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1 Introduction

In RAN1#88, the following were agreed [1]: 
Agreements:
· For 2-symbol PUCCH, consider following options
· Option 1: RS and UCI are multiplexed by FDM manner in each symbol.

· Option 2: RS and UCI are multiplexed by TDM manner.

· Option 3: RS and UCI are multiplexed by FDM manner in one symbol and only UCI is carried on another symbol without RS
· Option 4: Sequence based design without RS only for small payload size case

· Option 5: Sequence based design with RS only for small payload size case

· Option 6: Pre-DFT multiplexing in one or both symbol(s)

· Combination of above options are not precluded

· RAN1 will definitely down select above options in the next meeting

In RAN1#88bis, the following were agreed [2]: 

Agreements:
· For 2-symbol NR-PUCCH, following options are considered (including possible down-selection)

· Option 1: 2-symbol NR-PUCCH is composed of two 1-symbol NR-PUCCHs conveying the same UCI.

· 1-1: Same UCI is repeated across the symbols using repetition of a 1-symbol NR-PUCCH.

· 1-2: UCI is encoded and the encoded UCI bits are distributed across the symbols.

· Option 2: 2-symbol NR-PUCCH is composed of two symbols conveying different UCIs.

· E.g., time-sensitive UCI (e.g., HARQ-ACK) is in the second symbol.

Even if there was no agreement on which option(s) should be down-selected among the options identified in RAN1#88bis, at least for more than 2 bits of UCI payload size, sequence-based designs such as Option 4 and Option 5 are not desirable. This contribution analyzes tradeoffs for the above design Options 1, 2, 3, and 6 and compares respective BLERs.
2 Discussion
Figure 1 illustrates each option assuming N PRBs without frequency hopping (FH). 
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Figure 1: Illustration of each option assuming N RBs and no FH 
Option 1 is the most flexible approach among the possible options because it can support all UCI payloads from 1 or 2 bits to a few tens of bits and the coding rate can be adjusted depending on the UCI payload size and DMRS overhead in a given PUCCH resource. Option 2 (if CP-OFDM is applied) and Option 3 can be seen as an extension of Option 1. Option 2 (if DFT-S-OFDM is applied) cannot fully benefit from this flexibility. Further, when frequency diversity gain is preferred, FH can be configured by the network. In this case, each symbol should have its own DMRS for channel estimation and thus Option 2 and Option 3 with DFT-S-OFDM cannot support FH.

Option 2 and Option 3 may be perceived as being able to reduce latency for UCI processing because DMRS is located in the first symbol and channel estimation can be immediately available after the second symbol is received. However, the latency is dictated by the requirement to receive the second symbol and the additional time required for channel estimation is not material to the overall processing latency. Further, additional means exist to provide significantly larger processing margins, if needed, such as for example using one or more symbols, prior to the short-PUCCH symbols, for SRS transmission. Therefore, there is no apparent need for Option 2 or Option 3 from an overall implementation perspective. In fact, as they result to a different structure for a 2-symbol PUCCH than for 1-symbol PUCCH, they represent an unnecessary increase in the number of short-PUCCH formats and in associated specification and implementation complexity.
Option 6 maintains low PAPR in the time domain but increases transmitter and receiver complexity as discussed in [2]. Moreover, from a BLER performance perspective, Option 1 and Option 6 usually have similar performance and in channels with large delay spread, Option 1 outperforms Option 6. 
3 Performance Comparison
This section compares BLER performance of each design option for 2-symbol short-PUCCH with more than 2 bits using the TDL-C channel model with different RMS delay spread, e.g., 30ns, 300ns and 1000ns.
Evaluation assumptions
The following were taken into account:

· For fair comparison, same RS overhead among the different options using DMRS is assumed (50%). For example, Options 1, 2, and 6 have 50% DMRS overhead (e.g., 6 REs for DMRS and 6 REs for UCI). So, Option 3 is not taken into account in our evaluation because it is same as Option 1 or Option 2 if DMRS overhead is 50%. 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 [3], [4] and [5]. 
· For Options 1 and 6, various DMRS ratios are evaluated, e.g., 1/2, 1/3, 1/4, and 1/6. 
· Even if Option 2 can be implemented by both CP-OFDM and DFT-S-OFDM, only CP-OFDM is considered because CP-OFDM and DFT-S-OFDM have same BLER performance [4].

· FH is not applied in all evaluations and Options 1 and 6 having DMRS on each symbol perform the channel estimation by using both time and frequency-domains.
· For Options 1 and 6, there are two design options depending on UCI encoding methods; i) same UCI is repeated across the symbols using repetition of a 1-symbol PUCCH (referred to as 1-symbol repetition) and ii) UCI is encoded and the encoded UCI bits are distributed across the symbols (referred to as 2-symbol encoding). 

