel estimation increased by larger DMRS ratio. However, Option 6 cannot provide this trade-off and the performance of Option 6 is getting worse as DMRS ratio is reduced.
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(a) DMRS ratio = 1/2                                                          (b) DMRS ratio = 1/3
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(c) DMRS ratio = 1/4                                                          (d) DMRS ratio = 1/6

Figure 5: BLER performance for TDL-C with 300 ns RMS delay spread
Observation 2: In a channel environment with 300ns RMS delay spread, Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.

Figure 6 compares the BLER of each option for the TDL-C channel with 1000ns RMS delay spread. Similar observations as in Figure 5 apply for Figure 6 except that Option 6 suffers from an error floor in higher SNR range when the DMRS ratio is 1/4 or 1/6 as shown in Figure 6(c) and Figure 6(d). This is attributed to the fact that Option 6 is more sensitive to channel estimation performance than Option 1. This can be problematic in case that UCI transmission needs to have high reliability as, for example, for URLLC.
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(a) DMRS ratio = 1/2                                                          (b) DMRS ratio = 1/3
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(c) DMRS ratio = 1/4                                                          (d) DMRS ratio = 1/6

Figure 6: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 3: In a channel environment with 1000ns RMS delay spread, Options 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases. Option 6 suffers from an error floor in a higher SNR range when DMRS ratio is 1/4 or 1/6.
The main design question was whether introduction of a waveform, in addition to CP-OFDM, can be justified to obtain potential gains for 1-symbol PUCCH under certain conditions. In conclusion, for more than 2 bits of UCI payload size, no material benefit is identified for Option 6 over Option 1 (CP-OFDM).

Proposal: For 1-symbol PUCCH with more than 2 bits, Option 1 is supported only. 
4 Conclusion
This contribution has compared the BLER of Option 1 and Option 6 and we have observed the following:
Observation 1: In a channel environment with 30ns RMS delay spread, Options 1 and 6 have similar performance irrespective of DMRS ratio.
Observation 2: In a channel environment with 300ns RMS delay spread, Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.
Observation 3: In a channel environment with 1000ns RMS delay spread, Options 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases. Option 6 suffers from an error floor in a higher SNR range when DMRS ratio is 1/4 or 1/6.
Based on the above observations, the following is proposed.
Proposal: For 1-symbol PUCCH with more than 2 bits, Option 1 is supported only. 
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Appendix A
Table 1: Evaluation parameters

	Parameters
	Values

	PUCCH resources
	6 RBs (72 REs) within one symbol

	UCI payload size
	20 bits

	Modulation
	QPSK

	Channel coding
	TBCC, rate = 1/3

	DMRS ratio
	1/2, 1/3, 1/4, and 1/6

	Channel estimation
	MMSE

	FFT size
	2048

	CP length
	144∙TS 

	Antenna Configuration
	1 Tx – 2 Rx (MRC)


Appendix B

This appendix provides performance comparison of Option 6 with CP and without CP over TDL-C with 30ns, 300ns, and 1000ns. Here, for the case with CP, 1, 2, and 3 sample points are used for CP for RS and CP for UCI is not taken into account (e.g., CP + {CP + Pilot + Data}). 
From Figure 6 and Figure 7, it is found that using additional CP is not beneficial in channel environments with 30ns and 300ns RMS delay spread. This is because these channel environments do not give much impact to UCI-RS interference but additional CP degrades channel estimation performance due to less samples for actual RS transmission as compared to the case without CP. However, it is shown from Figure 8 that using the additional CP can improve the BLER in a large delay spread at the cost of CP overhead. 
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Figure 6: BLER performance for TDL-C with 30 ns RMS delay
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Figure 7: BLER performance for TDL-C with 300 ns RMS delay
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Figure 8: BLER performance for TDL-C with 1000 ns RMS delay
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