· Other evaluation parameters are shown in Appendix.

Evaluation results
Figure 2 compares the BLER of each option for the TDL-C with 30ns RMS delay spread. It is noted that DMRS overhead in Option 2 should be always 50% and Option 2 has no results for other cases, e.g., DMRS ratios = 1/3, 1/4, and 1/6. Figure 2(a) shows Options 1, 4 and 6 have a same performance. Also, it is observed from Figure 2 that Options 1 and 6 have same performance irrespective of DMRS ratio and UCI encoding methods.
[image: image2.emf]    [image: image3.emf]
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Figure 2: BLER performance for TDL-C with 30 ns RMS delay spread
Observation 1: In a channel environment with 30ns RMS delay spread, 

· For the case that DMRS ratio = 1/2, Options 1, 2 and 6 have same performance.
· Irrespective of DMRS ratio and UCI encoding methods, Options 1 and 6 have same performance.
Figure 3 compares the BLER of each option for the TDL-C with 300ns RMS delay spread. Figure 3(a) shows that Option 1 outperforms Option 2 because of better channel estimation. Also, Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases from 1/2 to 1/6. This is because Option 1 provides the best tradeoff between the gain from lower coding rate and the gain from better channel estimation. However, Option 6 cannot provide this tradeoff and the performance of Option 6 is getting worse as DMRS ratio is reduced. 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratio is 1/2 or 1/3. This is because 2-symbol encoding can achieve more coding gain than 1-symbol repetition.
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Figure 3: 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 2.
· Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.

· 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratios are 1/2 and 1/3.
Figure 4 compares the BLER of each option for the TDL-C with 1000ns RMS delay spread. Similar to previous observations, it is shown from Figure 4(a) that Option 1 outperforms other options. Also, same observations apply for the facts that Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases from 1/2 to 1/6. 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratios are 1/2, 1/3 and 1/6. On the other hand, Option 6 suffers from an error floor in higher SNR range when DMRS ratio is 1/4 or 1/6. 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 UCI transmission needs to have high reliability as, for example, for URLLC.
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Figure 4: BLER performance for TDL-C with 1000 ns RMS delay spread
Observation 3: In a channel environment with 1000ns RMS delay spread, 

· Option 1 outperforms Option 2.
· Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.

· 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratios are 1/2 1/3 and 1/4.
Observation 4: 2-symbol encoding overall provides marginal gain over 1-symbol repetition while requires a different transmitter/receiver structure than for 1-symbol encoding and additional specifications.

In conclusion, no material benefit is identified for other options over Option 1 (CP-OFDM). An increase in the number of short-PUCCH format beyond the repetition structure of 1-symbol PUCCH over 2 symbols is unnecessary from both implementation considerations and performance considerations.
Proposal: For 2-symbol PUCCH with  more than 2 bits, support only FDM of RS and UCI in each symbol and symbol repetition.
4 Conclusion
This contribution has discussed BLER of each option for 2-symbol PUCCH with more than 2 bits and we have observed the following:

Observation 1: In a channel environment with 30ns RMS delay spread, 

· For the case that DMRS ratio = 1/2, Options 1, 2 and 6 have same performance.
· Irrespective of DMRS ratio and UCI encoding methods, Options 1 and 6 have same performance.
Observation 2: In a channel environment with 300ns RMS delay spread, 

· Option 1 outperforms Option 2.
· Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.

· 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratios are 1/2 and 1/3.
Observation 3: In a channel environment with 1000ns RMS delay spread, 

· Option 1 outperforms Option 2.
· Option 1 outperforms Option 6 and the performance gap increases as DMRS ratio decreases.

· 2-symbol encoding provides slightly better performance than 1-symbol repetition when DMRS ratios are 1/2 1/3 and 1/4.
Observation 4: 2-symbol encoding overall provides marginal gain over 1-symbol repetition while requires a different transmitter/receiver structure than for 1-symbol encoding and additional specifications.

Based on the above observations, the following is proposed.
Proposal: For 2-symbol PUCCH with  more than 2 bits, support only FDM of RS and UCI in each symbol and symbol repetition.
5 References

[1] RAN1 Chairman’s note, 3GPP TSG RAN WG1 Meeting#88, February 2017.

[2] RAN1 Chairman’s note, 3GPP TSG RAN WG1 Meeting#88bis, April 2017.

[3] R1-1705388, “On Short PUCCH with 1 Symbol,” Samsung.

[4] R1-1705389, “Performance Evaluations for Short PUCCH Structures with 2 Symbols,” Samsung
[5] R1-1708002, “On 1-symbol Short PUCCH with more than 2 Bits,” Samsung.
Appendix
Table 1: Evaluation parameters

	Parameters
	Values

	PUCCH resources
	2 symbols with 6 RBs (72 REs) on each 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)
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